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Abstract

Three series of alkoxy substituted tolans p-X-C¢Hs-C=C-CsHs-p-OCyHan+i [X =
H (series 1), CH; (series 2), OCHs (series 3)] with varying chain length were
synthesized by Pd/Cu-catalysed Sonogashira cross-coupling reactions of terminal
alkynes and iodoarenes, crystal structures and phase behavior of three series of tolans.
Twenty-eight of the tolans were structurally characterised by single-crystal X-ray
diffraction. Their phase behavior was characterised by tplm; only the tolans in series 3
show liquid crystalline phases. The melting points of the tolans decrease with
increasing chain length due to a higher degree of flexibility of the terminal chain. An
odd-even effect is clearly observed for the clearing point of the nematic phase upon
both heating and cooling, with the higher temperatufe for even and low temperature
for odd number carbon chains for series 3.

Monomeric and dimeric palladium dichloride complexes containing the
monodentate thioureas, tetramethyl thiourea (tmtu) and a chiral C; symmetric thiourea
were synthesized. Their structures were obtained from single-crystal X-ray diffraction.
The structures of the mono-palladium complexes are the rrans-isomers, whereas the
dimer complexes present cis—configurations, and are also the first examples of
palladium complexes with sulfur-bridging thiourea ligands. NMR studies of the
monomeric and dimeric complexes with tmtu reveal that, in solution, the dimeric
complexes are interconverting with mono-palladium complexes, which suggests that
the systems are labile. A dynamic equilibrium in solution was also observed between
the rac- and meso-dipalladium complexes with the Co-symmetric ligand. The energy
barrier to exchange was obtained from a variable temperature NMR study. It is
proposed that this equilibrium results from the monomer-dimer interconversion.

S.N-bidentate A-dimethyl and B-monomethyl oxazoline thiourea ligands
and a-isoquinoline thiourea ligands and their palladium complexes have been
obtained. Single-crystal X-ray diffraction analyses allow us to distinguish between
some of their atropoisomers and diastereomers. Most of the Pd complexes were
shown to be monomers in the solid state, although one ligand with a cyclohexyl group
formed exclusively dimers, and one formed a trimer, as well as a monomer,
depending on the solvent mixture that the crystals were grown from. The ligands were

found to coordinate through their S and N atoms. All of the mono-palladium
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complexes and most of the dimers have cis-configurations at the Pd centers; however,
we also found a frans-configuration in the trimer and the dimer of one of the
palladium complex of the S-monomethyl ligands. The structures show that the S
monomethyl oxazoline and a-isoquinoline thiourea complexes appear to be more
weakly coordinated than the S-dimethyl oxazoline ones which may be responsible for
their lower stabilities in solution. The structure of the ligands (in particular the ‘up’ or
‘down’ conformation of the atropoisomers) is intimately related to their
enatioselectivities in bis(methoxycarbonylation) reactions of styrene using palladium
complexes. The f-dimethyl ligands were, in general, found to be more selective in
this reaction than the f#monomethy! oxazoline ones, with palladium complexes of the
latter generally found to be less stable in NMR studies.

Several bis(phosphine) monosulfide and disulfide ligands and their palladium
complexes have been synthesized and analyzed by single-crystal X-ray diffraction.
The reaction with 1:1 molar ratios of Pd source to monosulfide ligands were found to
produce monomeric palladium complexes with chelating ligands, apart from the
reaction with bis(diphenylphosphino)butane monosulfide, which was found to result
in a dimer being formed. The reactions with 1:2 molar ratios of Pd source to
monosulfide ligand gave complexes which were coordinated only through the
phosphine groups, except for that with bis(diphenylphosphino)methane monosulfides
which formed cationic palladium complexes with two chelating ligands. Analogous
reactions with the disulfide ligands and the Pd source [Pd(CH3CN)4]J(BFs), also
resulted in cationic Pd complexes incorporating two chelating ligands. In some cases,
in solution, the complexes showed dynamic equilibria between cis- and trans- isomers
which suggests that the phosphine sulfide ligands are labile. The Pd—S—P angles in the
complexes were found to be variable but, since there are none less than 90°, it is
unlikely that there is any 7°—n bonding involving the P=S bond. Preliminary results
show that the activities of phosphine sulfide palladium complexes in the oxidative

homo-coupling of phenylacetylene are comparable to that of the commonly used pre-

catalyst, PAC1,(PPhs),.
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I. Pd-catalyzed cross-coupling reactions
1.1 General concepts '

In recent decades, palladium-catalyzed coupling reactions have proven to be
among the most powerful and versatile metal-mediated transformations in organic
chemistry. Due to the excellent performance of these reactions, they have been used
extensively, for example, in total synthesis and in the synthesis of conjugated
materials with great success.

Palladium is a member of Group 10 of the periodic table. Its complexes exist
in three oxidation states, Pd(0), Pd(II), and Pd(IV). The facile interconversion
between these oxidation states is responsible for the role of palladium in catalysis, as
each oxidation state exhibits different chemistries. Palladium(0) complexes are fairly
nucleophilic, rather labile and are also easily oxidized, usually to the Pd(Il) state. The
most synthetically useful reaction is based on the oxidative addition of aryl, vinylic,
or allylic halides or triflates to Pd(0) to form Pd(II) species. Palladium(II) complexes
are extremely important in organopalladium chemistry. They are typically
electrophilic, soluble in most common organic solvents, and stable to air in which
they can be easily stored and handled. The most common organic substrates for Pd(II)
are electron-rich species, such as olefins, alkynes, and arenes. Some of the most
useful Pd(II) chemistry is based on the fast and reversible formation of Pd(II)
complexes with olefins and alkynes, which undergo subsequent attack by
nucleophiles. Numerous Pd(II) complexes of the type L,PdCl, are easily formed from
PdCl, and the appropriate ligand L.

Some useful examples of Pd(II) complexes are PdCly(PPhs);, Pd(OAc),, and
PdCL(RCN),. Palladium(II) complexes are often added to reactions as precatalysts
and are then reduced to Pd(0), typically stabilised in solution by appropriate ligands
which also raise the electron density at the metal to facilitate oxidative addition and
provide enough bulkiness to accelerate reductive elimination.

It is in the synthesis of compounds containing C—C, C~N, C-O bonds, that
palladium catalyzed cross-coupling methods have the greatest impact. The Suzuki-
Miyaura, Stille, Sonogashira, Kumada-Tamuo-Corriu, and Negishi couplings are
among the most powerful and versatile tools for the synthesis of these compounds,
exhibiting high functional group compatibility and broad reaction scope. Although

reaction conditions and the nature of the organometallic component vary from one



type of cross-coupling reaction to another, all of these reactions are mechanistically
related (Scheme 1).

The first step of the catalytic cycle involves the oxidative addition of a carbon-
halide bond (or equivalent) to a Pd(0) catalyst to generate an electrophilic aryl- or
vinyl- palladium(Il) intermediate. Reaction of this species with a nucleophilic
organometallic reagent via transmetallation provides a diorganyl-palladium(II)
species which undergoes reductive elimination to form the C—C bond and regenerate
the Pd(0) catalyst. Important progress has been made over the last decade in catalyst
development leading to mild, high yielding processes that can be performed with low
catalyst loadings.

The majority of catalyst development efforts have been directed at enhancing
the rate of the first step of the catalytic cycle, i.e., oxidative addition, which in most
cases is the rate determining step of the catalytic cycle. Notably, this work has
enabled extension of these reactions to include very challenging aryl halides such as
deactivated aryl chlorides and very sterically hindered bis ortho-substituted aryl
halides. In contrast, the transmetallation step has been less extensively studied and
optimized. Since transmetallation is typically not rate-determining or problematic, this
reduced attention compared to oxidative addition seemed reasonable until the first

step was optimized.

Ar-Ar' -X
Pd(0) Ar
Oxidative
Reductive addition
elimination (slow)
Ar'-Pd(il)-Ar X-Pd(ll)-Ar

N

Transmetallation
M-X M-Ar

Scheme 1. Generic catalytié cycle of palladium catalyzed cross-coupling reactions.



The Heck-Mizoroki reaction is a palladium catalyzed coupling of alkenyl or
aryl (sp) halides or triflates with alkenes to yield diene or vinyl arene products
(Scheme 2). The first examples of this reaction were reported independently by
Mizoroki (1971)' and, in an improved form, by Heck (1972).% The development of
catalytic asymmetric Heck reactions in the late 1980s led to a further resurgence of
interest in this field.>> Mechanistically, it is similar to most other cross-coupling
reactions, except that it also involves alkene insertion and fhydride elimination

(Scheme 3).

R3 R3
’ cat. [Pd°L,] Ré
+ R=X —m8» 2+
A Re base Z R HX
R! R* = aryl, benzyl, vinyl R!

X = Ci, Br, 1, OTf

Scheme 2. The Heck-Mizoroki reaction.

Ar

/_/ + Base-HCI
Ar-X
Oxidative

Reductive Pd(0)L addition
elimination Basy (0L,

Ar I‘\r
/|=/ L—PT(II)—X
H—Fl’d(ll)—X L

| _
L

B-Hydride elimination

/|\r
\/\Af W—-—Pd(ll)—x
Pd(I)—X . i

C-C bond formation

Scheme 3. Mechanism of the Heck-Mizoroki reaction.

The Stille reaction is a palladium catalyzed cross-coupling reaction of organic

electrophiles with vinyl organotin compounds®'® (Scheme 4). The Stille reaction is



one of the most widely applied palladium-catalyzed C—C bond forming reactions, due
to typically mild reaction conditions and the tolerance to a wide variety of sensitive

functionalities in this transformation.

cat. [Pd°L,] " e
R'—snR® + RZ>—X » R—R

R, = alkyl, alkynyl, aryl, vinyl
R; = acyl, alkynyl, allyl, aryl, benzyl, vinyl
X =Cl, Br, |, OAc, OP(=0)(OR),, OTf

Scheme 4. The Stille reaction.

Another extraordinary C-C bond forming reaction involves the palladium-
catalyzed coupling of organic electrophiles, such as aryl or alkenyl halides and
triflates, with organoboron compounds in the presence of a base (Scheme 5),'' a
process known as the Suzuki-Miyaura reaction, the first examples of which were
reported in 1979.'*'* The Suzuki-Miyaura reaction is particularly useful as a method
for the construction of conjugated dienes and higher polyene systems of high
stereoisomeric purity, as well as of biaryl and related systems. Progress has been
made in the development of Suzuki-Miyaura coupling reactions of unactivated alkyl
halides, enabling C(sp®)-C(sp®) and even C(sp*)—C(sp’) bond-forming processes.>
The ease of preparation of organoboronates (e.g. aryl, vinyl, alkyl) and their relative
stability to air and water, combined with the relatively mild conditions for the reaction

as well as the formation of nontoxic by-products, makes the Suzuki-Miyaura reaction

a valuable synthetic method for organic chemists.

cat. [Pd°L,]

1—_p2
base R—R

R'—BY, + R*—X

R = alkyl, alkynyl, aryl, vinyl

R? = alkyl, alkynyl, aryl, benzyl, viny!

X =Cl, Br, I, OAc, OP(=0)(OR),, OTf, OTs
Y =OH, OR

Scheme 5. The Suzuki-Miyaura reaction.

The palladium-catalyzed coupling of terminal alkynes with vinyl or aryl

halides was first reported independently and simultaneously by the groups of Cassar'®



and Heck' in 1975. A few months later, Sonogashira ef al. demonstrated that, in
many cases, this cross-coupling reaction could be accelerated by the addition of co-
catalytic Cu(l) salts to the reaction mixture.’”?' The Sonogashira reaction (Scheme 6)
can be viewed as an application of palladium catalysis to the venerable Stephens-
Castro reaction (the coupling of vinyl or aryl halides with stoichiometric amounts of
copper(l) acetylides).”? The Sonogashira reaction provides a method for the synthesis
of conjugated acetylenic systems, which are used in a diverse array of important
applications from natural products and pharmaceuticals to designer molecules of

interest in biotechnology and nanotechnology.

cat. [Pd°L,]
cat. CuX, base

R'—=——H + R*—X R'—R?

R! = alkyl, aryl, vinyl
R? = aryl, benzyl, vinyl
X =CI, Br, |, OTf

Scheme 6. The Sonogashira reaction.

The use of organozinc reagents as the nucleophilic component in palladium-
catalyzed cross-coupling reactions is known as the Negishi coupling (Scheme 7).
Organozinc reagents exhibit a very high intrinsic reactivity in palladium-catalyzed
cross-coupling reactions which, combined with the availability of a number of
procedures for their preparation and their relatively low toxicity, makes the Negishi
coupling an exceedingly useful alternative to other cross-coupling procedures, as well

as constituting an important method for C-C bond formation.”> **

cat. [Pd°L,]
R'—ZnR? + R*—~X ——» R'-—R?

R! = alkyl, alkynyl, aryl, viny!
R2? = acyl, aryl, benzyl, vinyl
X =8Br, |, OTf, OTs

Scheme 7. The Negishi reaction.

There are many recent reviews of the Heck-Miyaura, ™" % Stille,”” % Suzuki-

29, 30 31-33

Miyaura and Sonogashira reactions

10, 34-44

and general Pd-catalyzed cross-coupling

reactions.



Another palladium catalyzed reaction worth including in this introduction is
the hydroxy- and alkoxycarbonylation of olefins (Scheme 8). This reaction is used to

transform cheap feedstocks (e.g. CO, olefins and alcohols) into esters.

R i
_/ + co + ROH \/\‘(
R' = H, alkyl

Scheme 8. General scheme for hydroxy- and alkoxycabonylation.*’

Two mechanistic pathways, vide infra, proposed for the alkoxycabonylation of
olefins catalyzed by palladium complexes are (A) a hydride mechanism*®*° and (B)

- 51,52
an alkoxy mechanism.> 3!+

Mechanism I:

— co
P—H ——» Pd—C—C—H —» Pd—C(0)—C—C—H

R'OH
—  » ROCOGC—C—H + Pd—H

Mechanism II:

R'OH =

Pd—CO ——» Pd—COOR' ——» Pd—C—C—COOR'
H*
i i iii
*Ico
H—» H—C-—C—COOR' + Pd—CO

iv

Ih the hydride mechanism (A), the first step is the insertion of the alkene into
the Pd-H bond to form an alkyl complex, followed by coordination and migratory
insertion of CO to produce a Pd—acyl species. Alcoholysis of the Pd-acyl regenerates
the Pd—H complex and yield the ester. For alkoxycarbonyl mechanism (B), alkene
inserts into the M—C & bond of the alkoxycarbonyl-palladium complex ii, followed by
alcoholysis to yield an alkoxy-palladium complex and the ester.

The bis(alkoxycarbonylation) of alkenes is shown in Scheme 9. The reactions

are usually performed using styrene as a substrate for the palladium catalysts, in the



presence of an oxidant (e.g. O,, benzoquinone). The role of the oxidant is to reoxidise

the Pd(0) formed during the process. No complete mechanistic studies have been

reported.
, R? 0
R Pd(ll *
—/ . 2C0 . 2R%0H _fPdtm,_ °>_>—<
oxidant ORZ

R20

Scheme 9. General scheme for the bis(alkoxycarbonylation) of alkenes.>
1.2 Ligands effects

Initially, the substrates which were used in cross-coupling reactions were only
reactive aryl bromides and iodides. However, aryl chlorides are more widely available
and generally less expensive than the bromides and iodides. So the search for the
suitable ligands showing higher reactivity and selectivity has been a field of enormous
activity. Palladium complexes which contain electron-rich and bulky ligands (i.e.
phosphines and carbenes) have been found to improve the catalytic activity in
coupling reactions. There are several groups who have established the combination of
bulky and electron-rich phosphines with different sources of palladium to generate |
species that show high catalytic activity in. cross-coupling reactions, for example,
mixtures of P'Bus and either Pd(OAc), or [Pdy(dba);] have unusually high activities in
amination reactions,”* and Suzuki-Miyaura coupling reactions of a broad spectrum of
aryl halides.”® Fu et al. studied the catalytic properties of palladium complexes with
different phosphines as ligands, compared by using different aryl halides as
substrates.”® In these studies, it was shown that a mixture of [Pd,(dba)s;] and P'Bus
catalyzed the Suzuki-Miyaura cross-coupling of vinyl and aryl halides (including
chlorides) with arylboronic acids. With Pd(OAc), in the presence of PCy;, a good
catalyst for the cross-coupling reaction of vinyl and aryl triflates with arylboronic
acids is generated. The system with P'Bu; showed high selectivity with the order of
reactivity I>Br>CI>>OT{f. Littke and Fu also demonstrated that a mixture of
[Pd,(dba);] and P'Bu; yields a general catalyst system for Stille cross-coupling®’ and
Heck-Mizoroki reactions.”’ Hartwig er al. reported that this palladium/phosphine
combination produces an excellent catalyst for the arylation of ketones and
malonates.”® *° They also studied in detail the formation of C—N bonds catalyzed by

palladium in the presence of bulky and electron-rich phosphines.®*®* Beller er al



reported an efficient catalytic system for cross-coupling reactions based on the
sterically demanding phosphine, PAd,("Bu) (Ad = Adamanty]).®® A mixture of
Pd(OAc), and this phosphine generates catalysts for the amination of aryl chlorides,
the Suzuki-Miyaura coupling of aryl halides and boronic acids, and the a-arylation of
ketones. In the late 1990’s, Buchwald e¢ al. reported an important set of dialkyl-o-
biphenyl phosphines (Figure 1) which proved to be excellent supporting ligands for
the palladium-catalyzed formation of C—C, C-N, and C—O bonds with substrates such

as aryl chlorides and bromides.***’

t
pcyz P Bu2 PCy,
Prp! PiPr
'Pr

R=H, NMez, 'Pr Et, Me, OMe R= H NMez

(. ” (D
Y2 PCy,

OO MeO ] OMe

4 5

Figure 1. Buchwald’s biary! phosphine ligands.

Several types of phosphine based ligand were introduced to the palladium

catalyzed reaction; chiral mono-, bis(phosphines) and phosphine oxazolines, as shown

CO /,//

in Figures 2, 3 and 4, respectively.

\/
/\

““pPh,

(B8)

Figure 2. Chiral monophosphine ligands A% B®and C."
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o

PR, 3
O ——
R PPh, PPh,

PPh Fe
Pth R PPh, PPh,
O U =
R= Ph; R'= OMe, Me: (S)-R"-BiPHEP  R=Cy, Ph (S,S)-BDPP
. Josiphos
R= Cy; R'= OMe, Me: (S)-R'-BiPHEP
(A) ®) (©) (D)

Figure 3. Chiral bis(phosphine) ligands.

0]

PPh, ,&J

iBu

Figure 4. Phosphine oxazoline ligand.”!

From the applications point of view, phosphine ligands are affected by one
problem: they are subject to oxidation. Therefore, reactions need to be carried out in
an inert atmosphere. To overcome this problem, several phosphine oxides including

chiral ones have been reported (Figure 5).

0
[ PPh
Ph .O 2
N PPh, PPh
PR B p Ph 2
o ° OO o oh: z

(A) (B) (C)
Figure 5. Bis(phosphine) mono-oxides.”

Tertiary phosphine ligands are useful in controlling reactivity and selectivity

. . . .7 4
in organometallic chemistry and homogeneous catalysis. 37

However, their
sensitivity to air has limited their use in certain types of (e.g. oxidation) catalysis.
They can also suffer from P-C bond cleavage at elevated temperatures. In some
catalytic processes, these result in deactivation of the catalyst and higher phosphine

concentrations are required.
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N-heterocyclic carbenes (NHC) are considered as neutral, two electron donor
ligands with negligible n-back bonding tendency (Scheme 10).”> As such, they have
attracted considerable attention as alternatives to phosphines.”®% Complexes of NHC
ligands with main-group and transition metals in both high and low oxidation states
have been synthesized " ® In the palladium complexes, as with most other transition

metals, the NHCs act as powerful, neutral, two electron donors to the metal atom 5> ¥

[\ [T\ )

— NN TR NN
RT\_TTTR
Scheme 10. Resonance structures of imidazolyl-2-ylidenes.

While the m-acceptor properties of phosphines are well established,®> % in
carbenes, the m-back donation from Pd to the NHC =n* orbital is negligible.87’ 8 But,
some recent computational and experimental studies challenge such views® —the
NHCs can use different orbitals for bonding to match the complementary metal
orbitals. This bonding is illustrated by the following two examples: Abernethy et al.
found significant n-back bonding from the chloro ligands in the cis position to the
NHC in the isolated [(IMes)VOCIl;] complex (Figure 6).°° The stability of this
compound to air makes it an excellent entry point into vanadium-oxo chemistry and
demonstrates the utility of N-heterocyclic carbenes to stabilize high-oxidation-state
transition metal complexes. This is supported by crystal structure and DFT
calculations which suggest that these interligand bonding interactions involve
significant vanadium d-orbital contributions. There can be considered to be a form of
back-bonding to the carbene with the electron density originating from the chloride

ligand lone pairs rather than the metal.
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Sase
C(!:I—/V\\;CI %NYN\%

(A) (8)
Figure 6. (A) (IMes)VOCl; and (B) I'Bu.

Nolan et al. observed n-donation from I'Bu in a low coordinate, 14-electron
iridium complex.®*> Thermochemical and computational studies on NHC complexes of
ruthenium®’ and nicke!®* have shown that NHCs form considerably stronger bonds to
the metal atom than do phosphines. It was observed that the carbenes appear to give a
greater degree of thermal stability with regard to dissociation of the ligand from the
metal center. As a consequence, the number of catalytic reactions making use of
nucleophilic carbenes as catalyst modifiers is increasing. There are some examples of

93

the use of metal-carbene complexes in hydrosilylation,”” Ru-catalyzed furan

synthesis® and olefin metathesis.”>®® The concept of NHCs as “phosphine mimics”
proved to be extremely fruitful for catalysis. There are several reviews dealing with

99, 100

separate aspects of the field; chiral NHCs, structure, bonding, and the reactivity

of free NHCs,'®" '? as well as NHC complexes with transition metals 3 8 103106 The
early Pd-NHC chemistry specifically directed towards C-C cross-coupling reactions
was summarized by Herrmann et al. in 2003.'" There are various other reviews on
phosphines and carbenes in the literature. 108-110

Like phosphine ligand, almost all NHCs are air and moisture unstable.
Therefore, another type of the related ligand can be introduced, i.e. thiourea ligands.
Thioureas are an oxidized version of NHCs (Scheme 11). They are air and moisture
stable. Several thiourea ligands have been reported to be useful in palladium catalyzed

reactions (more details are provided in Chapter 3).



13

R
1I8 Ss, KOtBU

R
/ /
N N
E@w)_ H < . \[N\>= S
R

K, THF, 80 °C
R

Scheme 11. The interconversion between NHC carbene and thiourea.''!> ''?

Thioureas can be considered to be sulfur adducts of NHCs, analogous to the
relationship between phosphine sulfides and phosphines (see Chapter 5)

Since their discovery, Pd catalysts have been developed and have proved to be
useful tools in organic synthesis. Many different substrates can be coupled as
discussed above. Variation of the ligand on the Pd metal center can allow chemists to
improve catalysis and allow for many different catalytic processes to be conducted
with various substrates. In particular, ligands that are easy to prepare and air stable are
of great interest.

Several such air stable ligands, were investigated including their palladium

complexes, and the results are discussed in Chapters 3, 4 and 5.

II. Organization of the thesis

This thesis 1s composed of two parts. The first part examines Pd-catalyzed
cross-coupling reactions, focusing on the synthesis of diarylacetylenes using the
Sonogashira reaction. The single crystal structures and liquid crystal phases of these
diarylacetylenes have been explored, although little correlation of the solid state
packing and liquid crystal mesophase can be made. The second part is devoted to an
investigation of palladium complexes of chiral thiourea, chiral thiourea-oxazoline,
and bis(phosphine) mono- and disulfide ligands. The chiral thioureas and chiral
thiourea-oxazolines are part of an ongoing collaboration with Prof. Zhen Yang,
Peking University, China. All synthesis of the chiral thiourea and thiourea-oxazoline
ligands was performed at Peking University and the Pd-complexes were prepared and
characterized in Durham.

Chapter 1 explains the organization and aims of the thesis. It includes an
overview and an introduction to the research with a literature review on palladium-
catalyzed cross-coupling reactions and the ligands employed (e.g phosphine and

carbene).
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Chapter 2 introduces the synthesis, single crystal structures and liquid crystal
phase behavior of alkoxy substituted tolans, synthesized using the Sonogashira cross-
coupling reaction. Both the phase-behavior and single-crystal structures of three
homologous series of tolans were examined. The objective was to study the single-
crystal structures of compounds which can attain liquid crystalline phases in order to
provide possible insight into the forces which direct the organisation of the
mesophases.

The next section is devoted to the studies of two types of thiourea ligands,
monodentate thiourea and S,N-bidentate thiourea oxazolines. Chapter 3 presents the
syntheses and dynamic NMR studies of palladium complexes of a C;-symmetric
thiourea and tetramethyl thiourea. Chapter 4, on the bidentate S,N-thiourea
oxazolines, is devoted to the synthesis and full characterization of their palladium
complexes and their application in the Pd-catalyzed asymmetric
bis(methoxycarbonylation) of terminal olefins. The thiourea ligands and their
palladium complexes are investigated in order to better understand their catalytic
properties.

Chapter 5 explores two types of ligands and their palladium complexes. The
synthesis of bis(phosphine) mono- and di-sulfides and their application as catalyst
precursors for the oxidative homo-coupling of phenylacetylene are described. Our
premise was that phosphine sulfides have the same relationship to phosphines that
thioureas have to N-heterocyclic carbenes.

Final chapter, Chapter 6, is the summary and suggestion for future work.
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I. Introduction

There are numerous studies of the mesogenic behavior of liquid crystals;
however, less attention has been paid to their solid-state crystalline structures. Sheikh-
Ali er al. studied the molecular conformations and crystal packing of trans-1-n-alkyl-
4-(4-cyanophenyl)piperidines,l and trans-1-n-alkyl-4-(4-cyanophenyl)cyclohexanes
were examined by Eidenschink et al.? Sheikh-Ali er al.' have come to the conclusion
that dipole-dipole interactions are important, but do not completely control the
packing arrangement on the crystals. They noted that the most important factor is the
angle of twist between the aromatic and nonaromatic rings which leads the alkyl chain
to project along very different axes to the aromatic planes. The aromatic and
nonaromatic rings of the mesogenic compound are twisted; however, there is almost
untwisted in the case of related nonmesogenic compounds.

Cotrait et al. studied the relationship between lengthening of aliphatic alkyl
chains and mesomorphic properties of p-methoxy—p’-alkyltolans.B’ % The authors came
to the conclusion that a unidirectional three dimensional arrangement of molecules is
one of the main requirements for the formation of the mesophases. The group of
Prasad er al. found that the results from Cotrait did not conform with the detailed
structures of a homologeous series of a mesogenic 4-(4’-ethoxyphenylazo)phenyl
alkanoates. Prasad et al. thus found that the packing coefficient is a meaningful
pafameter to describe the changes in physical properties such as clearing point and
orientation order parameter.5 The more precise estimated packing coefficient value is
correlated well with clearing point which showed that the packing coefficient is
decreased for the nonmesogenic compound but increased for the compounds showing
mesogenic behavior.®"°

The effect of the carbon number in the alkyl chain is often related to various
physical properties (i.e., an odd - even effect), for example, thermal properties of [n]-
polyurethanes,“ molecular alignment in monolayers of n-alkyloxy-cya.nobiphenyls,12
fusion temperatures and fusion enthalpies of n-alkanes,"> and thermotropic properties
of liquid crystalline epoxy compounds.14 It has also been found that varying both the
chain length and #rans - cis conformation of double bonds influences the clearing
point of the nematic phase,'> which shows an odd - even effect.

There are, as yet, few reports on the mesomorphism of tolans discussed in

relation to their single-crystal structures. We felt that it would be of interest to study
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both the phase-behavior and single-crystal structures of several homologous series of
tolans in order to examine them in both solid and fluid phases to explore (i) the odd-
even effect; (ii) effect of terminal groups; (iii) short-range interactions involved in
molecular packing and molecular orientation; and (iv) the effect of the chain length on
the crystal packing, in order to develop a better understanding of the intra- and inter-
molecular interactions in rod-like structures. Single-crystal structures of compounds
which can attain liquid crystalline phases may provide insight into the forces which
direct the organisation of the mesophases. Herein we report the synthesis, crystal
structures and phase behavior of three series of tolans with varying chain length, with
the general formulae p-X-CgHs-C=C-CsHj-p-OCHaons; [X = H (series 1), CH; (series
2), OCHj (series 3)].

I1. Results and Discussion

II.1 Synthesis

The cross-coupling reactions were carried out under standard Sonogashira
conditions, using a catalyst system composed of 1 mol% of each of PdCly(PPh); and
Cul with respect to the starting materials. Triethylamine was used as both a solvent
and a base for the reactions. As the reactions occurred, the ammonium halide salt
which was formed slowly precipitated. All of the reactions were initially stirred at
room temperature and were then heated to reflux at 80 °C until complete. In this
study, in situ GC-MS was used to monitor the reactions which not only detected the
completion of the reaction but also the formation of any side-product (e.g. alkyne
homo-coupling). A dry, N, atmosphere and de-oxygenated amine solvents were used
for all reactions. The tolans were prepared (Scheme 1) by the coupling of 4-n-alkoxy-
4’-jodobenzenes with the appropriate phenylethynyl reagent. Purification of the

product required either re-crystallisation or column chromatography.

PA(PPh,);Cla,
R1‘©{ + I—OoanZn+1 R4 O = O OCrHzn+1
Cul, EtJN

Series 1 Ry =-H, H(n) where n = no. of carbons in the alkyl chain (ie.,n=1-10, 12, 14, 16)

Series 2 R, = -CHj;, Me(n) where n = no. of carbons in the alkyl chain (i.e., n=1-6,9,12)
Series 3 R, = -OCHj;, MeO(n) where n = no. of carbons in the alkyl chain (i.e., n =1 - 10, 12, 14)
* lodotoluene and 4-ethoxyphenylacetylene were used to prepare Me(2)

Scheme 1. Synthesis of tolans.
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It should be note that; Me(1) was synthesized by K. Roscoe;'® MeO(1) was
received from J. Collings; MeO(3), MeO(4), MeO(12) and MeO(14) were
synthesized by M. Green.'” Compounds H(l),lg'20 H(4),”! Me(1)> 4422 Me(2),>*
6.2 Me3)>  © Me(d)> * ¢ Me(5)> * & 2 Me(9),2%° MeO(1)>"* MeO(2),**
MeO(4)>* and MeO(9) are known in the literature.

The UV-vis spectra of representative compounds H(1), H(8), H(14), Me(3),
Me(6), Me(12), MeO(1), MeO(7) and MeO(14) at 10 M concentration in
cyclohexane showed two nearly identical absorptions for each compound with
maxima at 290 and 310 nm and extinction coefficients of ca. 5.00 x 10* and 4.00 x
10 mol'-em™.L, respectively. Compounds H(1), H(8), H(14), Me(3), Me(6),
Me(12), MeO(1), MeO(7) and MeO(14) were examined by IR spectroscopy as Nujol
mulls between NaCl plates. Peaks appeared at 2217-2221 cm’! attributed to the C=C
stretch which is weak due to the limited change in dipole moment caused by the
vibrations in the nearly centrosymmetric systems. Representative compounds were
examined by Raman spectroscopy, displaying strong absorptions at 2215-2224 em”

attributed to the C=C stretch which causes a large charge in polarisability.

I1.2 Phase characterisation by differential scanning calorimetry and thermal

optical microscopy

The values for the phase transition temperatures of all compounds were obtained
by differential scanning calorimetry (DSC). Good agreement (~1-2 °C) with values
determined by hot-stage, transmitted polarised light microscopy (tplm) was found. A
degree of supercooling below the melting point is observed on cooling leading to
hysteresis. The clearing point of the tolans decreases with increasing chain length due
to the higher degree of flexibility of the terminal chain.

Only 4-n-nonyloxy-4’-methyltolan (Me(9)) and the 4-n-alkoxy-4’-
methoxytolans (MeO(2)-MeO(14)) displayed liquid crystalline phases. Most of these
compounds displayed schlieren textures, with two and four-point brushes when
examined by tplm, which is characteristic of a nematic phase. The birefringent areas
flashed brightly on mechanical disturbance confirming that the mesophase observed 1s
indeed nematic. The liquid crystal phase transitions of the mesomorphic tolans are

listed in Table 1.
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Compounds Me(9), MeO(2), MeO(3), MeO(9), MeO(12) and MeO(14) melted
directly from solid to isotropic liquid, and no LC phase was observed on heating. On
cooling, monotropic nematic phases were observed at 62.7, 122.7, 101.3, 88.5, 87.2
and 86.7 °C respectively, followed by hardening of the material. Transition
temperatures upon cooling are given in parentheses in Table 1. The nematic phase
transition for MeO(9) was observed to be 1.7 °C higher than that previously reported
at 86.8 °C by Malthéte ef al.?®



Table 1. Transition temperatures (°C) observed by DSC and/or tplm Me(9), MeO(2) - MeO(14).

Compound cr (AH/kJ-mol":r/Asc/kJ-mor‘-K" y | N (AH/kJ-mol'l:rZSC/kJ-mol"-K")
Me(9) . (44.725,'?27) 62.7%"
MeO(2) . (32%2,078) (112.3;74;
MeO(3) . (3}1.155,'39) 101.3%*
MeO(4) . (3;91%.34) . (1?4%'451)
MeO(5) . (298.‘11;68 1) ° 89.9"
MeO(6) . (268.3;473) . (19.2;43)
MeO(7) . @3 824‘1)2 ) . 89.8"
MeO(8) . “ 6823 f 2) . 93.0°
MeO(9) . (54.90?"1149) 8.5
MeO(10) . (52%18,345) * 89.3°
MeO(12) . (56.972,.21;55) 87.2**
MeO(14) . (66.29,7i9/9.0) 86.7%°

* monotropic transition temperature on cooling, ® observed by tplm

24
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Compounds MeO(4), MeO(5), MeO(6), MeO(7), MeO(8) and MeO(10)
displayed enantiotropic liquid crystal phases. On heating compound MeO(4), a
nematic phase with a schlieren texture was observed at 108.4 °C and the clearing
point was reached at 109.5 °C. On cooling from the isotropic liquid, a nematic phase
with a schlieren texture formed at 109.6 °C. Compound MeO(5) softened on heating
into a nematic phase at 84.6 °C, and then cleared to an isotropic liquid at 89.9 °C. On
cooling from the isotropic liquid, a nematic phase with a marble texture formed at
91.2 °C, which persisted until crystallisation.

On heating compound MeO(6), a nematic phase with a schlieren texture was
observed at 82.4 °C, and the clearing point was reached at 99.4 °C. On cooling, the
schlieren texture of the nematic phase was again observed at 99.4 °C. Compound
MeO(7) shows a nematic phase at 84.0 °C and then clears at 89.8 °C. On cooling, a
nematic phase was observed at 89.7 °C. For compound MeO(10), a nematic phase
was observed at 88.2 °C and the clearing point is 89.3 °C. On cooling, a nematic

phase with a schlieren texture was observed at 89.3 °C.

I1.3 Mesomorphism

Figure 1 shows the melting point for each homologous series plotted against the
number of carbon atoms (n) in the terminal alkyl chain of series 1 (H(n)), 2 (Me(n))
and 3 (MeO(n)). The melting points shown in Figure 1 are the transition temperatures
K to I for series 1 and 2, and K to N for some of series 3. In all three series, the
temperature initially decreases with increasing chain length but then begins to
increase again when the chain length is increased further. In series 1, the melting point
of compound H(1) (n = 1 of series 1 in Figure 1) was lower than expected and it is not
clear for whether this is an odd-even effect. However, H(1) has three molecules in the
asymmetric unit as evidenced from single crystal studies. The low melting point may
result from the packing which is discussed later. Figure 2 shows the transition
temperatures N to I and I to N for series 3 on heating and cooling respectively, plotted
against the number of carbon atoms (n) in the terminal alkyl chain. [The melting
points exhibited the odd-even effect when the length of the alkoxy chain less than five
for series 1 and 3 but it was not clear for series 2.] An odd-even effect is obsewéd for
the clearing point of the nematic phase obtained from both heating and cooling runs,

with the higher temperature for even and low temperature for an odd number for
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series 3. As a chain becomes longer, its flexibility makes the odd-even effect smaller

until it becomes unnoticeable for the longer chains.
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Figure 1. The melting point for each homologous series plotted against the number of

carbon atoms (n) in the terminal alkyl chain of series 1, 2 and 3.
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Figure 2. Plot of the clearing point (N<>I) for homologous series 3 vs. number of

carbon atoms (n) in the terminal alkyl chain.
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IL.4 Crystal and molecular structures

Compounds H(1), H(2), H(3), H(4), H(5), H(6), H(8), H(9), Me(1), Me(2),
Me(3), Me(4), Me(5), Me(6), Me(9), Me(12), MeO(1), MeO(2), MeO(3), MeO(4),
MeO(5), MeO(6), MeO(7), MeO(8), MeO(9) and MeO(10) have been characterised
by single-crystal X-ray diffraction. It should be noted that single crystal of H(2) and
Me(1) were grown by M. Green'’ and K. Roscoe,'® respectively. The crystal structure
of MeO(1) was solved at Newcastle University by Prof. William Clegg. The
molecular structures are shown in Figure 3 (disorder is shown with dashed lines).
Summaries of dihedral and torsion angles are given in Tables 5 — 8. Crystallographic
data for compounds in series 1, 2 and 3 are listed in Tables 2, 3 and 4, respectively.

Bond distances are unexceptional,*® as are the conformations of the tolan moieties.
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H(3) (two molecules in the asymmetric unit, minor disordered position with open bonds)

H(4) (two molecules in the asymmetric unit)

Figure 3. The molecular structures of tolans.
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Me(2) Me(3) Me(4)

Figure 3 (continued)
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MeO(2) (two molecules in the asymmetric unit)

Figure 3 (continued)
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MeO(10) (two molecules in the asymmetric unit)

Figure 3 (continued)




Table 2. Crystallographic data for compounds in the homologous series 1.
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CoHani
— /
Compound H(1) H(2) H(3) H(4) _H(S) H(6) H(7) H(8) H(9)
Formula Cis H,,0 Ci6H1sO C7Hj0 CisHis0 Cis HxoO CzH,0 CyH0 CH;0 CysHzO
Formula weight 208.25 222.27 236.30 250.32 264.35 27838 292.40 306.43 32045
TK 1202) 12002) 12002) 120(2) 120(2) 12002) 12002) 12002) 120(2)
Crystal system Monoclinic Monoclinic Triclinic Triclinic Monoclinic Orthorhombic Monoclinic Triclinic Monoclinic
Space group P2 (#4) P2)/c (#14) P-1(#2) P-1(#2) P2, (#4) P2,2,2, (#19) P2i/c (#14) P-1(#2) P2y/c (#14)
alA 7.3322(5) 9.6850(10) 9.749(1) 9.828(1) 9.4354(12) 7.935(1) 39.128(7) 5.6048(5) 5.5989(5)
b/A 17.846(1) 10.3190(11) 10.274(1) 10.123(1) 7.5845(10) 9.625(1) 7.1683(13) 7.8211(8) 9.2377(7)
c/A 13.287(1) 25.0714(19) 14.540(2) 15.928(2) 10.8850(14) 21.141(2) 6.1275(11) 21.525(2) 36.294(3)
al® 90 90 - 83.95(1) 104.51(1) 90 90 90 87.80(1) 90
Br 90.03(1) 102.08(3) 84.03(1) 90.39(1) 106.82(1) 90 91.20(2) 89.68(1) 91.02(1)
y/”° 90 90 67.71(1) 111.52(1) 90 90 90 71.33(1) 90
V/A? 1738.6(2) 2450.1(4) 1336.8(3) 1418.6(3) 745.64(17) 1614.6(3) 1718.3(5) 893.22(15) 1876.9(3)
2(z’) 6(3) 8(2) 4(2) 4(2) 2(1) 4(1) 4(1) 2(1) 4(1)
Deatcd Img m” 1.193 1.205 1.174 1.172 1.177 1.145 1.130 1.139 1.134
Total reflections 17816 28479 13575 19739 8831 18643 13531 12292 17886
Unique reflections 4720* 7452 6120 8269 2128* 2146* 3384 5175 4219
Refined parameters 440 391 336 348 261 192 202 211 329
Rin 0.111 0.051 -0.088 0.033 0.023 0.121 0.080 0.054 0.032
R [F, I>2071)] 0.046 0.054 0.047 0.052 0.034 0.054 0.138 0.049 0.038
wR (F, all data) 0.115 0.131 0.137 0.157 0.091 0.161 0.289 0.137 0.104

* Friedel equivalents merged




Table 3. Crystallographic data for the compounds in the homologous series 2.
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Callgne
=)
Compound Me(l) Me(2) Me(3) Me(4) a-Me(5) B-Me(5) Me(6) Me(9) Me(12)
Formula CieH 15O CiHisO CisH 50 CisH20 CzoH1,0 CaoH2,0 CyHO CaH300 CyH;36O
Formula weight 22227 236.30 250.32 264.35 278.38 278.38 292.40 33448 376.56
T/K 150(2) 120(2) 120(2) 120(2) 120(2) 120(2) 120(2) 120(2) 120(2)
Crystal system Orthorhombic Monoclinic Monoctinic Monoclinic Orthorhombic Monoclinic Monoclinic Orthorhombic Monoctinic
Space group (no.) Pna2, (#33) P2\/n (#14) P2,/n (#14) P2i/n (#14) Pna2, (#33) P2,/c (#14) P2)/c (H14) Pca2, (#29) P2/c (#14)
alA 11.791(2) 8.5263(3) 9.063(1) 9.948(1) 11.511(1) 28.366(4) 29.896(3) 5.9918(17) 40.610(9)
b/A 13.976(3) 7.3143(3) 7.384(1) 7.512(1) 20.087(2) 4.8899(6) 4.8874(4) 7.1784(18) 4.7965(12)
c/A 7.448(2) 22.010(1) 21.7572) 21.183(2) 13.818(1) 11.3406(15) 11.3492(11) 45.654(13) 11.331(3)
al 90 90 90 90 90 90 90 90 90
Br 90 100.84(1) 99.46(1) 103.58(1) 90 95.43(1) 91.939(3) 90 91.19(1)
y/r° 90 90 90 90 90 90 90 90 90
v/A? 1227.4(5) 1348.1(1) 1436.2 (3) 1538.7 (3) 3195.0(5) 1566.0(4) 1657.3(3) 1963.6(9) 2206.6(9)
Z () 4 4(1) 4() 4(l) 8(2) 4(1) () 4(1) 4()
Peatca /Mg m™ 1.203 1.164 1.158 1.141 1.157 1.181 1.172 1.131 1.134
Total reflections 1542 17894 12878 15837 36963 19631 14454 22768 17542
Unique reflections 1115* 3925 2529 3202 4836* 4525 3802 2265* 4897
Refined parameters 159 166 172 200 387 194 203 230 257
Rint 0.022 0.032 0.092 0.079 0.043 0.036 0.071 0.061 0.030
R [F, I>207])] 0.047 0.047 0.048 0.048 0.042 0.049 0.066 0.082 0.058
wR (F, all data) 0.131 0.147 0.152 0.151 0.108 0.140 0.188 0.188 0.141

* Friedel equivalents merged




Table 4. Crystallographic data for the compounds in the homologous series 3.

o O

/

O

CnHInFI

(:ompound MeO(1) MeO(2) MeO(3) MeO(4) MeO(5) MeO(6)* MeO(7) MeO(8)* MeO(9) MeO(10)*
Formuia CiH 10, CiH 02 CisH 50, CisH0, CaoH20, CuH20;, CnHa0Oy CyHy0, Ca:H300; CaeHnO,
Foimula weight 23827 252.30 266.32 280.35 294.38 32243 350.48
T/K 160(2) 120(2) 120(2) 120(2) 1202) 120(2) 120(2) 120(2) 120(2) 120(2)
Cr rstal system Monoclinic Monoclinic Triclinic Triclinic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic
S»ace group P2/c (#14) P2)/c (#14) P-1 (#2) P-1(#2) Pbca (#61) Pbca (461) Pbca (#61)
al/A 8.4401(13) 8.556(1) 7.7287(13) 7.931(1) 7.1597(5) 7.1633(11) 7.1529(12) 7.1598(3) 7.1545(7) 7.1591(17)
b/A 5.7031(9) 7.364(1) 8.1030(14) 8.368(1) 6.2416(4) 6.2096(8) 6.1995(8) 6.1567(3) 6.1542(7) 6.1063(13)
c/A 13.243(2) 21.701(2) 23.375(3) 24.403(2) 74.394(5) 80.111(11) 83.222(12) 89.425(4) 92.234(10) 98.51(2)
al 90 90 89.36(1) 93.27(1) 90 90 90 90 90 90
B 91.805(4) 97.04(1) 84.54(1) 96.94(1) 90 90 90 90 90 90
yP 90 90 $9.40(1) 101.41(1) 90 90 90 90 90 90
V/A? 637.2(2) 1357.0(3) 1457.1(4) 1570.4(3) 3324.5(4) 3563.4(13) 3690.4(9) 3941.9(4) 4061.1(8) 4307(2)
Z(z) 2() 4(1) 4(2) 4(2) 8(1) 8 8(1) 8(7 8(h 8(?)
£ ue /mg m” 1.242 1.235 1214 1.186 1.176 1.161 1.146
Tot al reflections 2576 18010 14060 18253 25061 27989 30885
Uni¢ ue reflections 1077 3943 5128 7222 4171 3831 4585
Refired parameters 83 184 369 387 203 221 239
Rin 0.037 0.026 0.096 0.060 0.063 0.038 0.056
RiF, P2070)] 0.034 0.052 0.063 0.048 0.074 0.067 0.068
w E(F, all data) 0.095 0.161 0.158 0.127 0.224 0.172 0.164

* The diffraction data of MeQ(6), MeO(8) and MeQO(8) are insufficient to solve and/or refine their atomic structures.
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Table 5. Dihedral angles between benzene rings (deg).

H Me MeO

1 | 19,6384 6.6 0

2 7.7, 10.1 2.3 3.8,3.1
3 6.8,9.9 1.6 22,23
4 44,72 11.8 3.3

5 12.0 a 23.0, 16.3 0.7

B 8.1

6 88.3 7.6 -

7 34 - 0.5
8 2.4 - -

9 9.7 5.5 0.5
12 8.5 -

Table 6. Torsion angle C(2)-C(1)-O(1)-C(15) (deg).

H Me MeO
1 8.2(4), 2.5(4), 10.6(4) 4.4(6) 3.7
2 3.9(2), 6.9(2) 3.5(1) 1.3(6), 1.3(6)
3 5.54(15), 5.30(15) 4.2(4) 1.9(3), 2.4(3)
4 2.7(1), 7.6(1) 1.5(2), -16(1) 0.7(2), 6.3(2)
5 2.6(2) a 3.1(3), 5.2(3) 6.3(4)
B3.02)
6 6.2(4) 3.0(2) -
7 6.6(8) - 6.0(3)
8 1.6(2) - -
9 1.0(1) 5(1) 6.1(3)
12 3.6(2)
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Table 7. Torsion angle C(1)-O(1)-C(15)-C(16) (deg).

H Me MeO
2 | 175.8(1), 177.1) 178.7(1) 164‘91(1‘;,'91(;2.4(4)
3 | 175.8(1), 1703(1) | 174.9(3),-162.6(4) | 173.7(2), 173.5(2)
4 | 178.8(1), 176.7(1) | 177.3(1),-158(1) | 176.2(1), 178.6(1)
5 171.2(1) ¢ 179[3'01(723’_ 51(71‘;'2(2) 165.7(2)
6 173.4(3) 179.2(1) -
7 165.7(5) 3 165.5(2)
8 179.4(1) . -
9 179.5(1) 164.6(4) 165.2(2)
12 - 179.8(1) 5
Table 8. Torsion angle O-C(15)-C(16)-C(17) (deg).
H Me MeO

3 | 65.0(1),662(2) | 73.4(5),-68.6(6) | -67.1(3),-67.3(3)

178.8(1), 176.7(1) | 63.2(2), -56(2) | -64.8(2), -60.4(2)
5 643(2) « 176.2(2), 179.9(2) 171.70)

B 66.1(1)

6 178.9(4) 65.9(2) -
7 172.5(4) . 172.02)
8 177.85(9) - -
9 179.6(1) 171.7(4) 171.62)
12 _ 66.7(2) -
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The two benzene rings of the unsubstituted tolan are practically coplanar in the

7- . . .
373 and orthorhomblc)39 and its various

crystals of both its polymorphs (monoclinic
molecular complexes, although the rotation barrier is quite small and the rotation in the gas
phase is quasi-free.’” “* The same nearly planar conformation (the interring angle ranging
from 0 to 12°) is observed here (Table 5), except for H(6) and a-Me(5). The conformations
around the C(benzene)-O bonds are eclipsed; the largest C(2)-C(1)-O-C(15) torsion angle
is 10.6(4)° [in H(1)]. This, again, could be expected.*’ Thus, we need to consider only two
parts: the molecular core (including oxygen atoms), which is usually planar within <0.1 A,
and the conformationally flexible n-alkyl chain.

Compound H(1) crystallises in a chiral monoclinic space group with three molecules
per the asymmetric unit. Notwithstanding the pseudo-orthorhombic (f~90°) lattice, there is
no approximate higher symmetry in the structure. The structures of H(2), H(3) and H(4)
have two molecules per the asymmetric unit, and all the higher homologues have one. The
conformation around the C(1)-O(1) bond is always eclipsed (see above) and that around
O(1)-C(15) is staggered, ie. trans (Table 3); the rest of the chain adopts various
conformations. In H(3), one molecule has a gauche conformation around the C(15)-C(16)
bond, and the other is disordered between gauche (92%) and trans (8%) conformations. In |
H(4), the chain has a planar all-trans conformation and is almost coplanar with the core.
Note that in each case the conformations of symmetrically independent molecules are
essentially the same. H(5) is similar to H(3) in adopting a gauche conformation around the
C(15)-C(16) bond; the C(5) chain is planar and inclined by 60° to the core. The
conformation of H(6) is highly unusual, with perpendicular benzene rings and the alkyl
chain adopting a gauche conformation around the C(17)-C(18) bond but trans around all
other bonds. The alkyl chains are trans-planar in H(7), H(8) and H(9), and coplanar with
the core in the latter two molecules, in H(7) the conformation about O(1)-C(15) deviating
from being exactly trans, the alkyl C(7) plane being inclined by 16° to the core plane.

All compounds of series 2 have one molecule per asymmetric unit, except a-Me(5)
which has two. The structure of Me(1) is practically identical with that determined earlier
at room temperature.41 Moiecular conformations of Me(1), Me(2) and Me(3) are
essentially the same as those of the corresponding members of series 1. The alkyl chains in

Me(3) and Me(4) are disordered between two different, but similar, conformations, with a
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gauche conformation around the C(15)-C(16) bond. Crystallisation of Me(5) yielded two
concominant polymorphs, orthorhombic (&) and monoclinic (B). The asymmetric unit of
the former comprises two molecules related by a local inveysion center (0.358 !4 '), with
and both structures adopting an all-trans conformation of the alkyl chain, which is
practically coplanar with the adjacent benzene ring (although the 6 angles are relatively
large, 23.0 and 16.3°). The only independent molecule in the structure of the B-polymorph,
however, has a gauche conformation around the C(15)-C(16) bond (and trans around other
C-C bonds), thus the alkyl C(5) plane is inclined by 72° to the mean plane of the core.
Similar conformations are adopted by Me(6) and Me(12), where the corresponding angles

are 70 and 71°, whilst Me(9) has an all-frans-planar conformation.

In series 3, the molecule of MeO(1) has a crystallographic inversion center. The

molecule of MeO(2) (its long axis practically parallel to the glide plane ¢) is disordered
between two orientations of opposite polarity, so that all non-hydrogen atoms coincide
except one terminal carbon, which is distributed between positions C(16) and C(16°) with
the occupancies of 0.67 and 0.33, respectively. This molecule and its symmetrical
equivalents via the glide plane (symmetry transformations x+2, -y, z+1/2 or x-2, -y, z-1/2)
comprise an infinite chain with impossibly short C(16)....C(16") ‘contacts’ of 2.34 A
between adjacent molecules. To avoid such crowding, all molecules within one chain must
have the same polarity, although the relative polarities of different chains are random, the
diffraction pattern giving no evidence of a superlattice). The asymmetric units of MeO(3)
and MeO(4) comprise two molecules each, and those of the higher homologues, one
molecule.

The conformations of the first three compounds of series 3 are essentially the same as
in both series 1 and 2; that of MeO(4) is similar to Me(4) but not H(4). MeO(5), MeO(7)
and MeO(9) are similar to H(7) and Me(9) in having an imperfect trans conformation
around the O(1)-C(15) bond, so that the planar (all-trans) C(5), C(7) or C(9) chain is
inclined by 14-15° to the core plane.

" Chawdhury and Shibby have reported this compound to crystallise in orthorhombic space group Pbca with
a = 24.41(6), b = 15.72(5), ¢ = 7.94(4), but the atomic coordinates are not available. Probably they have
studied some solvate, since the volume per molecule (assuming Z = 8) of 381 A® is much bigger than our
result (318.6 A%).
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Molecules of H(3), H(4), H(5), H(7), Me(2), Me(3), Me(4), MeO(2), MeO(3) and
MeO(4) pack in a herring-bone motif (Figures 4, 5 and 6 for the molecular packing of
H(n), Me(n) and MeO(n), respectively). The planar tolan moieties contact one another
edge-to-face at dihedral angles (8) of 59 to 71°, while the long axes L of these molecules
[C(1)....C(12) vectors] are practically parallel throughout the structure, the maximum
misalignement angle (@) being ca. 4° for H(3) and H(5) and <1° for the rest. The first
homologue of each series show a distorted version of the same motif, with ¢ increased to
30° for H(1) and Me(1), and 9° for MeQO(1). There is particular similarity between
structures (and lattices) of H(3) and H(4), and Me(2) and Me(3). '

‘ Compounds MeO(5) to MeO(10) (Figure 6) all crystallise in similar orthorhombic
unit cells, with two short parameters remaining practically constant (@ = 7.16 and 5 = 6.2
A) while the very long ¢ parameter steadily increases with the length of the alky! chain. In
the fully determined structures of MeO(5), MeO(7) and MeO(9), molecules pack in a
herringbone manner (Figure 5) to form a succession of double-layers, parallel to the (0 0 1)
plane. Within each double-layer all molecular axes are parallel (¢ < 1°), but those of
adjacent layers are inclined by 47 — 48°. The diffraction data of MeO(6), MeO(8) and
MeO(10) were insufficient to solve and/or refine their atomic structures, but the similarity
of their packing can be inferred from the similarity of their crystal lattices.

Thus, series 3 presents only two distinct, and closely related, packing motifs. Note
also that all of these molecules, except MeO(2) [and of course the symmetric MeO(1)], are
arrayed in a head-to-head fashion. Hence, the structures contain successive layers of
segregated (i) alkyl chains, (ii) tolan moieties and (iii) methoxy groups. Series 1 and 2,
apart from the early homologues (see above), show no such uniformity. The structure of
H(2) (Figure 4) comprises herringbone monomolecular layers. The long axes of molecules
(transverse to the layer) are nearly parallel within each layer (¢ = 4°) but nearly
perpendicular to such axes of the adjacent layers (¢ = 82 - 86°), related via 2,
transformations. The packing of H(6) (Figure 4) is characterised by edge-to-face contacts
between individual benzéne rings rather than entire tolan moieties; ¢ is rather high (23°).
The packing of Me(9) (Figure 4) resembles those of series 3 higher homologues, but with
single (rather than double) layers and a head-to-tail arrangement of molecules. Hence, the

structure is polar (rather than centrosymmetric) with two (rather than four) molecules per
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one c translation, while the a and b parameters are nearly the same as in series 3. The
remaining structures, i.e. H(8), H(9), both polymorphs of Me(5), Me(6) and Me(12),
depart entirely from edge-to-face packing and show various stacking motifs instead. Near-
planar and near-linear molecules of H(8) or H(9) are stacked head-to-tail (Figure 4), so that
the alkyl chain of one molecule overlaps with the tolan moiety of the next; the packing of
H(8) is laminar with all molecular axes essentially parallel, whereas in H(9), the stacks
form a herringbone pattern with ¢ = 66°. In B-Me(5), Me(6) and Me(12) (Figure 5) only
the tolan moieties are stacked (in a head-to-head fashion). The tolan planes (as well as the
long axes) in adjacent stacks are mutually perpendicular, while the alkyl tails, which are
neither colinear nor co-planar with the tolan groups, aggregate together in a parallel
manner. a-Me(5), however, has a laminar packing, comprising slightly puckered, parallel
layers with rather inefficient overlap between individual molecules. It is noteworthy that

the density of the B-polymorph is 2% higher.
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The volume occupied by each molecule and the packing coefficients of the
tolans are given in Table 9. The volume occupied by each molecule is increased when
the length of the alkyl chain is lengthened. Furthermore, with the same alkyl chain
length, the molecules in series 3 occupy the largest volumes whereas those of series 1
occupy the smallest volumes. Packing coefficients of tolans in these three series are
very similar. No trends between the packing coefficients and the alkyl chain length

were observed:

Table 9. The volume occupied by each molecule and packing coefficients of the

tolans.*
Volume Packing coefficients
H Me MeO H Me MeO

1 290 306 319 67.5 68.9 68.9
2 306 337 339 68.9 68.5 69.2
3 334 359 364 67.9 67.7 68.9
4 355 384 393 68.4 67.3 67.9
5 373 a 399 416 69.3 o 68.7 68.2

B 391 B 70.1
6 404 414 - 67.5 70.2 68.2
7 430 - 461 67.5 -
8 447 - - 68.5 -
9 469 491 508 69.0 68.7 68.2
12 - 552 - - 69.8 -

? Packing coefficients were calculated using PLATON with atomic radii as followed

C1.70 A,H 1.20 A and O 1.52 A by Dr. Andrei Batsanov.
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From the mesophases, crystal structures and molecular packing of the tolans
we can make following observations.

i) The packing of early homologous (n < 4) are similar and defined by edge-to-
face arrays of tolan groups. At n = 5 and 6, the series 1 and 2 show some
“uncertainty”. At n > 7, the packing switch to stacking motifs with the exception of
Me(9) which is similar to series 3. The latter (n > 5) adopts uniform packing with
edge-to-face arrangements of tolans. For the long alkyl chains, it is possible that the
similarity in molecular packing will continue as the length of the alkyl chain is further
increased.

i) In general, the melting points decrease when chains are lengthened. However,
an unusual trend of the melting point of the compounds in series 1 is observed when
the alkyl chain is short. The melting point of H(2) is 20 °C higher thaﬁ H(1) which 1s
very close to the melting point of H(3) (H(2)>H(1)=H(3), ca. 80>61~58 °C,
respectively (see Figure 1). Close inspection of the structure of H(2) reveals closer
packing than in H(1) and H(3) (see packing coefficient of H(1), H(2) and H(3) in
Table 9). This may be the reason for the low melting point of H(1). The low melting
points of H(1) and H(3) may also be explained by the similarity of the packing
coefficients of these two compounds.

iii) We do not observe any relationship between the transition temperatures and
the molecular packing; i.e. the odd-even effect on the N to I and I to N transition
temperatures (on heating and cooling, respectively) was observed in series 3 when the
alkyl chain are long (n = 5 — 12) but the molecular packing of MeO(5), MeO(6),
MeO(7), MeO(8), MeO(9) and MeO(10) are similar. It should be noted that poor
diffraction intensities do not permit full structure determination of MeO(6), MeO(8)
and MeO(10); however, similarity of the lattices and preliminary structure solution
leave little doubt that the packing of all six compounds is similar. Nevertheless, the ¢
parameter, the unit cell volume and the (calculated) density all show an odd-even
alternation.

iv) Prasad et al. suggested that the packing coefficient is a meaningful parameter
to describe the changes in physical properties such as clearing point and orientation
order parameter.S The authors concluded that the packing coefficient is lower for the

nonmesogenic compounds than the mesogenic ones.® "% In our case (see Table 9), we
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do not observe any obvious correlation between the packing coefficient and the
formation of mesophases.

v) Since molecules in series 3 generally form mesophases while those of series 1
and 2 do not, it is interesting to note how they differ in their crystalline phases. The
most important difference seems to the dipole moment due to the difference of the
substituents at the para-position of the tolans. For the MeO(n) (series 3), it is
reasonable to expect that the dipole moments are smaller than in series 1 and series 2.
However, dipole moments alone are not sufficient for mesophase formation as we do
not observe a mesophase in MeO(1). However, for some reason Me(9) gives a
nematic phase on cooling. Close inspection of the crystal packing reveals that it is
very similar to those of the molecules in series 3 (MeO(5) — Me(10)). Further
investigation of the crystal packing of Me(12) reveals no similarity to Me(9). For this
reason, we hypothesise that the crystal packing may be at least loosely related to
mesophase formation. Our observations agree very well with the studies of Sheikh-Ali
et al.,' who also concluded that dipole-dipole interactions are important, but do not
completely control the packing arrangements of such crystals. However, they noted
that the most important factor is the angle of twist between the aromatic and
nonaromatic rings which leads the alkyl chain to project along very different axes to
the aromatic planes. The aromatic and nonaromatic rings of the mesogenic
compounds are twisted but there is almost no twist in the case of related
nonmesogenic compounds. From our results, interestingly, there is no relationship
between the dihedral angles between benzene rings (see Table 5) or torsion angles
(see Tables 6 — 8) in the solid state and the occurrence of mesophases in these three

tolan series.
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I1I. Conclusions

We report the synthesis by Pd/Cu-catalyzed Sonogashira cross-coupling
reactions of terminal alkynes and iodoarenes, crystal structures and phase behavior of
three series of tolans with varying chain length. Twenty-eight of the tolans were
structurally characterised by single-crystal X-ray diffraction. Their phase behavior
was characterised by tplm; only the tolans in series 3 show liquid crystalline phases.
The melting points of the tolans decrease with increasing chain length due to a higher
degree of flexibility of the terminal chain. An odd-even effect is clearly observed for
the clearing point of the nematic phase upon both heating and cooling, with the higher
temperature for even and low temperature for odd number carbon chains for series 3.
We found that the dipole moment in the tolan molecules is an important factor to yield
mesophases; however, the crystal packing also may be related to mesophases
formation indicating the types of intermolecular interactions responsible for this. We
do not observe any relationship between the packing coefficients, dihedral or torsion

angles and the information of mesophases.
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IV. Experimental

IV.1 Synthesis and characterization

All reactions were carried out under a dry N, atmosphere using standard Schlenk
techniques. After the reactions were complete, further procedures were carried out
without precautions against air. EtsN was distilled over CaH, under N,. All other
solvents were AR grade and were used without further purification or drying. The
catalyst, PdCly(PPhs),, were synthesized using a literature procedure.*> The starting
material for compounds H(1l) to H(16), ethynylbenzene, was obtained from
commercial suppliers and used without further purification. The starting materials for
compounds Me(1)-Me(12), ethynyltoluene, and for Me(1)-Me(14), 4-ethylnyanisole,
were prepared by Sonogashira cross-coupling of p-iodotoluene and p-iodoanisole
respectively with ethynyltrimethylsilane (TMSA) followed by deprotection using
Na;CO; in H,0/MeOH.** The 1-iodo-4-n-alkoxybenzenes were prepared via
Williamson ether alkylation* of 4-iodophenol with the commercially available 1-
bromoalkanes.

Proton and “C{'H} NMR spectra were obtained using Bruker Avance 400 and
Inova 500 spectrometers at the following frequencies: 'H - 400, 500 MHz, *C{'H} -
100, 125 MHz in CDCl;. Chemical shifts are reported in ppm and are referenced to
the internal standard SiMe,.

GC-MS analyses were performed using both a Hewlett-Packard 5890 Series 11
gas chromatograph equipped with a 5971 mass selective detector and an Agilent 6890
gas chromatograph equipped with a 5973N mass selective detector with a 10 m fused
silica capillary column (5% cross linked phenylmethylsilicone), under the following
operating conditions: injector temperature 300 °C, the oven temperature was ramped
from 50 °C to 280 °C at 20 °C/min. UHP helium was used as the carrier gas.

Elemental analyses were performed using an Exeter Analytical CE-440 analyzer.
Melting points of H(n) and Me(n) were obtained using a Laboratory Devices Mel-
Temp II and are uncorrected.

A Perkin Elmer Pyris 1 DSC equipped with a Cryofill cooling system, operated
at a heating rate of 10 °C min’', was used to record the thermal behavior of the
samples. An Olympus BX51 microscope fitted with Linkam THMS 600 hot-stage and

a Linkam TMS 94 temperature controller was used to examine the phase behavior of
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the materials by transmitted polarised light microscopy. The melting point (crystal to
isotropic) reborted for MeO(n) are the recorded on the this hot-stage.

UV-vis spectra were recorded on a Hewlett-Packard 8453 spectrophotometer
using standard 1 cm width quartz cells and cyclohexane as the solvent. A Perkin
Elmer 1600 series FTIR spectrophotometer was used to record the IR spectra. IR
samples were prepared as Nujol mulls between NaCl plates. A Horiba Jobin-Yvon
LabRam-HR Raman microscope with excitation at 632.8 nm (HeNe laser) was used to

record the Raman spectra.

4-Methoxytolan (H(1))'*%

Ethynylbenzene (1.02 g, 10 mmol) was added to a mixture of 4-iodoanisole
(2.34 g, 10 mmol), PdCl,(PPhs), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in
Et;N (300 ml). The mixture was stirred at r.t. overnight and then refluxed at 80 °C for
3 h. After the reaction was complete as shown by GC-MS, the solvent was removed
under reduced pressure. The residue was re-dissolved in hexane and then filtered
through a 5 cm silica pad with additional hexane. Purification by column
chromatography on silica using hexane:EtOAc (9:1) as eluent gave the product as pale
yellow crystals. Yield: 2.00 g (96 %), m.p. 56.5-58.5°C. 'H NMR (500 MHz): §.7.51
(d, Jy.y = 8 Hz, 2H, Harom), 7-47 (d, Jy.# = 9 Hz, 2H, Harom), 7.33 (m, 3H, Harom), 6.88
(d, Juyr = 9 Hz, 2H, Harom), 3.83 (s, 3H, OCH;). *C{'H} NMR (125 MHz): & 159.6
(C), 133.4 (CH), 133.0 (CH), 131.4 (CH), 128.2 (CH), 127.9 (CH), 123.6 (C), 115.4.
(C), 89.0 (C=C), 88.0 (C=C), 55.2 (CH3). MS (EI) m/z (rel): 208 (m”, 100), 194 (60),
165 (84), 139 (25). Anal. Calcd. for C;sH;20: C 86.51, H 5.81; Found C 86.28, H 5.78
%.

4-Ethoxytolan (H(2))

Compound H(2) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (1.02 g, 10 mmol), 1-iodo-4-ethoxybenzene (2.48 g, 10 mmol),
PdCl,(PPhs), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et;N (300 ml). The
mixture was stirred at r.t. overnight and then refluxed at 80 °C for 1 h. The solveﬁt
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 3 cm silica pad with additional hexane. Purification by re-

crystallisation from hexane gave the product as pale yellow crystals. Yield: 1.40 g (63
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%), m.p. 78-80 °C. '"H NMR (500 MHz): 67.52 (d, Ju.r= 8 Hz, 2H, Harom), 7.45 (d,
Jun= 9 Hz, 2H, Hyom), 7.33 (m, 3H, Harom), 6.87 (d, Ji.n= 9 Hz, 2H, Harom), 4.05 (g,
Ju.= 7 Hz, 2H, OCH,), 1.43 (t, Ju.y= 7 Hz, 3H, CH;). *C{'H} NMR (125 MHz): §
159.1 (C), 133.1 (CH), 131.5 (CH), 128.3 (CH), 127.9 (CH), 123.7 (C), 115.2 (C),
114.5 (CH), 88.5 (C=C), 88.0 (C=C), 63.5 (OCH,), 14.8 (CH3). MS (EI) m/z (rel): 222
(m"*, 42), 194 (100), 165 (59), 139 (25). Anal. Calcd. for C¢H,40: C 86.45, H 6.35;
Found C 86.65, H 6.35 %.

4-n-Propoxytolan (H(3))

Compound H(3) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (0.204 g, 2 mmol), 1-iodo-4-n-propoxybenzene (0.524 g, 2 mmol),
PdCly(PPhs), (0.014 g, 0.02 mmol) and Cul (0.0085 g, 0.02 mmol) in Et;N (150 ml).
The mixture was stirred at r.t. over night and then refluxed at 80 °C for 4 h. The
solvent was removed under reduced pressure and the residue was re-dissolved in
hexane and then filtered through a 5 cm silica pad with additional hexane. Purification
by re-crystallisation from hexane gave the product as pale yellow crystals. Yield:
0.415 g (88 %), m.p. 60-61 °C. '"H NMR (500 MHz): & 7.52 (d, Ju.y = 8 Hz, 2H,
Harom), 7.47 (d, Ju.y=9 Hz, 2H, Harom), 7.33 (m, 3H, Hyrom), 6.87 (d, Jy.x=9 Hz, 2H,
Harom), 3.94 (t, Ju.y= 6 Hz, 2H, OCH,), 1.82 (m, 2H, CH>), 1.05 (t, Ju.x = 7 Hz, 3H,
CH;). PC{'H} NMR (125 MHz): 6§ 159.3 (C), 133.0 (CH), 131.5 (CH), 128.3 (CH),
127.9 (CH), 123.7 (CH), 115.2 (C), 114.6 (C), 89.5 (C=C), 88.0 (C=C), 69.6 (OCHy,),
22.5 (CH,), 10.5 (CH3). MS (EI) m/z (rel): 236 (m", 32), 194 (100), 165 (32). Anal.
Calcd. for C;7H,60: C 86.40, H 6.82; Found C 86.37, H 6.81 %.

4-n-Butoxytolan (H(4))*'

Compound H(4) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (0.204 g, 2 mmol), 1-iodo-4-n-butoxybenzene (0.552 g, 2 mmol),
PdCl,(PPh;),; (0.014 g, 0.02 mmol) and Cul (0.0085 g, 0.02 mmol) in Et;N (150 ml).
The mixture was stirred at r.t. over night and then refluxed at 80 °C for 3 h. The
solvent was removed under reduced pressure and the residue was re-dissolved in
hexane and filtered through a 5 cm silica pad with additional hexane. Purification by
re-crystallisation from hexane gave the product as pale yellow crystals. Yield: 0.457 g
(90 %), m.p. 50-51 °C. '"H NMR (500 MHz): §7.52 (d, Ju.r = 8 Hz , 2H, Harom), 7.46



59

(d, Jiwr = 9 Hz , 2H, Hurom), 7.33 (m, 3H, Huom), 6.87 (d, Jiy = 9 Hz , 2H, Harom),
3.98 (t, Ju.y = 6 Hz, 2H, OCHy), 1.78 (m, 2H, CH,), 1.50 (m, 2H, CH,), 0.99 (t, Jy.y =
7 Hz, 3H, CHs). C{'H} NMR (125 MHz): § 159.3 (C), 133.0 (CH), 131.5 (CH),
128.3 (CH), 127.9 (CH), 123.7 (CH), 115.2 (C), 114.6 (C), 89.5 (C=C), 89.0 (C=C),
67.8 (OCH,), 31.3 (CHy), 19.2 (CHy), 13.8 (CHs). MS (EI) m/z (rel): 250 (m", 20),
194 (100), 165 (31). Anal. Calcd. for CyH;50: C 86.36, H 7.25; Found C 86.43, H
7.30 %.

4-n-Pentoxytolan (H(S))

Compound H(5) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (1.02 g, 10 mmol), 1-iodo-4-n-pentoxybenzene (2.90 g, 10 mmol),
PdCl,(PPh;), (0.07 g, 0.1 mmol) and Cul ( 0.02 g, 0.1 mmol) in Et;N (300 ml). The
mixture was stirred at r.t. for 0.5 h and then refluxed at 80 °C for 2 h. The solvent
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane. Purification by re-
crystallisation from hexane gave the product as a white solid. Yield: 2.04 g (77 %),
m.p. 53-54 °C. '"H NMR (500 MHz): 67.51 (d, Jy.; = 8 Hz, 2H, Harom), 7.46 (d, oy =
9 Hz, 2H, Hyom), 7.32 (m, 3H, Harom), 6.86 (d, Jy.r = 9 Hz, 2H, Harom), 3.97 (t, Jy.y =
7 Hz, 2H, OCH,), 1.80 (quint, Jy.x = 7 Hz, 2H, CH,), 1.41 (m, 4H, CH>), 0.94 (t, Ju.u
=7 Hz, 3H, CHs). >C{'H} NMR (125 MHz): § 159.3 (C), 133.0 (CH), 131.4 (CH),
128.3 (CH), 127.9 (CH), 123.7 (CH), 115.1 (C), 114.6 (C), 89.5 (C=C), 88.0 (C=C),
68.1 (OCHa>), 28.9 (CH,), 28.2 (CH,), 22.4 (CH,), 14.0 (CH3). MS (EI) m/z (rel): 264
(m", 10), 194 (100), 176 (7), 165 (33), 139 (14). Anal. Calcd. for C;sH0: C 86.32, H
7.63; Found C 86.19, H 7.61 %.

4-n-Hexyloxytolan (H(6))

Compound H(6) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (1.02 g, 10 mmol), 1-iodo-4-n-hexyloxybenzene (3.04 g, 10 mmol),
PdCl,y(PPhs); (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in EtzN (300 ml). The
mixture was stirred at r.t. for 3 h and then refluxed at 80 °C for 3 h. The solvent was
removed under reduced pressure and the residue was re-dissolved in hexane and then
filtered through a 5 cm silica pad with additional hexane. Purification by re-

crystallisation from hexane gave the product as a white solid. Yield: 1.28 g (46 %),
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m.p. 43-44 °C. '"H NMR (500 MHZ): 07.52(d, Jy.y = 8 Hz, 2H, Harom), 748 (d, Jy.y =
9 Hz, 2H, Haom), 7.34 (m, 3H, Haom), 6.88 (d, Ju.y = 9 Hz, 2H, Haom), 3.97 (t, Ju.y =
7 Hz, 2H, OCHy), 1.80 (quint, Jy.y = 7 Hz, 2H, CH;), 1.48 (m, 2H, CH>), 1.37 (m,
4H, CHy), 0.91 (t, Ju.y = 7 Hz, 3H, CH3). “C{'H} NMR (125 MHz): & 159.3 (C),
133.2 (CH), 131.4 (CH), 128.3 (CH), 127.9 (CH), 127.3 (CH), 115.1 (C), 114.6 (C),
89.5 (C=C), 88.0 (C=C), 68.1 (OCH,), 31.6 (CH»), 29.2 (CHy), 25.7 (CHy), 22.6
(CHy), 14.0 (CHs). MS (EI) m/z (rel): 278 (m”, 8), 194 (100), 165 (34), 139 (8). Anal.
Calcd. for Cy0H»,O: C 86.29, H 7.97; Found C 86.23, H 7.91 %.

4-n-Heptyloxytolan (H(7))

Compound H(7) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (0.36 g, 3 mmol), 1-iodo-4-n-heptyloxybenzene (1.12 g, 3 mmol),
PdCl;(PPhs), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in EtsN (150 ml). The
mixture was stirred at r.t. over night and then refluxed at 80 °C for 2.5 h. The solvent
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane. Purification by column
chromatography on silica gel using hexane:CH,Cl; (95:5) as eluent gave the product
as a white solid. Yield: 0.59 g (67 %), m.p. 42-43 °C. '"H NMR (500 MHz): §7.52 (d,
Ju.w =8 Hz, 2H, Hyrom), 7.47 (d, Jy.n =9 Hz, 2H, Haom), 7.33 (m, 3H, Haom), 6.87 (d,
Ju.r =9 Hz, 2H, Harom), 3.97 (t, Ju.y = 7 Hz, 2H, OCH,), 1.80 (quint, J;.x = 7 Hz, 2H,
CHy), 1.47 (m, 2H, CH,), 1.33 (m, 6H, CH,), 0.92 (t, Jx.; = 7 Hz, 3H, CHs). *C{'H}
NMR (125 MHz): 6 159.5 (C), 133.0 (CH), 131.4 (CH), 128.3 (CH), 127.9 (CH),
123.7 (CH), 115.1 (C), 114.6 (C), 89.5 (C=C), 88.0 (C=C), 68.1 (OCH,), 31.8 (CH>),
29.1 (CHy), 29.0 (CHy), 26.0 (CH,), 22.6 (CH,), 14.1 (CH;). MS (EI) m/z (rel): 292
(m", 5), 194 (100), 165 (19). Anal. Calcd. for C5;H,40: C 86.26, H 8.27; Found C
85.99, H 8.35 %.

4-n-Octyloxytolan (H(8))

Compound H(8) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (1.02 g, 10 mmol), 1-iodo-4-n-octyloxybenzene (3.322 g, 10 mmol),
PdCl,(PPhs),; (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et;N (150 ml). The
mixture was stirred at r.t. for 4 h and then refluxed at 80 °C for 3 h. The solvent was

removed under reduced pressure and the residue was re-dissolved in hexane and then
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filtered through a 5 cm silica pad with additional hexane. Purification by column
chromatography on silica gel using a petroleum ether:CH,Cl, (95:5) as eluent gave
the product as a white solid. Yield: 2.68 g (88 %), m.p. 45-46 °C. 'H NMR (500
MHz): 6 7.51 (d, Ju.# = 8 Hz, 2H, Haom), 7.45 (d, Jy.y = 9 Hz, 2H, Haom), 7.32 (m,
3H, Harom), 6.86 (d, Ju.z = 9 Hz, 2H, Harom), 3.97 (t, Jy.y = 7 Hz, 2H, OCH;), 1.79
(quint, Jy.x = 7 Hz, 2H, CH,), 1.46 (m, 2H, CH>), 1.30 (m, 8H, CHz),- 0.89 (t, Jyuy=7
Hz, 3H, CHs). C{'H} NMR (125 MHz): §159.5 (C), 133.3 (CH), 131.7 (CH), 128.5
(CH), 128.1 (CH), 123.9 (CH), 115.3 (C), 114.8 (C), 89.7 (C=C), 88.2 (C=C), 68.3
(OCHa), 32.1 (CHy), 29.6 (CHy), 29.5 (CH;), 29.4 (CH>), 26.3 (CH>), 22.9 (CHy),
14.4 (CH3). MS (EI) m/z (rel): 306 (m", 2), 194 (100), 165 (35). Anal. Calcd. for
Ca2H60: C 86.23, H 8.55; Found C 85.86, H 8.56 %.

4-n-Nonyloxytolan (H(9))

Compound H(9) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (1.02 g, 10 mmol), 1-iodo-4-n-nonyloxybenzene (3.46 g, 10 mmol),
PdCl,(PPhs), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in EtzN (300 ml). The
mixture was stirred at r.t. for 2 h and then refluxed at 80 °C for 3 h. The solvent was
removed under reduced pressure and the residue was re-dissolved in hexane and then
filtered through a 5 cm silica pad with additional hexane. Purification by column
chromatography on silica gel using hexane:CH,Cl, (9:1) as eluent gave the product as
a white solid. Yield: 3.12 g (97 %), m.p. 60-61 °C. '"H NMR (500 MHz): §7.52 (d, Ju.
#= 8 Hz, 2H, Harom), 7.46 (d, Ju.n=9 Hz, 2H, Hauom), 7.33 (m, 3H, Harom), 6.87 (d, Jp.
# =9 Hz, 2H, Hyom), 3.97 (t, Ju.y= 7 Hz, 2H, OCH,), 1.79 (quint, Jy.z = 7 Hz, 2H,
CH,), 1.46 (m, 2H, CH,), 1.31 (m, 10H, CH>), 0.90 (t, Jy.x= 7 Hz, 3H, CHs). "C{'H}
NMR (125 MHz): ¢ 159.3 (C), 133.0 (CH), 131.4 (CH), 128.3 (CH), 127.9 (CH),
123.7 (CH), 115.3 (C), 114.8 (C), 89.7 (C=C), 88.0 (C=C), 68.1 (OCH,), 31.9 (CH,),
29.5 (CHy), 29.4 (CH;), 29.24 (CH,), 29.22 (CH,), 26.0 (CH,), 22.7 (CH,), 14.1
(CH3). MS (EI) m/z (rel): 320 (m”, 5), 194 (100), 165 (16). Anal. Calcd. for Co3Hag0:
C 86.20, H 8.81; Found C 86.20, H 8.81 %.

4-n-Decyloxytolan (H(10))
Compound H(10) was synthesized by a similar procedure as for H(1) using

ethynylbenzene (0.204 g, 2 mmol), 1-iodo-4-n-decyloxybenzene (0.720 g, 2 mmol),
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PdCl,(PPh;), (0.014 g, 0.02 mmol) and Cul (0.0085 g, 0.1 mmol) in EtzN (150 ml).
The mixture was stirred at r.t. for 2 h and then refluxed at 80 °C for 4 h. The solvent
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane. Purification by column
chromatography on silica gel using hexane:CH,Cl; (9:1) as eluent géve the product as
a white solid. Yield: 3.03 g (90 %), m.p. 52-53 °C. '"H NMR (500 MHz): §7.51 (d, Jy.
#= 8 Hz, 2H, Harom), 7.46 (d, Jy.n=9 Hz, 2H, Harom), 7.33 (m, 3H, Haom), 6.87 (d, Ju.
#=9 Hz, 2H, Haom), 3.97 (t, Ju.n = 7 Hz, 2H, OCH,), 1.79 (quint, Jy.z = 7 Hz, 2H,
CH,), 1.46 (m, 2H, CH>), 1.31 (m, 12H, CH,), 0.97 (t, Ju.y= 7 Hz, 3H, CHs). *C{'H}
NMR (125 MHz): § 159.5 (C), 133.3 (CH), 131.7 (CH), 128.5 (CH), 128.1 (CH),
123.9 (CH), 115.3 (C), 114.8 (C), 89.7 (C=C), 88.2 (C=C), 68.3 (OCHy), 32.2 (CH,),
29.83 (CH,), 29.81 (CH,), 29.64 (CH,), 29.58 (CH,), 29.4 (CH»), 26.3 (CH,), 22.9
(CHa), 14.4 (CH3). MS (EI) m/z (rel): 334 (m”, 41), 194 (100), 165 (10). Anal. Calcd.
for C,4H300: C 86.18, H 9.04; Found C 86.12, H9.11 %.

4-n-Dodecyloxytolan (H(12))

Compound H(12) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (1.02 g, 10 mmol), 1-iodo-4-n-dodecyloxybenzene (3.88 g, 10 mmol),
PdCILy(PPhs), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et;N (150 ml). The
mixture was stirred at r.t. for 2 h and then refluxed at 80 °C for 4 h. The solvent was
removed under reduced pressure and the residue was re-dissolved in hexane and then
filtered through a 5 cm silica pad with additional hexane. Purification by column
chromatography on silica gel using hexane:CH,Cl; (95:5) as eluent gave the product
as a white solid. Yield: 3.43 g (95 %), m.p. 61-62 °C. '"H NMR (500 MHz): §7.51 (d,
Jun= 8 Hz, 2H, Haom), 7.46 (d, Ju.x=9 Hz, 2H, Hyom), 732 (m, 3H, Harom), 6.86 (d,
Ju.=9 Hz, 2H, Harom), 3.97 (t, Ju.y=7 Hz, 2H, OCH,), 1.79 (quint, Jy.yx= 7 Hz, 2H,
CH,), 1.45 (m, 2H, CH,), 1.30 (m, 16H, CH,), 0.88 (t, Ju.y= 7 Hz, 3H, CH;). “C{'H}
NMR (125 MHz): 6 159.5 (C), 133.3 (CH), 131.7 (CH), 128.5 (CH), 128.1 (CH),
123.9 (CH), 115.3 (C), 114.8 (C), 89.7 (C=C), 88.2 (C=C), 68.3 (OCHz), 32.2 (CH,),
29.91 (2CHa), 29.89 (CH,), 29.84 (CHay), 29.82 (CHa), 29.64 (CHa»), 29.61 (CH,), 29.4
(CH,), 26.3 (CHa), 23.0 (CH,), 14.4 (CH3). MS (EI) m/z (rel): 362 (m", 14), 194
(100), 165 (16). Anal. Calcd. for C36H340: C 86.13, H 9.45; Found C 86.12, H 9.48
Y.
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4-n-Tetradecyloxytolan (H(14))

Compound H(14) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (0.213 g, 2.1 mmol), 1-iodo-4-n-tetradecyloxybenzene (0.87 g, 2.1
mmol), PdC1,(PPh;), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et;N (200 ml).
The mixture was stirred at r.t. for 2 h and then refluxed at 80 °C for 4 h. The solvent
was removed under reduced pressure. The residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane. Purification by re-
crystallisation from hexane gave the product as a white solid. Yield: 0.54- g (65 %),
m.p. 68-69 °C. 'H NMR (500 MHz): §7.51 (d, Jiry = 8 Hz, 2H, Harom), 745 (d, Ju.ur=
9 Hz, 2H, Hyom), 7.31 (m, 3H, Harom), 6.86 (d, Ju.y = 9 Hz, 2H, Harom), 3.97 (t, Ju.p=7
Hz, 2H, OCH,), 1.79 (quint, Jy.y = 7 Hz, 2H, CH>), 1.45 (m, 2H, CHy), 1.30 (m,
20H, CH,), 0.88 (t, Jy.y = 7 Hz, 3H, CH3). *C{'H} NMR (125 MHz): § 159.5 (C),
133.3 (CH), 131.7 (CH), 128.5 (CH), 128.1 (CH), 123.9 (CH), 115.3 (C), 114.8 (C),
89.7 (C=C), 88.2 (C=C), 68.3 (OCH,), 32.2 (CH2), 29.95 (CH,), 29.93 (CH,), 29.91
(2CHy), 29.85 (CH;), 29.82 (CHa), 29.64 (CH,), 29.62 (CH>), 29.4 (CH,), 26.3 (CH»),
23.0 (CH,), 14.4 (CH3). MS (EI) m/z (rel): 390 (m”, 6), 194 (100), 165 (41), 69 (34),

55 (77). Anal. Calcd. for C3H330: C 86.10, H 9.81; Found C 85.86, H 9.80 %.

4-n-Hexadecyloxytolan (H(16))

Compound H(16) was synthesized by a similar procedure as for H(1) using
ethynylbenzene (1.02 g, 2 mmol), 1-iodo-4-n-hexadecyloxybenzene (4.44 g, 2 mmol),
PdCl,(PPh3); (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in EtzN (200 ml). The
mixture was stirred at r.t. over night and then refluxed at 80 °C for 3 h. The solvent
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 c¢m silica gel column with additional hexane. Purification by
re-crystallisation from hexane gave the product as a white solid. Yield: 4.07 g (97 %),
m.p. 73-74 °C. "H NMR (500 MHz): §7.51 (d, Ji.z= 8 Hz, 2H, Harom), 7.45 (d, Jun =
9 Hz, 2H, Haom), 7.33 (m, 3H, Haom), 6.86 (d, Ji.y = 9 Hz, 2H, Harom), 3.97 (t, Ju.y=7
Hz, 2H, OCHa), 1.79 (quint, Jy.y = 7 Hz, 2H, CH,), 1.45 (m, 2H, CH;), 1.30 (m, 24H,
CH,), 0.88 (t, Ju.y = 7 Hz, 3H, CHs). “C{'H} NMR (125 MHz): 6 159.5 (C), 133.3
(CH), 131.7 (CH), 128.6 (CH), 128.1 (CH), 123.9 (CH), 115.3 (C), 114.8 (C), 89.7
(C=C), 88.2 (C=C), 68.3 (OCH,). 32.2 (CHa), 29.95 (2CH,), 29.93 (2CH>), 29.92
(2CH,), 29.85 (CH,), 29.82 (CH,), 29.64 (CH,), 29.62 (CH,), 29.4 (CH»), 26.2 (CH,),
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23.0 (CH;), 14.4 (CH3). Anal. Calcd. for C30H420: C 86.07, H 10.11; Found C 85.81,
H 10.16 %.

4-n-Methoxy-4’-methyltolan (Me(1))** &% 3

Compound Me(1) was synthesized by a similar procedure as for H(1) using 1-
iodo-4-methybenzene (1.091 g, 5 mmol), 4-methoxyphenylacetylene (0.800 g, 6
mmol), PdCI>(PPh;), (0.0349 g, 0.05 mmol) and Cul (0.0095 g, 0.05 mmol) in i-
Pr;NH (50 ml). The mixture was stirred at r.t. for 2 h. The solvent was removed
under reduced pressure to yield white crystals. The crude product was re-dissolved in
toluene and purified via column chromatography. One fraction remains impure, from
which the solvent was removed in vacuo. This sample was dissolved in hexane:EtOAc
(9:1) and purified via column chromatography. The product was re-crystallised from
hot toluene to yield white needle-shaped crystals upon cooling. Yield: 0.75 g (68 %),
m.p. 125.1-125.6 °C. 'H NMR (200 MHz): §7.47 (d, Jy.5= 9 Hz, 2H, Harom), 7.42 (d,
Ju.n= 8 Hz, 2H, Haom), 7.15 (d, Ju.» = 8 Hz, 2H, Harom), 6.88 (d, Jy.y = 9 Hz, 2H,
Haom), 3.83 (s, 3H, OCH3), 2.37 (s, 3H, CH3). *C{’H} NMR (100 MHz): §159.7 (C),
138.3 (C), 133.2 (CH), 131.6 (CH), 129.3 (CH), 120.7 (C), 155.8 (C), 114.2 (CH),
88.9 (C=C), 88.4 (C=C), 55.5 (OCH3), 21.7 (CH3). MS (EI) m/z (rel): 222 (m", 100),
207 (63), 178 (20), 176 (4). Anal. Calcd. for C¢H;4,0: C 86.45, H 6.35; Found C
86.30, H 6.38 %.

4-n-Ethoxy-4’-methyltolan (Me(2))3’ 4.6, 24

Compound Me(2) was synthesized by a related procedure as for H(1) but using
4-iodotoluene (0.232 g, 2 mmol), 4-ethoxyphenylacetylene (0.496 g, 2 mmol),
PdCly(PPhs), (0.014 g, 0.02 mmol) and Cul (0.0085 g, 0.02 mmol) in EtzN (200 ml).
The mixture was stirred at r.t. over night and then refluxed at 80 °C for 3 h. The
solvent was removed under reduced pressure and the residue was re-dissolved in
hexane and then filtered through a 5 cm silica gel column with additional
hexane:CH,Cl; (8:2). Purification by re-crystallisation from hexane gave the product
as a white solid. Yield: 0.329 g (70 %), m.p. 108.5-109.5 °C. '"H NMR (400 MHz): 6
7.45 (d, Jy.y=9 Hz, 2H, Haom), 7.40 (d, Jy.u= 8 Hz, 2H, Harom), 7.14 (d, Ju.n = 8 Hz,
2H, Harom), 6.86 (d, Ju.r = 9 Hz, 2H, Harom), 4.05 (q, Ju.n= 7 Hz, 2H, OCHy), 2.36 (s,
3H, CHs), 1.42 (t, Ju.y = 7 Hz, 3H, CH3). “C{'H} NMR (100 MHz): § 158.9 (C),
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138.0 (C), 133.0 (CH), 131.3 (CH), 129.1 (CH), 120.6 (C), 115.5 (C), 114.5 (CH),
88.7 (C=C), 88.1 (C=C), 63.5 (OCHy), 21.5 (CH), 14.8 (CHs). MS (EI) m/z (rel): 236
(m", 100), 208 (97), 178 (26), 152 (9). Anal. Caled. for Ci7H,60: C 86.40, H 6.82;
Found C 86.45, H 6.83 %.

4-n-Propoxy-4’-methyltolan (Me(3))3' 4.6

Compound Me(3) was synthesized by a similar procedure as for H(1) using 4-
ethynyltoluene (0.232 g, 2 mmol), 1.-iodo—4-n-propoxybenzene (0.524 g, 2 mmol),
PdCl(PPh;3), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et;N (150 ml). The
mixture was stirred at r.t. for 0.5 h and then refluxed at 80 °C for 4 h. The solvent
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional of hexane:CH,Cl, (9:1).
Purification by re-crystallisation from hexane gave the product as white crystals.
Yield: 0.406 g (81 %), m.p. 90.5-91.5 °C. 'H NMR (500 MHz): §7.44 (d, Jy.y=9 Hz,
2H, Harom), 7.40 (d, Ju.y = 8 Hz, 2H, Harom), 7.14 (d, Ju.y = 8 Hz, 2H, Harom), 6.86 (d,
Ju.n =9 Hz, 2H, Hyom), 3.93 (t, Ju.n=7 Hz, 2H, OCH,), 2.36 (s, 3H, CH3), 1.81 (m,
2H, CH,), 1.03 (t, Jy.y = 7 Hz, 3H, CH3). PC{'H} NMR (125 MHz): § 159.0 (C),
137.9 (C), 132.9 (CH), 131.3 (CH), 129.0 (CH), 120.5 (C), 115.2 (C), 114.4 (CH),
88.7 (C=C), 88.0 (C=C), 69.5 (OCH»), 22.5 (CH3), 21.4 (CH,), 10.5 (CH3). MS (EI)
m/z (rel): 250 (m", 13), 208 (100), 178 (65), 152 (26). Anal. Caled. for C;3H;30: C
86.36, H 7.25; Found C 86.61, H 7.14 %.

4-n-Butoxy- 4’-methyltolan (Me(4))**©

Compound Me(4) was synthesized by a similar procedure as for H(1) using 4-
ethynyltoluene (0.232 g, 2 mmol), 1-iodo-4-n-butoxybenzene (0.552 g, 2 mmol),
PdCl,(PPh3), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et;N (150 ml). The
mixture was stirred at r.t. for 1 h and then refluxed at 80 °C for 4 h. The solvent was
removed under reduced pressure and the residue was re-dissolved in hexane and then
filtered through a 5 cm silica pad with additional hexane. Purification by re-
crystallisation from hexane gave the product as white crystals. Yield: 0.33 g (62 %),
m.p. 71-73 °C. '"H NMR (500 MHz): §7.44 (d, Jy.;y = 9 Hz, 2H, Haom), 7.40 (d, Jy.y =
8 Hz, 2H, Hyom), 7.14 (d, Jy.v = 8 Hz, 2H, Haom), 6.87 (d, Jy.y = 9 Hz, 2H, Harom),
3.97 (t, Jy.u = 6 Hz, 2H, OCH,), 2.36 (s, 3H, CH;), 1.78 (quint, Jy.y = 7 Hz, 2H,
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CH,), 1.48 (m, 2H, CH,), 0.98 (t, Ju.y = 7 Hz, 3H, CH;). *C{'H} NMR (125 MHz): &
159.1 (C), 137.9 (CH), 132.9 (CH), 131.3 (CH), 129.1 (CH), 120.6 (C), 115.4 (C),
114.5 (CH), 88.8 (C=C), 88.1 (C=C), 67.8 (OCH,), 31.3 (CH3), 21.5 (CHy), 19.2
(CHa), 13.8 (CH3). MS (EI) m/z (rel): 264 (m*, 40), 208 (100), 178 (67), 152 (29).
Anal. Caled. for C1gH,00: C 86.32, H 7.63; Found C 86.36, H 7.58 %.

4-n-Pentoxy-4’-methyltolan (Me(5))>* &2

Compound Me(5) was synthesized by a similar procedure as for H(1) using 4-
ethynyltoluene (0.232 g, 2 mmol), 1-iodo-4-n-pentoxybenzene (0.524 g, 2 mmol),
PdCIy(PPh;), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et3N (150 ml). The
mixture was stirred at r.t. for 1 h and then refluxed at 80 °C for 4 h. The solvent was
removed under reduced pressure and the residue was re-dissolved in hexane and then
filtered through a 5 cm silica pad with additional hexane. Purification by re-
crystallisation from hexane gave the product as white crystals. Yield: 0.392 g (82 %),
m.p. 61.5-62.5 °C. 'H NMR (500 MHz): 67.44 (d, Jg.y=9 Hz, 2H, Harom), 7.40 (d,
Ju.y = 8 Hz, 2H, Haom), 7.14 (d, Jy.y = 8 Hz, 2H, Haom), 6.85 (d, Ju.y = 9 Hz, 2H,
Harom), 3.96 (t, Jy.y= 7 Hz, 2H, OCH,), 2.36 (s, 3H, CH3), 1.79 (quint, Jy.y = 7 Hz,
2H, CHy), 1.40 (m, 4H, CHy), 0.93 (t, Ju.y = 7 Hz, 3H, CHs). “C{'H} NMR (125
MHz): 6§ 159.0 (C), 137.9 (C), 132.9 (CH), 131.3 (CH), 129.0 (CH), 120.5 (C), 115.2
(C), 114.4 (CH), 88.7 (C=C), 88.0 (C=C), 68.0 (OCH,), 28.8 (CH3), 28.1 (CHy), 22.4
(CHa), 21.4 (CH,), 14.0 (CH3). MS (EI) m/z (rel): 278 (m", 29), 208 (100), 178 (94),
152 (36). Anal. Calcd. for CoH2,0: C 86.29, H 7.97; Found C 86.43, H 7.92 %.

4-n-Hexyloxy-4’-methyltolan (Me(6))

Compound Me(6) was synthesized by a similar procedure as for H(1) using 4-
ethynyltoluene (0.232 g, 2 mmol), l-iodo-4-n-hexyloxytolan (0.553 g, 2 mmol),
PdCl,(PPh;), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et;N (150 ml). The
mixture was stirred at r.t. for 1 h and then refluxed at 80 °C for 4 h. The amine
solvent was removed under reduced and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane. Purification by re-
crystallisation from hexane gave the product as a white solid. Yield: 0.384 g (66 %),
m.p. 70-71.5 °C. '"H NMR (400 MHz): 6 7.44 (d, Jy.x= 9 Hz, 2H, Harom), 7.39 (d, Ju.er
= 8 Hz, 2H, Harom), 7-13 (d, Ju.y = 8 Hz, 2H, Hyrom), 6.84 (d, Ju.v= 9 Hz, 2H, Harom),
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3.96 (t, Ju.u= 7 Hz, 2H, OCH,), 2.36 (s, 3H, CH3), 1.78 (quint, J4.5= 7 Hz, 2H, CH,),
1.46 (m, 2H, CH,), 1.34 (m, 4H, CH,), 0.91 (t, Jy.x= 7 Hz, 3H, CH;). "C{'H} NMR
(100 MHz): 6 159.1 (C), 137.9 (C), 132.9 (CH), 131.3 (CH), 129.1 (CH), 120.6 (C),
115.4 (C), 114.5 (CH), 88.8 (C=C), 88.1 (C=C), 68.1 (OCH>), 31.6 (CHz), 29.2 (CH)),
25.7 (CH,), 22.6 (CHa), 21.5 (CHa), 14.0 (CH3). MS (EI) m/z (rel): 292 (m", 8), 208
(100), 178 (42), 152 (14). Anal. Calcd. for C5;Ha40: C 86.26, H 8.27; Found C 86.29,
H 8.25 %.

4-n-Nonyloxy-4’-methyltolan (Me(9))26'3 0

Compound Me(9) was synthesized by a similar procedure as for H(1) using 4-
ethynyltoluene (0.232 g, 2 mmol), 1-iodo-4-n-nonyloxybenzene (0.629 g, 2 mmol),
PdCl;(PPh;), (0.014 g, 0.02 mmol) and Cul (0.0085 g, 0.02 mmol) in EtzN (150 ml).
The mixture was stirred at r.t. for 2 d and then refluxed at 80 °C for 5 h. The solvent
was removed under reduced and the residue was re-dissolved in hexane and then
filtered through a 5 cm silica pad with additional hexane. Purification by re-
crystallisation from hexane gave the product as a white solid. Yield: 0.540 g (81 %),
m.p. 72.5-75.9 °C. '"H NMR (400 MHz): & 7.44 (d, Jy.x = 9 Hz, 2H, Harom), 7.39 (d,
Jy.n = 8 Hz, 2H, Haom), 7.13 (d, Ju.n = 8 Hz, 2H, Harom), 6.85 (d, Ju.v = 9 Hz, 2H,
Haom), 3.97 (t, Ju.y = 7 Hz, 2H, OCHy,), 2.36 (s, 3H, CHj3), 1.76 (quint, Jy.y = 7 Hz,
2H, CH,), 1.45 (m, 2H, CH,), 1.31 (m, 10H, CH,), 0.89 (t, Ju.y = 7 Hz, 3H, CHj).
BC{'H} NMR (100 MHz): § 159.1 (C), 137.9 (C), 132.9 (CH), 131.3 (CH), 129.1
(CH), 120.6 (C), 115.0 (C), 114.5 (CH), 88.8 (C=C), 88.1 (C=C), 68.1 (OCH,), 31.9
(CH3), 29.5 (CH»), 29.4 (CH»), 29.24 (CH,), 29.21 (CH,), 26.0 (CH,), 22.7 (CHy),
21.5 (CH,), 14.1 (CH3), MS (EI) m/z (rel): 334 (m", 41), 208 (100), 178 (12). Anal.
Calcd. for C4H300: C 86.18, H 9.04; Found C 86.06, H 9.04 %.

4-n-Dodecyloxy-4’-methyltolan (Me(12))

Compound Me(12) was synthesized by a similar procedure as for H(1) using 4-
ethynyltoluene (0.232 g, 2 mmol), 1-iodo-4-n-dodecyloxybenzene (0.776 g, 2 mmol),
PdCI,(PPhs3), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et;N (150 ml). The
mixture was stirred at r.t. for 2 d and then refluxed at 80 °C for 3 h. The solvent was
removed under reduced and the residue was re-dissolved in hexane and then filtered

through a 5 cm silica pad with additional hexane:CH,Cl, (9:1). Purification by re-
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crystallisation from hexane gave the product as a white solid. Yield: 0.702 g (93 %),
m.p. 76-77 °C. 'H NMR (500 MHz): §7.45 (d, Ju.;y = 9 Hz, 2H, Harom), 7.40 (d, Jy.py =
8 Hz, 2H, Haom), 7.14 (d, Jy.y = 8 Hz, 2H, Harom), 6.85 (d. Ji.y = 9 Hz, 2H, Harom),
3.96 (t, Ju.y= 7 Hz, 2H, OCHy), 2.36 (s, 3H, CHs), 1.78 (quint, Ju.z= 7 Hz, 2H, CH,),
1.45 (m, 2H, CH,), 1.30 (m, 16H, CH,), 0.81 (t, Juy = 7 Hz, 3H, CH;). *C{'H}
NMR (125 MHz): §159.1 (C), 137.9 (C), 132.9 (CH), 131.3 (CH), 129.1 (CH), 120.6
(C), 115.4 (C), 114.5 (CH), 88.9 (C=C), 88.1 (C=C), 68.1 (OCH,), 31.9 (CHs), 29.7
(CHy), 29.6 (CHy), 29.58 (CHy), 29.56 (CH,), 29.38 (CHa), 29.34 (CH,), 29.21 (CHb),
26.0 (CHy), 22.7 (CHa), 21.5 (CH), 14.1 (CHs). MS (EI) m/z (rel): 376 (m*, 31), 208
(100), 178 (18), 55 (22). Anal. Calcd. for Cy7H340: C 86.12, H 9.64; Found C 86.04,
H 9.62 %.

4,4'-Dimethoxytolan (MeO(1))*'

Sample of MeQ(1) were prepared using modifications of literature procedure.?
m.p. 149.1 °C. 'H NMR (500 MHz): 6 7.46 (d, Jy.y= 9 Hz, 4H, Harom), 6.88 (d, Ju.y
=9 Hz, 4H, Harom), 3.83 (s, 6H, OCH3), *C{'H} NMR (125 MHz): 6159.4 (C), 132.9
(CH), 115.7 (CH), 113.9 (C), 87.9 (C=C), 55.3 (OCHs). MS (EI) m/z (rel): 238 (m",
100), 223 (72), 152 (15). Anal. Calcd. for C¢H,40,: C 80.65, H 5.92; Found C 80.60,
H 6.01 %.

4-Ethoxy-4'-methoxytolan (Me0(2))3 4

Compound MeQO(2) was synthesized by a similar procedure as for H(1) using 4-
ethynylanisole (0.264 g, 2 mmol), 4-iodo-4’-ethoxybenzene (0.50 g, 2 mmol),
PdCl,(PPhs), (0.014 g, 0.02 mmol) and Cul (0.004 g, 0.02 mmol) in EtsN (50 ml).
The mixture was stirred at r.t. overnight and then refluxed at 80 °C for 2 h. After the
reaction was complete as evidenced by GC-MS, the amine solvent was removed under
reduced pressure. The residue was eluted through a 3 cm silica pad with
hexane:CH,Cl, (5:1). Purification by re-crystallisation from hexane gave the product
as a white solid. Yield: 0.38 g (76%). m.p. 136.0-140.0 °C. 'H NMR (500 MHz): &
7.46 (d, Ju.p=9 Hz, 2H, Hyrom), 7.42 (d, Jy.y =9 Hz, 2H, Harom), 6.88 (d, Jy.y =9 Hz,
2H, Harom), 6.84 (d, Jyu.x =9 Hz, 2H, Harom), 4.05 (q, Ju.y = 7 Hz, 2H, CH3), 3.82 (s,
3H, OCHs), 1.42 (t, Ju.y = 7 Hz, 3H, CH3). *C{'H} NMR (125 MHz): 6 159.4 (C),
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158.8 (C), 132.9 (2CH), 115.8 (C), 115.6 (C), 114.5 (CH), 114.0 (CH), 88.0 (C=C),
87.9 (C=C), 63.5 (OCH,), 55.3 (OCHj), 14.8 (CHs). MS (EI) m/z (rel): 252 (m", 29),
223 (76), 209 (100). Anal. Calcd. for C7H;402: C 80.93, H 6.39 %. Found C 80.85, H
6.35%.

4-n-Propoxy-4'-methoxytolan (MeO(3))

Compound MeO(3) was synthesized by a similar procedure as for H(1) using 4-
ethynylanisole (0.264 g, 2 mmol), 4-iodo-4’-n-propoxybenzene (0.55 g, 2 mmol),
PdCly(PPhs), (0.014 g, 0.02 mmol) and Cul (0.004 g, 0.02 mmol) in EtzN (50 ml).
The mixture was stirred at r.t. overnight and then refluxed at 80 °C for 1 h. The
solvent was removed under reduced pressure and the residue was eluted through a 3
cm silica pad with hexane:CH,Cl, (5:1). Purification by re-crystallisation from hexane
gave the product as a white solid. Yield: 0.38 g (71%). m.p. 110.0-115.9 °C. '"H NMR
(500 MHz): §7.44 (d, Ju.yv =9 Hz, 2H, Haom), 7.43 (d, Ju.v = 9 Hz, 2H, Haom), 6.86
(d, Ju.w =9 Hz, 2H, Harom), 6.85 (d, Ju.xr =9 Hz, 2H, Harom), 3.93 (t, Ju.yw = 7 Hz, 2H,
OCHy,), 3.82 (s, 3H, OCH,), 1.81 (m, 2H, CH»), 1.04 (t, Ju.n = 7 Hz, 3H, CH;).
C{'H} NMR (125 MHz): §159.4 (C), 159.0 (C), 132.9 (2CH), 115.8 (C), 115.5 (C),
114.5 (CH), 114.0 (CH), 88.1 (C=C), 87.8 (C=C), 69.6 (OCH,), 55.3 (OCH3), 22.5
(CH,), 10.5 (CH;3). MS (EI) m/z (rel): 280 (m", 100), 224 (95). Anal. Caicd. for
CisH;30,: C 81.17, H 6.81%. Found C 81.18, H 6.80%.

4-n-Butoxy-4'-methoxytolan (MeO(4))*°

Compound MeO(4) was synthesized by a similar procedure as for H(1) using 4-
ethynylanisole (0.26 g, 2 mmol), 4-iodo-4'-n-butoxybenzene (0.55 g, 2 mmol),
PdCly(PPhs), (0.014 g, 0.02 mmol) and Cul (0.004 g, 0.02 mmol) in EtzN (50 ml).
The mixture was stirred at r.t. overnight and then refluxed at 80 °C for 1 h. The
solvent was removed under reduced pressure and the residue was eluted through a 3
cm silica pad with hexane:CH,Cl; (5:1). Purification by re-crystallisation from hexane
gave the product as a white solid. Yield: 0.28 g (50%). m.p. 108.4-109.5 °C. 'H NMR
(500 MHz): 6§ 7.44 (d, Ju.y=9 Hz, 2H, Harom), 7.43 (d, Ju.n= 9 Hz, 2H, Harom), 6.86
(d, Ju.y =9 Hz, 2H, Harom), 6.85 (d, Juw = 9 Hz, 2H, Harom), 3.97 (t, Ju.n= 6 Hz, 2H,
OCHa,), 3.82 (s, 3H, OCHj3), 1.77 (m, 2H, CH,), 1.47 (m, 2H, CHy), 0.98 (t, Jy.n =7
Hz, 3H, CH3). *C{'H} NMR (125 MHz): § 159.4 (C), 159.0 (C), 132.85 (CH),



70

132.84 (CH), 115.8 (C), 115.5 (C), 114.5 (CH), 114.0 (CH), 88.1 (C=C), 87.8 (C=C),
67.8 (OCH,), 55.3 (OCH;), 31.3 (CHy), 19.2 (CHy), 13.8 (CHs). MS (EI) m/z (rel):
280 (m®, 100), 224 (95). Anal. Calcd. for CigHy0,: C 81.40, H 7.19 %. Found C
81.32, H 7.18%.

4-n-Pentoxy-4'-methoxytolan (MeO(5))

Compound MeO(5) was synthesized by a similar procedure as for H(1) using 4-
ethynylanisole (0.264 g, 2 mmol), 1-iodo-4-n-pentoxybenzene (0.580 g, 2 mmol),
PdCl,(PPhs), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in Et;N (300 ml). The
mixture was stirred at r.t. for 1 h and then refluxed at 80 °C for 2.5 h. The solvent
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane:CH,Cl, (9:1).
Purification by re-crystallisation from hexane gave the product as white solid. Yield:
0.55 g (93 %), m.p. 84.6-89.9°C. 'H NMR (400 MHz): & 7.45 (d, Jy.y = 9 Hz, 2H,
Haom), 7.43 (4, Jy.y = 9 Hz, 2H, Harom), 6.87 (d, Jy.y = 9 Hz, 2H, Harom), 6.85 (d, Ju.x
= 9 Hz, 2H, Haom), 3.89 (t, Ju.y = 7 Hz, 2H, OCH,), 3.76 (s, 3H, OCH3), 1.72 (m,
2H, CH;), 1.34 (m, 4H, CH,), 0.87 (t, Ju.y = 7 Hz, 3H, CHa). BC{'H} NMR (100
MHz): § 159.4 (C), 159.0 (C), 132.9 (CH), 132.8 (CH), 115.8 (C), 115.5 (C), 114.5
(CH), 114.0 (CH), 88.1 (C=C), 87.8 (C=C), 68.1 (OCH,), 55.3 (OCH3), 28.9 (CH,),
28.2 (CHa), 22.4 (CH,), 14.0 (CH3). MS (EI) m/z (rel): 294 (m", 8), 224 (90), 209
(57), 181 (30), 152 (100). Anal. Calcd. for CyoH3,0: C 81.60, H 7.53; Found C 81.39,
H 7.53 %.

4-n-Hexyloxy-4'-methoxytolan (MeO(6))

Compound MeQ(6) was synthesized by a similar procedure as for H(1) using
4-ethynylanisole (0.26 g, 2 mmol), 1-iodo-4-hexyloxybenzene (0.61 g, 2 mmol),
PdCIy(PPh;), (0.014 g, 0.02 mmol) and Cul (0.004 g, 0.02 mmol) in EtzN (50 ml).
The mixture was stirred at r.t. overnight and then refluxed at 80 °C for 1 h. The amine
solvent was removed under reduced pressure and the residue was eluted through a 3
cm silica pad with hexane:CH,Cl, (5:1). Purification by re-crystallised from hexane
gave the product as a white solid. Yield: 0.30 g (49%). m.p. 82.4-99.4 °C. 'H NMR
(400 MHz): 6 7.37 (d, Jg.y = 9 Hz, 2H, Haom), 7.35 (d, Ju-y = 9 Hz, 2H, Harom), 6.79
(d, Ju.r =9 Hz, 2H, Harom), 6.78 (d, Jo.z= 9 Hz, 2H, Haom), 3.89 (t, Ju.y =7 Hz, 2H,
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OCHa), 3.75 (s, 3H, OCHs), 1.71 (m, 2H, CHy), 1.39 (m, 2H, CH,), 1.27 (m, 4H,
CH,), 0.84 (t, Jy.y = 7 Hz, 3H, CHs),. C{'H} NMR (100 MHz): 6 159.4 (C), 159.0
(C), 132.85 (CH), 132.84 (CH), 115.8 (C), 115.5 (C), 114.5 (CH), 114.0 (CH), 88.1
(C=C), 87.8 (C=C), 68.1 (OCH,), 55.3 (OCHj3), 31.6 (CH,), 29.2 (CHy), 25.7 (CHa),
22.6 (CHy), 14.0 (CHs). MS (EI) m/z (rel): 308 (m®, 51), 224 (100), 209 (56). Anal.
Calcd. for C1H»0,: C 81.78, H 7.84 %. Found C 81.79, H 7.61%.

4-n-Heptyloxy-4'-methoxytolan (MeQ(7))

Compound MeO(7) was synthesized by a similar procedure as for H(1) using 4-
ethynylanisole (0.264 g, 2 mmol), 1-iodo-4-n-heptoxybenzene (0.636 g, 2 mmol),
PdCl(PPh;), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in EtzN (300 ml). The
mixture was stirred at r.t. for 1 h and then refluxed at 80 °C for 2.5 h. The solvent
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane:CH,Cl, (9:1).
Purification by re-crystallisation from hexane gave the product as a white solid. Yield:
0.309 g (48 %), m.p. 84.0-89.8 °C. '"H NMR (500 MHz): § 7.44 (d, Juy = 9 Hz, 2H,
Harom), 742 (d, Jy.z= 9 Hz, 2H, Harom), 6.86 (d, Ju.v=9 Hz, 2H, Harom), 6.85 (d, Ju.n=
9 Hz, 2H, Haom), 3.96 (t, Ju.y= 7 Hz, 2H, OCHy,), 3.82 (s, 3H, OCHj3), 1.78 (quint, Jy.
#=7 Hz, 2H, CHy), 1.46 (m, 2H, CH>), 1.33 (m, 6H, CH>), 0.89 (t, Jyu.»= 7 Hz, 3H,
CH;). “C{'H} NMR (125 MHz): 6 159.3 (C), 159.0 (C), 132.9 (CH), 132.8 (CH),
115.8 (C), 115.5(C), 114.5 (CH), 114.0 (CH), 88.1 (C=C), 87.8 (C=C), 68.1 (OCH,),
55.3 (OCHs), 31.8 (CH3), 29.2 (CH,;), 29.0 (CHy), 26.0 (CH,), 22.6 (CH,), 14.1
(CH3). MS (EI) m/z (rel): 322 (m”, 60), 224 (100), 209 (43), 152 (22). Anal. Calcd. for
Cy2H60,: C 81.95, H 8.13; Found C 82.04, H 8.08 %

4-n-Octyloxy-4'-methoxytolan (MeO(8))

Compound MeQO(8) was synthesized by a similar procedure as for H(1) using 4-
ethynylanisole (0.264 g, 2 mmol), 1-iodo-4-n-octyloxybenzene (0.664 g, 2 mmol),
PdCl(PPhs), (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in EzN (300 ml). The
mixture was stirred at r.t. for 2 d and then refluxed at 80 °C for 2.5 h. The solvent
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane:CH,Cl, (9:1).

Purification by re-crystallisation from hexane gave the product as a white solid. Yield:
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0.368 g (55 %), m.p. 83.5-93.0 °C. '"H NMR (500 MHz): & 7.46 (d, Ju.x = 9 Hz, 2H,
Harom), 7.44 (d, Jy.y = 9 Hz, 2H, Harom), 6.89 (d, Ji.s = 9 Hz, 2H, Harom), 6.86 (d, Ji.y
=9 Hz, 2H, Haom), 3.97 (t, Ju.y= 7 Hz, 2H, OCH,), 3.84 (s, 3H, OCH3), 1.80 (quint,
Jiy = 7 Hz, 2H, CH>), 1.46 (m, 2H, CH>), 1.30 (m, 8H, CH,), 0.90 (t, Ju.y = 7 Hz,
3H, CH,). *C{'"H} NMR (125 MHz): § 159.3 (C), 158.9 (C), 132.8 (CH), 132.79
(CH), 115.7 (C), 115.4 (C), 114.4 (CH), 113.9 (CH), 88.0 (C=C), 87.9 (C=C), 68.0
(OCHy,), 55.2 (OCH3), 31.8 (CH,), 29.3 (CH,), 29.2 (CHa), 29.81 (CH,), 26.0 (CH,),
22.6 (CHa), 14.1 (CHs). MS (EI) m/z (rel): 336 (m*, 59), 224 (100), 209 (41), 152
(21). Anal. Caled. for Co3H50,: C 82.10, H 8.39; Found C 82.27, H 8.46 %

4-n-Nonyloxy-4'-methoxytolan (Me0(9))28

Compound MeQO(9) was synthesized by a similar procedure as for H(1) using 4-
ethynylanisole (0.264 g, 2 mmol), 1-iodo-4-n-nonyloxybenzene (0.692 g, 2 mmol),
PdCl,(PPh;); (0.07 g, 0.1 mmol) and Cul (0.02 g, 0.1 mmol) in EtsN (300 ml). The
mixture was stirred at r.t. for 45 min and then refluxed at 80 °C for 2 h. The solvent
was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane:CH.Cl, (9:1).
Purification by re-crystallisation from hexane gave the product as a white solid. Yield:
0.372 g (33 %), m.p. 88.0-90.4 °C. '"H NMR (500 MHz): 6 7.44 (d, Ju.y = 9 Hz, 2H,
Harom), 7.43 (d, Ju.y=9 Hz, 2H, Harom), 6.86 (d, Ju.n= 9 Hz, 2H, Harom), 6.85 (d, Jp.u=
9 Hz, 2H,.Hamm), 3.96 (t, Ju.y= 7 Hz, 2H, OCHa), 3.82 (s, 3H, OCH3), 1.78 (quint, Ju.
y=17Hz, 2H, CH3), 1.45 (m, 2H, CH,), 1.29 (m, 10H, CH), 0.89 (t, Jy.v= 7 Hz, 3H,
CHs). *C{'H} NMR (125 MHz): & 159.4 (C), 159.0 (C), 132.9 (CH), 132.8 (CH),
115.8 (C), 115.5 (C), 114.5 (CH), 114.0 (CH), 88.1 (C=C), 87.8 (C=C), 68.1 (OCH,),
55.3 (OCH3), 31.9 (CH,), 29.5 (CH,), 29.4 (CHy), 29.24 (CH,), 29.21 (CH»), 26.0
(CH,), 22.7 (CH,), 14.4 (CH;). MS (EI) m/z (rel): 350 (m", 64), 224 (100), 209 (38),
152 (16). Anal. Calcd. for C24H300;: C 82.24, H 8.63; Found C 82.27, H 8.70 %.

4-p-Decyloxy-4’-methoxytolan (MeO(10))

Compound MeO(10) was synthesized by a similar procedure as for H(1) using
4-ethynylanisole (0.264 g, 2 mmol), 1-iodo-4-n-decyloxybenzene (0.721 g, 2 mmol),
PdCly(PPhs), (0.07 g, 0.1 mmol), Cul (0.02 g, 0.1 mmol) in EsN (300 ml). The

mixture was stirred at r.t. for 45 min and then refluxed at 80 °C for 2 h. The solvent
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was removed under reduced pressure and the residue was re-dissolved in hexane and
then filtered through a 5 cm silica pad with additional hexane:CH,Cl, (85:15).
Purification by re-crystallisation from hexane gave the product as a white solid. Yield:
0.367 g (50 %), m.p. 82.0-89.3 °C. 'H NMR (500 MHz): § 7.45 (d, Ju.y = 9 Hz, 2H,
Harom), 7.42 (d, Ju.r = 9 Hz, 2H, Harom), 6.86 (d, Jp.n = 9 Hz, 2H, Harom), 6.85 (d, Jpn
= 9 Hz, 2H, Hyom), 3.96 (t, Jy.y= 7 Hz, 2H, OCH,), 3.82 (s, 3H, OCH3), 1.77 (quint,
Ju.w =7 Hz, 2H, CH,), 1.45 (m, 2H, CH>), 1.29 (m, 12H, CH,), 0.88 (t, Jy.y = 7 Hz,
3H, CH;). PC{'H} NMR (125 MHz): & 159.4 (C), 159.0 (C), 132.9 (CH), 132.8
(CH), 115.8 (C), 115.5 (C), 114.5 (CH), 114.0 (CH), 88.1 (C=C), 87.8 (C=C), 68.1
(OCH,), 55.3 (OCHs), 31.9 (CHy), 29.6 (CHa), 29.5 (CH,), 29.4 (CH,), 29.3 (CH),
29.2 (CH,), 26.0 (CH,), 22.7 (CHy), 14.1 (CH3). MS (EI) m/z (rel): 364 (m", 62), 224
(100), 209 (37), 159 (18). Anal. Caled. for CysH3,0,: C 82.37, H 8.85; Found C
82.29,H8.93 %

4-n-Dodecyloxy-4'-methoxytolan (MeO(12))

Compound MeQO(12) was synthesized by a similar procedure as for H(1) using
4-ethynylanisole (0.26 g, 2 mmol), 4-iodo-4’-n-dedecyloxybenzene (0.78 g, 2 mmol),
PdCI,(PPh;s), (0.014 g, 0.02 mmol) and Cul (0.004 g, 0.02 mmol) in Et;N (50 ml).
The mixture was stirred at r.t. overnight and then refluxed at 80 °C for 1 h. The
solvent was removed under reduced pressure and the residue was eluted through a 3
cm silica pad with hexane:CH,Cl; (5:1). Purification by re-crystallisation from hexane
gave the product as a white solid. Yield: 0.61 g (78 %). m.p. 89.0-92.8 °C. 'H NMR
(500 MHz): 6 7.44 (d, Ju.y= 9 Hz, 2H, Harom), 7.42 (d, Ju.#= 9 Hz, 2H, Harom), 6.86
(d, Ju.y=9 Hz, 2H, Huom), 6.85 (d, Ju.nv =9 Hz, 2H, Harom), 3.96 (t, Ju.y= 7 Hz, 2H,
OCH,), 3.82 (s, 3H, OCHs3), 1.78 (quint, Jy.y = 7 Hz, 2H, CH;), 1.45 (m, 2H, CH,),
1.30 (m, 16H, CH,), 0.88 (t, Ju.y = 7 Hz, 3H, CH;). *C{'H} NMR (125 MHz): §
159.4 (C), 159.0 (C), 132.85 (CH), 132.84 (CH), 115.8 (C), 115.5 (C), 114.5 (CH),
114.0 (CH), 88.1 (C=C), 87.8 (C=C), 68.1 (OCH;), 55.3 (OCHz), 31.9 (CH>), 29.66
(CH,), 29.63 (CHa), 29.59 (CHy), 29.57 (CHay), 29.39 (CHy), 29.34 (CH>), 29.2 (CHy),
26.0 (CH,), 22.7 (CHy), 14.1 (CH;). MS (EI) m/z (rel): 392 (m”, 79), 224 (100). Anal.
Calcd. For C27H360,: C 82.61, H 9.24 %. Found C 82.34, H 9.31%.
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4-n-Tetradecyloxy-4'-methoxytolan (MeO(14))

Compound MeQ(14) was synthesized by a similar procedure as for H(1) using
4-ethynylanisole (0.26 g, 2 mmol), 1-iodo-4-tetradecoxybenzene (0.83 g, 2 mmol),
PdCl,(PPhs), (0.014 g, 0.02 mmol) and Cul (0.004 g, 0.02 mmol) in EN (50 ml).
The mixture was stirred at r.t. overnight and then refluxed at 80 °C for 1 h. The
solvent was removed under reduced pressure and the residue was eluted through a 3
cm silica pad with hexane:CH,Cl, (5:1). Purification by re-crystalised from hexane
gave the product as a white solid. Yield: 0.45 g (53%). m.p. 93-97.0 °C. 'H NMR
(500 MHz): 6 7.44 (d, Ju.u= 9 Hz, 2H, Hyom), 7.41 (d, Ju.u= 9 Hz, 2H, Harom), 6.86
(d, Ju.n=9 Hz, 2H, Harom), 6.85 (d, Ju.y = 9 Hz, 2H, Harom), 3.96 (t, Ju.y = 7 Hz, 2H,
OCH,), 3.82 (s, 3H, OCH3), 1.78 (quint, Jy.x = 7 Hz, 2H, CH;), 1.45 (m, 2H, CH,),
1.30 (m, 20H, CH,), 0.88 (t, Ju.y = 7 Hz, 3H, CHs). >*C{'H} NMR (125 MHz): §
159.4 (C), 159.0 (C), 132.85 (CH), 132.84 (CH), 115.8 (C), 115.5 (C), 114.5 (CH),
114.0 (CH), 88.1 (C=C), 87.8 (C=C), 68.1 (OCH,), 55.3 (OCH3), 31.9 (CH>), 29.68
(CH,), 29.67 (CH,), 29.65 (CHy), 29.59 (CH,), 29.56 (2CH;), 29.38 (CH,), 29.35
(CHy), 29.22 (CHy), 26.0 (CHy), 22.7 (CH,), 14.1 (CH;). MS (EI) m/z (rel): 420 (m’,
26), 224 (100), 209 (69). Anal. Calcd. For CyoHyO,: C 82.81, H 9.59 %. Found C
83.07, H9.67%.

IV.2 X-ray crystallography

Single crystal of compounds H(1) - H(6), H(8), Me(9), MeO(1) - MeO(5),
MeO(7), MeO(9) and MeO(10) were obtained from the slow evaporation of hexane
solutions. Crystals of compound Me(1) were obtained from the slow evaporation of a
toluene solution and H(9) and Me(12) were obtained from the slow evaporation of a
mixture of ethanol and hexane.

All X-ray diffraction experiments were carried out on SMART 3-circle
diffractometers at 120 K. The structures were solved by direct methods, and refined
by full matrix least squares on F? of all the data, using SHELXTL software.” All

carbon and oxygen atoms were refined anisotropically.
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Ac Acetyl
Anth Anthracene
(o]
HN /“\/Me
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S)\N/N
AMTTO 4-Amino-6-methyl-1,2 4-triazine-3(2 H)-thione-5-one H
Ar Aryl
S
HNJL N-Bu
Bimt 1-'Butyl-1H-imidazole-2(3H)-thione =/
‘Bu tert-Butyl
DMF Dimethylformamide
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—— NMe,
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Hnpt N,N'-Dimethyl pyrole-1-carbothioamide S
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NEt; Triethylamine
Ph Phenyl
Pr iso-Propyl
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tmtu Tetramethyl thiourea .
Rag | TR
/NC—S—'S—CN\
thiouram disulfides ® R,
TFAA Trifluoroacetic anhydride



80

I. Literature Review
I.1 Introduction

Thioureas are important in medicinal chemistry' due to their biological
activities,”™ for example, against bacteria and microbial infection,’ and as fungicides,
herbicides and rodenticides.®* ” Thioureas are air and moisture stable, furthermore,
their physical and chemical properties can be changed by modifying their nitrogen
substituents.®'® They also can coordinate to metals, and nearly 4000 examples of such
complexes are found in the CSD (2007).!! Due to their air and moisture stability, they
were found to be of use in oxidative reactions including those employing O, as an

oxidant viz. alkene bis(methoxycarbonylation),12’ 3

and in Suzuki-Miyaura reactions
under aerobic conditions.'*'® Thioureas has been used as ligands in metal catalyzed
reactions such as in Pd-catalyzed in Heck-Mizoroki'> "'  Suzuki-Miyaura
carbonylations19 and Pauson-Khand reactions.”’ Recently, rhodium complexes of
thioureas proved to be better catalysts in the hydroformylation of 1-hexene than

carbene ligands.?' Free NH-thioureas display hydrogen-bonding, and for this reason

22-25 26-29

they are used in organocatalysis and sensor applications.

To the best of our knowledge, there is no review concerning the investigation
of the coordination properties of thioureas. This review will concentrate on the
coordination of thioureas to Pd. Although examples of coordination to other metals
are known, these will not be discussed here. The structural parameters from X-ray
crystallographic studies of a large number of palladium thiourea complexes will be
reported in order to understand the bonding properties of thiourea ligands. The synthesis

of thioureas, thiourea palladium complexes and the applications in the Pd-catalyzed

reactions will also be discussed.
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1.2 Thiourea ligands
I.2.1 Synthesis of thioureas

Thioureas can be divided into two categories; symmetric and unsymmetric
thioureas. Symmetric thioureas can be synthesized by reaction of two equivalents of a

primary or secondary amine with thiophosgene (Scheme 1).30’ 3

2 eq. R'NH,

i I
or + Ccscl, — J\ or )\

R1HN NHR1 1R2RN NR1R2

2 eq. R'R2NH

Scheme 1. Synthesis of symmetric thioureas from amine and thiophosgene.'?

However, toxic thiophosgene can be avoided (Scheme 2) by using CS; (route
A),*> 3 carbodiimides (route B), sodium trithiocarbonate (route C).* or
thiocarbonyldiimidazole (route D).3 O1tis reported that heterogeneous catalysis using a

ZnO/Al,03 composite in the reaction of carbon disulfide and anilines is another route

to prepare thioureas®® and 1socyanates or thiocyanates.3 6-40
2RNH, + CS, RN=C=NR  + HjS
A B
S
X le c )l\
| i > N
@ + NaC§; — -~ /7 N \
BN 2RNH, & 2RNH, ) K
| N N N N
Me | l
H H

Scheme 2. Preparation of symmetrical thioureas.*!

Recently, an optically-active thiourea was synthesized from a homo-chiral

secondary amine with thiophosgene by Z. Yang and co-workers (Scheme 3). &
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III
o

: ; R
(R)S (R) c |2CS (R) ( )

NH HN
95%

Scheme 3. Synthesis of chiral thiourea.'”

Unsymmetric thioureas can be obtained by controlling ratio of the amine. The
reaction of symmetric thioureas with one equivalent of amine can afford unsymmetric
thioureas (Scheme 4).*" 2 Other starting materials have been also reported in the
synthesis of unsymmetric thioureas; viz., nitrosothiourea,*® dithiocarbamate,** 4
thiourea,* l-(methyldithiocarbonyl)imidazole47 and thiuram disulfide.*® Molybdenum
dithiocarbamate complexes can be reacted with amines (Scheme 5) to give

quantitatively unsymmetrical thioureas.*”* *°

R";NH

R,NH + CSCl, /k - . )\

R',N R',N NR",

Scheme 4. Synthesis of an unsymmetric thiourea from amines.

Mo,(S,CNR";),

S
R'NH, > )l\

R = Me, Et RHN" 'NR",

Scheme 5. Synthesis of an unsymmetric thiourea from the reaction of molybdenum
49,50

dithiocarbamate with amines.

Recently, Z. Yang and co-workers showed that an unsymmetrical ortho
phenylene diamine reacted with thiophosgene to obtain an unsymmetric cyclic
thiourea which can be further converted to a new class of chiral thiourea-oxazoline
S.N heterobidentate ligands (Scheme 6).' These ligands have shown potential in the

asymmetric bis(methoxycarbonylation) reactions of styrenes.
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H

/NYN\K
S N/ (o]
\

=

R

Scheme 6. The preparation of chiral thiourea-oxazoline S,N heterobidentate ligands."?

1.2.2 Properties and DFT calculations of thiourea

Before understanding the coordination of thiourea palladium complexes, it is

useful to discuss the properties of the thiourea free ligand. The C=S, C-N bond

lengths and S-C-N bond angles of representative thioureas: tu, tmtu and

tetrahydropyrimidine-2(1 H)-thione are given in Table 1.

Table 1. Bond lengths and angles in free thiourea ligands.

Compounds S=C (&) C-N(4) S-C-N (® Ref
S
NN 1.720(9) 1.340(6) 120.5(5) 51
W
S
wos e | 16876(15) 1.3613(11) 122.32(6) 52
Mo e
S
mém 1.722(7) 1.334(6) 119.8(4) 53

The thiourea structures suggest mainly sp2 hybridrization for the C atom in the
C=S bond. The C=S bond lengths are 1.68 — 1.72 A, longer than a standard C=S

double bond (1.60 A) but shorter than a C-S single bond (1.82 A). This can be

explained by delocalization of the C=S bond over the adjacent N atoms (A and B

Scheme 7); the C—-N bond lengths are about 1.33 — 1.36 A, which are shorter than a

normal C—N bond (1.47 A).>* A simple model of the n-bonding in thioureas is shown

in C.
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—N ) _N@
\C=S - \\C—’Se
oo | 8%
Or 2K
oo |
Ny e Neg®
C=—§
Y4 I
i) e
A B C

Scheme 7. Delocalization of the C=S bond (A) and (B) and a model of the n-system in
thioureas (C).

The molecular orbital diagram for tu shown in Figure 1 1s based on DFT M.O.
calculations carried out by Yu et al.>> The HOMO is the in-plane nonbonding lone
pair on the S atom (n;) and the LUMO is the C=S (and C-N) = anti-bonding (n4)
orbital. HOMO-1 (m3) is C=S = bonding. The remaining S-lone pair (n;) is sp-

hybridized and lies well below the frontier orbitals.

HzN,, s NH, NH,

‘\\ \\
N N
. .
. N
N .
\
~ - 2 \\
_____ Z .
------ N, 807 7 e \'178 AN %E 1, g E
- DRSPS~ T | R ¥ MR © fabelel T A
-6.50 R 3 ? __-_:,—1-}— + o W
TN EL g
- \\ e
P \\ .
N e, ’ B
! .

Figure 1. Molecular orbital diagram for tu (energies in ev).”
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From the molecular orbital diagram, thioureas can use the in-plane
nonbonding lone pair on the S atom (n;) and the n bonding orbital (m3) to coordinate
to metals. The remaining S- lone pair (n;) is too low in energy to be used in
coordination. If the lone pair on the S atom was used to form a ligand metal bond, a
tetrahedral geometry around the S atormn should be expected. However, if then
electrons was used for bonding, a lengthening of the C=S bond with the subsequent
shortening of the C—N bonds should be observed. This observation is very important

and will be discussed in relation to their palladium complexes.

1.2 Synthesis of thiourea palladium complexes

Most of the palladium complexes containing thioureas and their derivatives
were prepared by using ligand substitution processes, which are summarized in
Schemes 8 and 9. The reactions of palladium chlorides (e.g. PdCl,, PACly(PhCN),,
Li,PdCly etc.) with thioureas are described in Scheme 8. In route E, addition of two
equivalents of thiourea affords the cis— and/or trans—PdX,L, complexes. There is a
general preference for the frans—isomer. The mixture of isomers are normally
distinguishable by solution NMR or melting point analysis and, in some cases, they
can be separated by fractional crystallization.”® >’ However, D. Yang et al. have
reported cis— and trans—PdCl,(DMT), (Figure 2) which co—crystallized in the same
unit cell.'® When the reactions employ four equivalents of a thiourea ligand, the ionic
palladium(II)-tetrakis(thiourea) complexes are formed with halides as counter anions

. 58-60
as shown in route F.



86

RZ R3
| |
TZ T: R1/NYN\R4 R X R‘\
1 R3—N N—R?
X\ /X 2 R1/ Y SR S R -
2 — 3
X X _— X Pd s R N\ ) 4/N R
E | 3 R! R
or X 4/N R
PdCLL, R trans-
R? R cis-
I
NN
R1/ \l'r \R4
S
F
R? R,
- N N I
R Nge 2X-
4 1
a $ R\
R3—N \ N—R?
RZ—N\ ’ /N—R3
R’ s R*
R R
i Y
R3 RZ —

Scheme 8. Preparation of palladium-monodentate thiourea complexes.

N N—
Mes/ T Mes Mes Mes
}“ es S N/ Cl \N
N |
. ——5—Pd—S=X
[ >.=S—P||d—CI in S—H Nj
cl
N \
\ cl Mes Mes/

Mes

Figure 2. Cis— and trans—isomers PdCl,(DMT),."?

Furthermore, palladium complexes with bidentate and tridentate thiourea

ligands can be prepared as described in routes G and H (Scheme 9). The ring size of

the bidentate products varies from very strained four-membered rings,®' five—,'s ¢

45, 71-7 4 o . : .
— 5B seven—"* to macrocyclic nine-membered rings.”” Tridentate ligands gave

SixX
70, 76, 77 14,78 .. 1 . .
[5,5] or [5,6] bicyclic products. An example of the preparation of a [5,6]

bicyclic product is described in Scheme 10.78
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102 B NR'RZ | 2+
G L/\?I/NR R N R /—\C\\/ ax
L=C,N,O,P N\ // N\Pd/s
. pa—S or
X\Pd x |2 / x/ \ N/ \S
X/ X \//C/

Y
=, O
& \\ Pd/
S M

X

— Me

Me P
H H Li,PdCl, SN \l( SEt
XN NQ - . I
N \[( Et —Pg—S
3 MeOH o \s

Scheme 10. The preparation of a [5,6] bicyclic palladium thiourea complex.78

An unexpected bidentate palladium—thiourea complex was obtained by the

decomposition of a cyclic thiourea (Scheme 11)% with methanol and then subsequent

reaction with palladium diacetate.

Og.p— “BuHN s
Pd(OAG) 2P~ o MeOH \<|3¢s\ / \P//o
€2 + HN Clyut _— Pd N
\T/ NH“Bu e /N\T/ \s/ Me
Me H

Scheme 11. The reaction of palladium acetate with thiosemicarbazide derivatives.®

Mitra and co-workers reported that the reaction of 4-amino-6-methyl-1,2.4-

triazine-3(2 H)-thione-5-one (AMTTO) with a palladium(II) source leads to the mono-
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palladium, [Pd(7*-AMTTO-N,S)CL]-CH30H,% di-palladium, [(AMTTO)PdBr,]>-3.5
THF® and tri-palladium [(AMTTO)PdX,]5-8CH;0H® (X = Cl (Figure 3) and X = Br)
N,S coordinated complexes, which have been characterized by single crystal X-ray

diffraction.

H,

cl Me

N
Y / >N l
Pd\ )\ N
o v
H
Figure 3. The structure of [Pd(7*-~AMTTO-N,S)Cl,).%

Interestingly, S,0 N-benzoyl-N’—propylthiourea ligands have been found to
coordinate to Pd(II) only through the sulfur atom. This can be explained by the fact
that the carbonyl oxygen atoms are effectively blocked by an intramolecular hydrogen
bond with NH to form cis—bis(N—benzoyl—N’—propylthiourea)dichloropalladium(II)
(Figure 4).”° In contrast, for the analogous PdBr, complex, in CDCl; solution, the

trans- isomer predominates with an equilibrium constant K = 2.33 at 25 °C.”®

0.
Ph O
I
N\

TPr

S\ /Br

HN

o] Ph

Figure 4. Trans—bis(N-benzoyl-N’—propylthiourea)dibromo palladium(il).”

Cyclometallated palladium-thiourea complexes are also known in the
literature. Treatment of a palladacycle complex (Scheme 12)¥ with tmtu and

CF3;CO;H in refluxing toluene gave a dimeric carba-palladocycle in high yield.
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c:=3co2 Me gz ol
N P
N \/Pd
toluene reflux 2 h )§s
Me

Hzc'—N MezN )
Me

Scheme 12. Tmtu ligand exchange to afford a cyclometallated palladium thiourea

complex.®

Another example of cyclometallated thiourea palladium complex,
ortho—cyclometalated N,N—dimethyl pyrole—1—carbothioamide (Hnpt) (Scheme 13),65
was formed in the reaction of Hnpt with Li,PdCly in methanol. Furthermore, the
cyclometallated palladium complex of Hnpt, PdX(npt)(tbp) (tbp = tri-butylphosphine,
X = C], I), was found to exist as both a cis- and a trans-isomer in solution (Figure 5).
The cis/trans ratio is 44:56 (X = ClI), or 60:40 (X =I). Both isomers were successfully
characterized by single-crystal X-ray diffraction.

Me,N S Cl
== NMez  meoH Y Spdl
Li,PdCl, + N‘< e !
\ 2

Scheme 13. Synthesis of an ortho—cyclometalated N,N—dimethyl pyrole-

—1-carbothioamide complex.65

Me,;N

N
\ N AN
()/ Cy e

cis-(C,X) trans-(C,X)

Figure 5. Cis- and frans-isomers of PdX(npt)(tbp).**

Owen et al have shown (Scheme 14) the reaction of cyclometallated
palladium complexes with methyl isothiocyanate to give the rearranged thiourea
palladium product. The authors suggested that the reaction proceeds via attack by the

nitrogen of the iminoacyl on the carbon of the isothiocyanate moiety followed by a
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1,5 proton migration from the imino methyl group to the nitrogen of the

isothiocyanate to afford cyclometallated palladium—thiourea complexes.®*

Me H Me I +
H BF4
N AgBF,
e
N=C=S§
Pd Me Me” /Pd\s/k Me
o 7 e 3 P

C = dppe, dppp

Scheme 14. Synthesis of cyclometallated palladium—thiourea complexes from

iminoacyl pailadium complexes.64

A Pd(Il)-thiourea complex (Scheme 15), which is unstable, can undergo a

rearrangement to give a dinuclear Pd(II) complex with a sulfide-bridge. However, the

mechanism of the reaction was not reported.81

Ph,P

R c|>-Tol o-Tol
PhZP\Pd _N . N PP PPh, N
AN \ \ | S | /
3 /S S o-Tol —_— 2 S—pPd Pd—S$
-Tol o-Tol—N N—o-Tol
° °\N/< | PhP—__PPh, |
/ H
H /N\o-ToI H

Scheme 15. Rearrangements of a thiourea palladium complex.81

I.3 Solid state studies of thiourea palladium complexes

As mentioned previously, thiourea structures suggest mainly sp® hybridrization
which can be explained by delocalization of the C=S bond over the adjacent N atoms
(Scheme 7). The influence of the nitrogen in thioureas also affects the Pd-S bond
length in the complexes. This can be observed in the three analogous compounds:
thiocarbonyl, thioamide and thiourea, shown in Figure 6. Interestingly, the thiourea
shows similar Pd—S bond lengths to the thioamide; however, the thiocarbonyl shows
significantly longer Pd-S bonds (Figure 6). This indicates that the nitrogen atoms
have affected the strength of the Pd-S bond in thiocarbonyls.
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r \ / a2+ a2+
NH
N 2 Q Q s /g HN/j zer
Ph,P PPh, 2BF, NN N NN s)\"
HN B 254°°P,d———P|d s B N 2'336\""/ 2'331\Pd/ "
ang s N N
N N N N
Ph,P__-PPh, \( SY
L / \ /_. L NH HN =

Figure 6. The influence of nitrogen atoms in thiocarbonyl (left),*? thioamide

(middle)® and thiourea (right)** on Pd-S bond lengths.

The trans-influence of thioureas is stronger than ureas, for example, in
palladium-immidoyl complexes (Figure 7). The thiocarbonyl demonstrated a stronger
trans- influence than the carbonyl as the Pd—P1 bond lengths are markedly longer
(2.2807(16) or 2.2908(16) A in the thiourea complexes) than in the urea complex
(2.2266(14) A). Furthermore, within the thiourea moiety, the C1-N2 bond distance in
the thiourea is slightly shorter than that in the urea.®* This is consistent with the S

atom in thiourea being a better donor to Pd than the O atom of urea.

Me 7%
CH, BFs H o
Ph_ Ph Ph__Ph i
P} 2.286(av) \P1/ 2.227
ey % Dz )
|
\ ZC1,, Me T
R hat
P’ o, Ph L™ Pho

Figure 7. Palladium immidoyl derivatives; thiourea (left) and thiocarbony! (right).**

In order to understand the bonding of thioureas with palladium, the inspection
of the Pd-S and C=S bond lengths, Pd-S—C bond angles and Pd—-S—C-N torsion
angles will be investigated. The Pd-S bond lengths will reveal the strength of the
Pd-S bond compared to the sum of the covalent radii (2.37 A).SS The C=S bond
lengths and the Pd—S-C bond angles can give information on the types of orbitals
used in coordination. The Pd—S—C-N torsion angles can be used to explain which
orbital is used for bonding to Pd, i.e., the nonbonding lone pair on the S atom or the ©

electrons. The Pd—S—C-N torsion angles should be zero or almost planar if bonding is
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due to the in-plane nonbonding lone pair, whereas it should be almost 90° in the case
of the m electrons.

With this information in mind, a comparison of the X-ray crystallographic
studies of palladium thiourea complexes reported in CSD (2007)"' is investigated. The
Pd-S and C=S bond lengths, Pd—S—C bond angles and Pd—S—C-N torsion angles are

listed in Table 2 at the end of this review.

From Table 2, we can make the following observations with the exception of

some complexes which will be discussed later:

1. The palladium(Il) thiourea complexes show square planar geometries and the
Pd-S bond lengths in thiourea complexes are in the range 2.21 — 2.36 A, which are
shorter than the sum of the covalent radii (2.37 A).%

2. All of the thiourea complexes show longer C=S bonds than found in free
thioureas. This indicates a decreased C=S double bond character upon coordination to
palladium. This is accompanied by a shortening of the C—N bond lengths in the
complexes compared with those in the free ligands by at least 0.07 A. This suggests
that the electrors in the n orbital are used to form the coordination bond.

3. Mdst of the Pd—S—C bond angles are in the range 100-110°; however, the angle in
a strained, four-membered ring thiouracil-di-palladium(II) complex was found to be
79° (Figure 8).®' The angles in seven-membered ring complexes have been reported to
be 116 — 118°.7* This suggests that the geometries of the S atoms are flexible.

cl
PhaP( /

S Pd
/ AN
AN PPh,

Ph,P

Figure 8. The structure of four-membered ring thiouracil-di-palladium(II) complex.

4. The dihedral angles, Pd—-S—C—N range from 0 — 92.30° with no obvious
correlation with the structure of the thiourea ligands. For example, dihedral angles in
sterically hindered trans-PdCly(DMT),'® are 19.82, 20.95, -16.10 and -19.82° whereas

in the less hindered thiourea palladium complex trans-PdCly(tmtu),, the angles are 58
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and -58°% In another example, the dihedral angles in the sterically hindered
[Pd(Bimt)4]Cl, (Figure 11, vide infra)®® are 59, -59, 0.1 and -0.1° whereas in

[Pd(tu)4]Cl,, they are in the range of 15 — 30° (see Table 2). Due to the hydrogen-

22-25

bonding in thioureas which makes them of use in organocatalysis, it is possible

that hydrogen bonding in the crystal packing in the solid state of the complexes may
play a role in the variation of Pd—S—C-N dihedral angles.

5. Some of the known thiourea palladium complexes show polymorphism. For

7

example, Pd(tu)sCl was shown to crystallize in both monoclinic®” and

88, 89

orthorhombic space groups which may be related to hydrogen bonding in

thioureas.

As mentioned above, the C—N bonds in the complexes are shorter than in the
free ligand; however, one C—-N bond in [Pd(tu)4]C1287 is remarkably longer; 1.482 A
(Figure 9), compared to the other three bonds, 1.31 — 1.37 A, suggesting a single bond

character.

NH, H,N 2+zcr

H,N NH,
S S
N\ /

Pd
/

s’ N
H,N S3%Nw,
1.482 1,329 4 379
L N

2 NH, ~—

Figure 9. [Pd(tu)s]Cl,.*

The Pd-S—C angles in thiourea palladium complexes are in the range 79 —
118° (values include the smallest and largest Pd—S—C angles). However, in the
palladium complex of salicylidene thiosemicarbazone (Figure 10), where one ligand
behaves as 77 and the other as 7 to palladium, significantly different Pd—S and C=S
bond lengths and also Pd-S-C angles are observed as indicated in Figure 10.
Furthermore, the Pd—-S—C angles are likely to depend on the steric bulk of the
ligand.* This was observed in PdCly(Bimt),, where the angles are 95.70° and 102.76°
(Figure 11). The Pd—S—C angles can also be changed by substitution of the other
ligands as was found in palladium complexes of AMTTO, as the angle was reported

to be wider when one Br was replaced by PPhs (Figure 12).°® The rigidity of the
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molecules may affect the Pd—S—C angle, for example, in the rigid palladium complex

of pyridine-morpholine carbothiamide where the Pd—S—C angle of 92.97° (Figure

13)* is significantly smaller than in other six-membered rings (100 — 110°).

2.3213(15)

Me

| 04 ‘:l/7346 15)

/
—Pd 2.2281(15)

cr

108.43S HO
l1.6582(14)

N
H,N N7\
H

Figure 10. Salicylidene thiosemicarbazone and its palladium complex.

BU\ 2+
/> 201

b

Figure 11. PdCl,(Bimt),.%

H,

Br\ /

Pd

98.7(3)°

0

\O/E‘\('\"e

Br

Figure 12. PdBry(AMTTO) (left) and [PdBr(PPh;)(AMTTO)]Br (right).®®
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_ — _—
/N _2” \ / 2c10,
0 N \ N
— S\Pé .
[ M/
N \ N [o]
] I N

Figure 13. Pyridine-morpholine carbothiamide palladium complex.®’

Most of the monodentate thiourea palladium complexes which have been
reported are trans- isomers. Interestingly, the crystal structure of PdCl,(PPh;)(tu)
shows that it forms the cis- isomer. This can be explained by the cis—complex being
stabilized through N—H----*Cl-Pd hydrogen bonds, which are also responsible for the
formation of a dimeric structure (Figure 14).90 The sulfur atoms in thioureas show a

13, 62, 66

stronger frans influence than nitrogen and oxygen-containing ligands® as

longer Pd-X (X = Cl, I) bonds trans- to sulfur are observed. However, the trans-
90

influence is weaker than that of phosphorus.

Figure 14. PdCl,(PPh;s)(tu) (hydrogen bonds are shown as a dash line).go

1.4 Applications of palladium-thiourea complexes in catalysis

An early application palladium-thiourea complexes in organic synthesis was
reported in palladium-catalyzed ring closure of a 1,6-diyne induced by
hydrocarboxylation with carbon monoxide, which take places under mild conditions,
i.e., room temperature and atmospheric pressure (Scheme 16).°' The same catalyst,
PdX,-tu, also works well at 40 °C and 6.0 MPa of CO, leading to oxidative
carbonylation of vinyl alcohols to form methyl esters (Scheme 17). However, there

was no characterization reported on the active catalytic species in these reactions.
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R R R
R
R L R / /
deZ' tu
HN -C-O R'O—.H HN + HN
>h: >\—\ >T\/COOR'
R R R R R R
X=ClBrl COOR'
65% 2 :1

Scheme 16. Diyne ring closure via Pd-catalyzed carbonylation.”*

H CH,OH Pdl,- tu H CH,CO,Me

Y

MeO,C CO,Me CO, MeOH MeO,C cO,Me
Scheme 17. Oxidative carbonylation of a vinyl alcohol.”

The same research group also reported Pdl,-tu to be more effective than
PdCl-tu to obtain bis(alkoxycarbonylation) and carbonyl lactonization products of
phenylacetylene (Scheme 18). The Pd source was reported to be [Pd(tu)s]I; based on
an examination of its molecular weight in methanol by vapour pressure osmometry
and conductivity in methanol.”> The complex [Pd(tu)s]l> is an 16 electron compound

and it is possible that dissociation from the Pd center occurs to give an active species.

Ph

[Pd(tu) ]I, Ph CO,R'
PhC=CH > >=< + I>
CO, R'OH R'O,C H o

(0]

Scheme 18. Combined oxidative and reductive carbonylation of terminal alkynes with

palladium iodide-thiourea catalysts.93

The thioureas can be effectively utilized in organic synthesis in Suzuki-
Miyaura,”® Suzuki-Miyaura carbonylation'® and Heck-Mizoroki reactions,™ 719 all of
which are performed in aerobic conditions.

Scheme 19 shows the bis(thiourea) ligand used under aerobic conditions
which it was found to give an excellent catalyst for Heck-Mizoroki and Suzuki-
Miyaura cross-coupling reaction of aryl iodides and bromides to obtain a quantitative

yield (moderate yield for aryl chlorides). TONs were as high as 10000000 and TOFs
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as high as 200000 for aryl iodides. Catalysis is observed at very low loadings as low
as 0.001 mol%.

: Ar, R2
1 3 R : - <
Ar—X R R Pd(dba),:L (1:1) & -
+ Or
=L BrCl base, > 100 °C Or
=1, Br, .
Ar—B(OH), Ar—Ar
L= (\N’ : Y
SO
/ S S Iy
Ar Ar

Ar = 2,5-‘BUZCGH3

Scheme 19. The application of a bis(thiourea) ligand in Heck-Mizoroki and Suzuki-

Miyaura reaction. 13

A chiral C,;-symmetric thiourea was used in Heck-Mizoroki and Suzuki-
Miyaura reactions of the arenediazonium salt (Scheme 20)."" The reaction was
performed at room temperature under aerobic conditions; no base was added, and the
product was obtained in a good yield. This ligand is also efficient in the Heck-
Mizoroki and Suzuki-Miyaura reaction of aryl halides (Scheme 21) and the Suzuki-

Miyaura carbonylation reaction (Scheme 22).19

/\R Pd(OAc), (1 mol%) Ar\/\R
Ligand (1 mol%)
R = COOMe, Ar —_— R = COOMe, Ar
Ar—NBF, CH3OH, rt, 4 h
Or Or

Ar—B(OH), s Ar—Ar

<
OTRQ

Scheme 20. Reaction conditions used in Heck-Mizoroki and Suzuki-Miyaura

) . . 17
reactions of an arenediazonium salt.

Pdlz (1 mol%) Ar—Ar
Ar'—B8B(0OH), Ligand (2 mol%)
Ar—X + - fo)
or b 80°C J
ase, Ar
X=1,Br Z coome " coome

°
Z BN

Scheme 21. Reaction conditions used in Heck-Mizoroki and Suzuki-Miyaura

reactions of aryl halides."
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Pd(OAc), (1 mol%)

Ar—X .
Ligand (2 mol%
*  Ar—B(OH), gand( ) ArCOAr

Or base, CO, 80 °C
Ar—N,BF,

N N-—=
Z AN
Scheme 22. Reaction conditions used in Suzuki-Miyaura carbonylation reactions of

aryl halides or diazonium salts.'?

A sterically hindered thiourea (Scheme 23) was used in the Heck-Mizoroki
reaction of ary!l halides. It was found to give a highly active catalyst with TONs up to

500000 for the reaction of aryl iodides in the presence of 1 mol% Pd catalyst.

Ar:
Z > cooMe " coome
Or o
Pd(dba),:L (1:4) r
Ar—X + /\R B —— Ar\/\R
Or base, > 100 °C

A

Scheme 23. Reaction conditions used in the Heck-Mizoroki reaction.'?

Recently, the asymmetric bis(methoxycarbonylation) of alkenes (Scheme 24)

was studied using an in situ prepared catalyst derived from thioureas including a

chiral thiourea derivative and palladium chloride.'? The ligand structures shown in

Scheme 24 are those which gave a good yield (up to 90 %).
PdC1,(2.5 mol%)

R/\ L (2.5 mol%), CuCl (20 °/=o) MeOOC COOMe

CH,0H, 50 °C
C0:0,(4:1), 20 h

- J\IO Me\AQ Moy N,MeQ Q

Scheme 24. Bis(methoxycarbonylation) of terminal olefins and ligands used in the

reaction.
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Other S,N-bidentate chiral thiourea—oxazoline ligands were applied in the Pd-
catalyzed alkoxycarbonylation of aryl iodides to obtain yields of up to 99 % with ee’s

as high as 68 % (Scheme 25)."
[PACI(C;3H5)1, 1.5 %
AN CuCl(20%) _  MeOOC COOMe
©/\ MeOH, 20 °C, CO, O, >
Q Ph
&Y
S N/ (o]
\J

6% \

Scheme 25. Asymmetric bis(methoxycarbonylation) of styrenes.'

Palladium complexes of thiosemicarbazone were applied in Heck—Mizoroki

reactions of styrene with aryl bromides and gave good selectivity for formation of

trans-stilbene of up to 96%. The reaction works well in both an inert atmosphere and

in air (Scheme 26)."

Br
= —_—
+ AcONa, DMF
R

150°C, 24 h

trans- stilbene

Scheme 26. Heck—Mizoroki reactions of styrene with aryl bromides.'*

Another air- and  moisture-stable  zwitterionic,  salicylaldehyde
N—4-hexamethyleneiminylthiosemicarbazone palladium complex (Figure 15), has
been used in microwave-promoted Suzuki—Miyaura reactions of aryl bromides and

chlorides in DMF/H,0 under aerobic conditions with turnover numbers up to 37,000
at 100 °C in 24 h.'® '
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Figure 15. Salicylaldehyde N—4—hexamethyleneiminylthiosemicarbazone palladium

complex.' 6

Zhang et al. reported the use of polymer-supported palladium complexes of
thioureas at 80 °C in wet 'PrOH for 3 h in Suzuki-Miyaura reactions of aryl iodides
and aryl bromide with phenylboronic acid to obtain quantitative yields of cross-

coupled products.94 The preparation of the catalyst is shown in Scheme 27.

aw S VAW

sl Si S Si
N/ \./

g o PdL, g o g

HN, NH HN.  NH

S spPdL,

Scheme 27. The synthesis of a resin-bound palladium thiourea complex.”*

Preliminary results suggest that palladium-thioureas [Pd(Ptu),][CoCls]; Ptu =
(PPhy)CH,CH,NHC(S)NHPh, can be used in the homogenous hydrogenation of
styrene to give good yic:-:lds.74 Moreover, a palladium—thiourea xerogel was also used
for the reduction of phenylacetylene at 25 °C in CH3OH at atmospheric pressure. The
products can be controlled by reaction time to give either alkane or alkene in better
yield than using the Lindlar catalyst (88 vs 82%).”

Thiourea—palladium complexes were established as novel catalysts for the

Pauson—Khand reaction of allylpropargylamine (Scheme 28).%°
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R R R3 R1
s YR PdCl,, tmtu
Ts—N —=  Ts—N o
R CO, THF, 50 °C
- 2
R4 R4 R,

Scheme 28. The Pauson—Khand reaction of allylpropargylamine.?

The highly effective catalyst system of Pdl,-thiourea was developed for
carbonylation of o-hydroxyarylacetylenes to afford methyl benzo[b]furan-3-
carboxylate scafolds.’® Recent advances have been made in thiourea-palladium-
catalyzed carbonylative annulation of iodophenol acetates and acetylenes to obtain

flavones as shown in Scheme 29.

0O
l PdCI;(PPh;),
AN Thiourea, dppp AN
| + - |
R > R—-
F CO, NEt,, DBU F
OAc  Ar 40°C, 48 h o A

Scheme 29. Thiourea-palladium-catalyzed carbonylative annulation of iodophenol

acetates.%

Very recently, the natural product, Crisamicin A, has been synthesized vig a
key intermediate lactone, which can be constructed from palladium-catalyzed

alkoxycarbonylation—lactonization using Pd(OAc)/tmtu as the catalyst (Scheme

30).%

OMe OH

Pd(OAc),/tmtu
CuCl,, CO, THF

_—

Me NH,OAc, PO, §0 °C

OMe (EDH

PO = Propylene oxide

Scheme 30. Synthetic route to Crisamicin A.%’

Clearly, thiourea ligands are potentially good ligands in palladium catalysis
and they are air and moisture stable. They represent a new type of ligand which is

effective and also easy to handle.

Zing,
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Previously, we have shown the synthesis of the chiral thiourea L1 (Figure 16)
which was first reported by the group of Prof. Z. Yang at Peking University.!” L1 was
found to be efficient for Heck-Mizoroki'” ' and Suzuki-Miyaura cross-coupling
reactions, '’ Suzuki-Miyaura carbonylations,'’ bis(methoxycarbonylation)'? reactions
and alkoxycarbonylations of aryl iodides, vide supra.®® In collaboration with the group
of Prof. Z. Yang, who synthesized the ligands, we focused on detailed

characterization of the mono- and di-palladium complexes of L1.

gy

"¢
FQ
Figure 16. Chiral thiourea (L1)."

The objectives of this study are:

1. the synthesis of the palladium complexes of monodentate thioureas (tmtu) and

chiral thiourea L.1; and

2. full characterization and investigation of their palladium complexes.



Table 2. Bond lengths, angles and dihedral angles for palladium-thiourea complexes.
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Compound Pd-S (A)® S-C (A)® C-N(A)® Pd-S—C (°) Pd-S—C-N (°) Ref ¢
Cl P .
J 2.319(1) 1.723 1.302 1.318 107.14 25.22 90
1 [1.72009)] ® [1.340(6)]° [51]
(B8 NH, HN A _2’2c'_
ot ", A 2333 A 1.734 A 1.305 1.370 A 107.99 A 25.44
S
)¢ B 2.364 B 1.718 B 1.329 1.482 B 107.35 B 6.80 87
H,\ S 5 NH,
(A " e |7, A 2316 A 1714 A 1314 1.329 A 110.46 A 2587
MUN T B 2.341 B 1.729 B 1.311 1.330 B 109.52 B -27.12 s
Pd
""\KS/ \SYNHZ C 2331 C 1.742 C 1316 1.325 C 109.74 C -27.46
e o wcd D 2.346 D 1.726 D 1.322 1.335 D 110.62 D 17.21
(a M wwo A 2313 A 1.721 A 1322 1334 A 11051 A -24.82
! e B 2336 B 1.730 B 1.307 1.315 B 111.33 B -17.94
b 89
N C 2.320 C 1.729 C 1.313 1316 C 109.64 C 27.87
Lo o, S D 2.345 D 1.746 D 1.295 1.326 D 108.01 D 29.61
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Table 2 (continued)
Compound Pd-S (A)? S-C(A)*? C-N(A)* Pd-S—-C (°) Pd-S-C-N (°) Ref ¢
" A, /Ez ”;\B’—‘zr Ap 15.21
H, N
S\Pd/s h A 2.336(1) A 1.712(4) A 1.311 1.321 A 109.0(1) A, -15.21 99
, s N B 2.338(1) B 1.716(2) B 1.293 1.326 B 110.(2) B, 16.36
H,N\K YNHZ
LB w2 B, -16.36
A 2.3135(5) A 1.331(2) A 113.63(6) A -45.59
A 1.7876(19)
¢l ¢ 2.2814(7) 1.322(2) 112.93(6) 135.09
e 52
M ;N NMe,
—s Ds= B 2.3052(5) B 1.326(2) B 113.80(6) B 73.32
Me N od” NMe, B 1.7908(18)
, o i g 2.2906(6) 1.326(2) 105.60(6) -106.91
[1.6876(15)]° [1.3613(11)]" [52]
A, 59.83
CN(H) CN(C)
A‘/\ “Bu._ & 2 A -59.83 86
/Z\" )‘\S 2cr A 2.3191(11) A 1.723(4) A 1336 1.349 A 95.70 B. 0.10
B S\Pds E B 2.3263(9) B 1.709(3) B 1.328 1.362 B 102.76(12) l.
s N\ /B : : B, -0.10
- , [1.700]"° [1.348 1.363]° [100]




Table 2 (continued)

105

Compound Pd-S (A)* S—C (A)*? C-N (A)? Pd-S-C (°) Pd-S—C-N (°) Ref ¢
1A 1.310 1.384 18
8
MQS/NTN\MQS 1A2.297 1B2.282 | 1A 1.695 1B 1.707 1B 1.354 1325 | 1A 110.01 1B111.12 | 1A 31.03 1B 28.15
N/”“ 7 2A2.279 2B2.310 | 2A 1.662 2B 1.702 2A1.342 1.352 | 2A 111.06 2B 110.35 | 2A 25.16 2B 31.17
A [N>=s—"|"—°' 2B 1355 1.370
\ Cl
Mes b b
[1.666(2)] [1.355(2)] [101]
1A 1.310 1.407
}Wes Mes\
N ¢ N 1A2.317 1B2.325 | 1A 1.663 1B 1.685 1B 1.330 1352 | 1A 110.70 1B 110.62 | 1A 19.66 1B-16.10 18
A [ >=S—Pld—s=< j B
- a N 2A2.311 2B2.310 | 2A1.675 2B 1.726 2A 1.343 1361 |2A 111.54 2B 111.80 | 2A 20.95 2B -19.82
Mes Mes
2B 1.269 1.376
LT NI S M A, 74.87
~¢ N | CN(H) CN(C) '
wel S S N A, -74.87
P A 2323 A 1.718 A 1320 1351 A 106.25 102
H/N\( sﬁ,u/ B] 3.86
N N B 2.325 B 1.707 B 1.320 1.356 B 107.20
Y T, B, -3.66

Me
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Compound Pd-S (A)® S-C (A)* C-N(A)® Pd-S-C (°) Pd-S—-C-N (°) Ref
A, By
o e < T A1 43.29
_ C-N(H) C-N(C
wl A, /L N *h © A, -43.29
5 N A 2.327(1) A 1.701(4) A 1352 1365 A 109.3(2) 58
2o YA B 2.336(2) B 1.704(6) B 1357 1.327 B 105.6(2) 512695
S " : ' ' ' ' B, -26.95
\_—-§ S B
Ij /\Pd<s C-N(C) C-N(Pd)
A 2.284 A 1.701 A 1.262 1589 A 102.58 A-3.25
c<\"\Pd/ D
ST B 2.307 B 1.713 B 1.343 1.341 B 101.74 B -10.09 59
Y C 2.307 C 1.700 C 1.291 1.518 C 102.55 C -30.55
(- s=.<Nj D 2.303 D 1.683 D 1.377 1.344 D 102.30 D -7.09
A, By
N//L\NH Me\N/N\\ 2 C N(H) C N(C) A] 414
\ /N 2CV — —
Me/N ’&s\ 5)\: A -4.14
. A 2332 A -1.701 A 1.340 1336 A 106.24 59
LN B, -13.13
N’J./ T, B 2.336 B 1.711 B 1.329 1.342 B 106.18
N B, 13.13
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Compound Pd-S (A)° S-C (A)* C-N (A)* Pd-S—C () Pd-S—-C-N (9 Ref ©
A A 2338 A 1.730 A 1318 1.329 A 105.33 A -46.50 84
( oo ze1 B 2.334 B 1.737 B 1.299 1.334 B 109.20 B -61.67
:-J S S N
y " C 2.337 C 1.726 C 1.302 1.313 C 110.89 C -0.73
il S S, H
(" ﬁ:“) D 2316 D 1.726 D 1.307 1.323 D 106.89 D -19.03
NH HN
~ o [1.722(7)]® [1.334(6)]® [53]
— ¢ C-N(CO) C-N
Me—< >==s—P:d—s=< ) Me ( ) (N) 69
P RS 2.321 1.685 1.360 1.322 107.15 544 -544
es C-N(CO) C-N(N A, -13.16
. T o (€9) ) A213.16
. _N2=s-1ﬂ-s=§H “ A 2310 A 1.703 A 1349 1.349 A 111.37 B 1346 69
R B 2.330 B 1.701 B 1327 1.348 B 107.51 Lo
. e B, 13.46
DR 2.264 1.724 1311 97.82
= “NH . . . .
M Pd\/l\ ) <2.0 67
T 2.265 1.734 1.319 98.09
r H_<NH' * 2cFys0y .
>"<s 4“ 2.3148(14) 1.707 1315 1.351 106.27 18.87 68
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Compound Pd-S (A)® S—C (A)® C-N(A)® Pd-S—C (°) Pd-S—C-N (°) Ref
1.257(12)
H,N NH; (% oy i
—s S— 2.253(2) 1.648(11) 1.337(11) 110.5(3)
HN Pd NH I.11 4.53 71
" W 2.261(3) 1.729(10) 1.343(18) 110.6(4)
H,N NH,
1.372(15)
H,
Clo N Me
o )"\ | 2.264(1) 1.695(4) 1.332(6) 1.345(6) 97.2(2) 2.73 62
ci” \s/ N/N
H
o e A me 2240 1.692 96.98
S 1 1.314 - 1.343 <1 69
NN N 2.242 1.702 - 97.26
H
N "
T3 I
e \S/KN/N 2.246 - 2.251 1.694 —1.700 1.323 - 1.352 97.88 — 97.35 05-2 69
H
(divordered structure)
H,
B N2, Me 2.252(2 1.694(7 97.6(3)
il /"L I ) ) 1.313(8) - 1.373(8) 0-3.13 66
N 2.259(2) 1.685(8) 97.9(3)
H
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Compound Pd—S (A)° S—C(A)* C—N(A)* Pd-S—C () Pd—S—C—N () Ref
N 2.274(2 1.692(6) 328 97.9(2) 10.53 66
A A 27 o 1.353 ' |

H
5 N, me 1.322
N )"\ | 2.275(2) 1.711(5) 114.0(3) 14.02 66
prg”” g7 ﬂ/N 1.350
Phap\”"/ 1.325
S N .
AT 2289 1.728 79.63 8.0 61

Yo 1.351
7/ —_

PhyP

r P
Ph N. _NH |2
ph- P T 2C1

Pd/s

5|/ \/Ph 2.327(5)-2.355(2) | 1.711(10)— 1.745(7) | 1.312(8)~ 1.338(9) | 114.5(3)— 116.8(3) 40.85 -40.85 74
HE’ u/\/P\Ph
R |

(diordered structure)
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Table 2 (continued)
Compound Pd-S (A)® S-C (A)* C-N(A)* Pd-S-C (°) Pd-S-C-N (‘*) Ref
Pr. N A
ph- -P \ll/ 2CoCl,
N, 2.314(6) 1.67(2) 59.98
- 1.29(2) — 1.36(2) 117(1) 74
j\ o 2.337(6) 1.73(2) 60.55
N NN Ph
| H
Me,
M‘I\N/Me \N/Me
P S/A -39.95
"N /[‘k 2.282 1.770 1.304 - 1.377 101.36 72
\ TN -39.95
b\/‘\Me Me)§/
Me,
M"\N/Me \N,Me
) /S/Lf' 2274 1.758 3181355 100.13 3171
N \ . - 1. 72
\ N/pd\N/Ks 2.287 1.761 101.45 -37.39
s\/j\ Ph)§/
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Compound Pd-S (A)* S—-C (A)® C-N (A)* Pd-S—C (°) Pd-S—C-N (°) Ref©
/Me Me\N/Me
Me~\N
>\s SAN
(Y § 2.276 1.752 1.333-1.337 98.10 49.97 49.997 72
)\ /Pd\N S
N /\§<
VKP" L
O;N :
oL 2.2281(15) 1.7346(15) C-N(H,) C-N(H) 94.43 (chelate) -0.27 (chelate) | 78
C O,ijs/ ; (chelate) (chelate) 1.328 1.340 108.43 3.68
i, 2 2.3213(14) 1.6582(14) 1.340 1.350
H,N u/\
v [1.690]° [1.333 1.349]" [103]
A ] 2.303 1.729 1.326 1.326 107.57 2.51 e
A WAND
o T 2.305 1.723 1.336 1.337 107.21 35.97
ol T 2.263(3) 1.727(10) 1.307 95.19 2.46
—pd. P s 77
N "Q"QTM"’ 2.306(3) 1.774(10) 1.334 107.61 24.76
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Table 2 (continued)
Compound Pd-S (A)? S—C (A)? C-N(A)® Pd-S-C (°) Pd-S-C-N (°) Ref®
Et
Lo NC C-N(CO) C-N(C) 79
f\f ] 2.3164(10) 1.689(4) 1.315(5) 1.379(5) 114.81 -10.24 14.18
NWad
Br;d\s [0}
HN/LN/”\P»‘ [1.623(4)]° [1.367(5) 1.312(4)]® [104]
) H
Et
Et
H
Ph._ N._ __NH
Y C-N(CO) C-N(C)
N 11.84
eal_ 2.322 1.690 1377 1.327 113.54 105
ca” s o _ -11.84
PPN




Table 2 (continued)

113

Compound Pd-S (A) S-C (A)* C-NA)*? Pd-S-C (%) Pd-S-C-N (°) Ref
H
/N S.
Bu' N /S\ //0
I e ¥ 2.2762(17) 1.714(6) 1.341(8) 1.345(8) 98.8(2) 3.93 63
Me/ \n S Me
N _NH ‘e
ARl W ? 1
| ]\A\\,jr 2253 1.712 97.57
- 1.309 - 1.325 0—4 75
{ 2.298 1.714 115.59
H H
E\ Sy 1.332
2.24 712 7. . 4
_ O_PEd/s 6 1 336 97.23 1.53 1
Cl
[o]] PBu,
N\ /
P 1.32(2)
=( s 2.318(3) 1.72(1) L362) 98.5(4) 7.92 65
< :
N NH,
on o D C-N(H) C-N(Ph)
(>\ Y A 2.2760(17) A 1.706(6) A 1.349 1.327 A 99.29 7.77 64
s s B 2.2894(15) B 1.718(6) B 1.345 1.325 B 99.02 5.44
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Table 2 (continued)

Compound Pd-S (A)* S—C (A)? C-N(A)* Pd-S—C (°) Pd-S—-C-N (°) Ref
Ph_ Ph C"’:e BFe
1.333
oy W 2.302(2) 1.719(7) 99.40 5.10 64
N 1.346
pr” ‘oh pLa
1.723 1284 94.99 9.23 70
2227 ' 1.347 ' '
1.324(19)
2.282 1.741(15) 99.10 1.95 16
1.34(2)
1.731 131> 92.97 56.94 45
2315 ' 1.349 ' '

® Values from CSD, ® Value in thiourea free ligands, © References in brackets are for free ligands.
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I1. Results and discussion

I1.1 Tetramethyl thiourea (tmtu)
I1.1.1 Synthesis of tetramethyl thiourea palladium complexes

The reactions of the tmtu ligand and PdCl,(PhCN), gave the mono-palladium
complex PdCly(tmtu), Pd(tmtu) and the di-palladium complex [ u-(tmtu)PdCl, ],
Pd,(tmtu)’> when two and one equivalents, respectively, of tmtu were employed
relative to one equivalent of PdCI;(PhCN), in CH,Cl, at room temperature as shown

in Figure 17. Pd(tmtu) was prepared in our group by Mr. T. Turner.*?

I
2eq. tmtu Me—N (l:l N—Me
PACI,(PhCN); —— — — » >.=s_pd_s=<
DCM, 1t Mo—N & N—te
Me Me
1eq. tmtu DCM, rt Pd(tmtu)

>=si :s% Pd,(tmtu)

Figure 17. The preparation of the Pd-tmtu complexes.

I1.1.2 Characterization of the palladium complexes

The complexes were characterized by NMR spectroscopy, including Bey'Hy
solid state NMR spectroscopy, elemental analysis and single-crystal X-ray diffraction.
Analogous characterization was carried out on the free ligand tmtu for comparison.

Single crvstal structure of palladium complexes

Single crystals of Pd(tmtu) suitable for X-ray diffraction were grown via slow
evaporation of a solution in CH,Cly:Et;O. It crystallizes in the triclinic space group P-
| with Z = 1 and 0.5 molecules in the asymmetric unit. The molecular structure of
Pd(tmtu) is shown in Figure 18. The Pd center is coincident with a crystallographic

center of inversion and the complex has a trans square-planar geometry.
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Figure 18. The molecular structure of Pd(tmtu).

The molecular structure of Pd,(tmtu) was confirmed via single-crystal X-ray
diffraction. A good quality single crystal of Pd;(tmtu) was obtained from slow
evaporation of a solution in CH3CN in our group by Mr. T. Turner.’? It was found to
crystallize in the monoclinic space group P2,/n with Z = 4, with one molecule of
Pd,(tmtu) and two molecules of CH3CN solvate in the asymmetric unit. The
molecular structure of Pd,(tmtu) is shown in Figure 19 (solvate molecules omitted).
Interestingly, the chloride ligands are terminal whereas the sulfur atoms are bridging.
The two Pd centers have cis- configurations but exhibit small tetrahedral distortions:
the dihedral angles between the S(1)Pd(1)S(2) and CI(1)Pd(1)CI(2) planes and
between the S(1)Pd(2)S(2) and CI(3)Pd(2)Cl(4) planes are both 4°. The two tmtu
ligands show an endo configuration with respect to the puckered Pd,S, core. This
sulfur bridged structure is the first example found for a palladium thiourea complex,

but this coordination mode is known for other metals, for example, Cu'® and Ag'”

Figure 19. The molecular structure of Pd,(tmtu) (CH3;CN solvate molecules omitted

for cla:ity).52

The single crystal structure of the tmtu ligand is depicted in Figure 20 for
comparison; the crystal was obtained from H,O in our group by Mr. T. Turner.’” The

ligand crystallizes in the monoclinic space group C2/c with Z = 4.
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Figure 20. The molecular structure of tmtu.

The crystallographic data and refinement parameters for tmtu, Pd(tmtu) and
Pdy(tmtu) are given in Table 3, and selected bond lengths and angles are listed in
Table 4.

The Pd-S—C angle in Pd(tmtu) is smaller than in Pd(tmtu) (108.60(5)° vs
113.33(6)° (av), respectively). The C-N bonds are slightly shortened compared to
tmtu by 0.02 A (Pd(tmtu)) and 0.04 A (Pdx(tmtu)). The C=S bonds in Pdy(tmtu) are
significantly longer (1.7892(19) A (av)) than in the Pd(tmtu) (1.7337(15) A) and in
the free ligand (1.687(6) A). This suggests a weakening of the C=S bond with
concomitant strengthening of the C—N bonds on complexation to Pd, an effect which
is even larger in the dimer, where the sulfur is bonded to two Pd centers. Interestingly,
the Pd-S distances in the S-bridged dimer are slightly shorter (by ca. 0.03 A) than in
the monomer, whereas the Pd—Cl distances are nearly identical in both complexes.
Whilst the S—C—N angles in tmtu are equivalent, this is not the case for the complexes

(ca. 3° and 9° differences in Pd(tmtu) and Pd;(tmtu), respectively).



Table 3. Crystallographic data for tmtu and its palladium complexes.

Compound tmtu Pd(tmtu) Pd,(tmtu)
Formula CsHi:N,S C1oH2sClN4PdS, CoH2sCL4N,-Pd; S, 2CH;CN
FW 132.23 442.80 660.11
. T(K) 120(2) 120 120(2)
Crystal system Monoclinic Triclinic Monoclinic
Space group (no.) C2c P-1 P2y/n
a(A) 5.4685(6) 7.3045(7) 12.2740(14)
b(A) 12.0328(13) 7.8020(8) 13.4802(16)
c(R) 10.9346(10) 8.3679(8) 14.2629(17)
o (%) 90.00 110.92(1) 90.00
B (®) 95.62(2) 95.59(1) 102.07(2)
y(°) " 90.00 100.81(1) 90.00
U (A% 716.05(13) 430.46(7) 2307.7(5)
VA 4 1 4
D (Mg cm™) 1.227 1.708 1.900
u (mm™") 0.36 1.62 221
Refls measured 4946 5238 26458
unique, Rin, % 1049, 2.3 2473,2.8 6534,3.0
Refls with />2a(/) 1049 2327 5414
R\, WR;, % 3.1,82 1.9, 4.6 2.0,4.7
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Table 4. Selected bond lengths and angles for tmtu and its palladium complexes.

Bond lengths (A) tmtu Pd(tmtu) Pd,(tmtu)
Pd-S 2.3268(8) 2.2814(7), 2.2906(9)
Pd-S' 2.3268(4) 2.3052(5), 2.3135(5)
Pa-CI(1) 23103(5) 2.3075(5), 2.3201(5)
Pd-CI(2) 231035) | 2.3227(7), 2.3292(6)
C2y-S 1.687(6) 1.7337(15) 1.7876(19), 1.7908(18)
C)-N() 1361(3) 13412) 13222), 1.326(2)
C2)-NG) 1361(3) 1341(2) 1326(2), 1.331(2)
N()-C(11) 1.458(7) 1.462(2) 1.467 (av)
NG)-C21) 1.463(9) 1458(2) 1473(av)
Bond angles (deg)
Pd-S-C(2) 108.60(5) 112.93(6), 113.63(6)
S-C-N() 122.32(6) 119.35(11) 114.22(14), 123.82(14)
S-C-N@) 122.32(6) 121.80(11) 115.20(13), 123.85(14)
CI-Pd-Cl 179.998(1) 94.260(19), 94.14(2)
pas 86.706(17) 92.507(18), 94.531(18)
93.294(17) 94.50(2), 93.262(2)
S-Pd-S 179.999(2) 78.798(17), 79.15(2)

The 'H and >C{'H} NMR resonances in CD,Cl, and the 13C{'H} resonances
in the solid state are listed in Table 5. In solution, the *C{'H} resonance for the C=S
carbon in the free tmtu ligand (& 195.05 ppm) exhibits a lower field chemical shift
than that for the complexes (ca. § 188 — 189 ppm). On the other hand, the CH; (6
43.79 ppm) signal for the free ligand is observed at a higher field than in the
complexes (ca. & 45 ppm). The same results were observed in the 'H NMR spectra;
the CHj groups in the complexes exhibit resonances at slightly lower fields than those
for the free ligand. Interestingly, the solution NMR spectrum of Pd(tmtu) displays
two C=S signals (& 188.38 and 189.29 ppm) and two CHj signals (6 45.07 and 45.23
ppm) suggesting that two complexes are present in solution. These two complexes are
postulated to be cis- and trans-Pd(tmtu), as the cis- and trans- isomers of analogous
complexes with other thiourea ligands have been reported previously.'® 6

Interestingly, these signals are essentially identical to those observed in the NMR

spectrum of Pd,(tmtu) (C=S at §188.42, 189.31 ppm and CHj at 645.08, 45.24 ppm,
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respectively (see Table 5)). For this reason, we believe that, in solution, both
monomeric and dimeric complexes give rise to the same species (i.e., cis- and trans-
monomeric complexes). In the solid state, the BC{'H} NMR spectrum of Pd;(tmtu)
shows two C=S signals at § 171.33 and 173.00 ppm, consistent with the two
environments in the single crystal structure, which are significantly shifted with
respect to the C=S signals observed in solution. Five signals for the CH3 groups are
observed. Eight independent CH; groups are found in the crystal structure of
Pd,(tmtu), which suggests that some of the 13C{'H} signals are overlapped in the
solid state NMR spectrum.

Table 5. The 'H (500 MHz) and *C{'H} (125 MHz) NMR resonances for tmtu,
Pd(tmtu) and Pd>(tmtu) in CD,Cl, (ppm); BC{'H} (100 MHz) resonances in the

solid state are given in parentheses.

1 BC{H)
Compounds H
CH; C=S
3.00 43.79 195.05
tmtu
(s, 12H) (42.38, 44.53) (192.96)
3.23,3.2] 45.07,45.23 188.38, 189.29
Pd(tmtu)
(s, 24H) . (46.79) (188.45)
3.23,3.21 45.08,45.24 188.42, 189.31
Pd;(tmtu)
(s, 24H) (44.94,46.51,47.45, 48.66, 51.30) | (171.33,173.00)

Because of the low solubility of Pdy(tmtu), no dynamic NMR studies have
been carried out. However, from the solution and solid state NMR spectra, we can

speculate on the interconversion of Pd,(tmtu) and Pd(tmtu) as summarized in Figure
21.

N ci ci cl
pd - PdCl, I
tmty, tmtu ——— > tmtu—Pd—Cl =< tmtu—Pd—tmtu <*—— tmtu—Pd—tmtu
cu’pd‘CI tmtu cl cl
Pd,(tmtu) Q‘is-Pd(tmtu) trans-Pd(tmtlw Pd(tmtu)

(solid state)

Figure 21. The interconversion of Pd;(tmtu) and Pd(tmtu) in solution.

(solution) (solid state) -
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Thus, the dimer appears to be relatively unstable in solution, with respect to
the monomeric complex and PdCl,. Presumably, the trans- isomer of the monomer

crystall'ized more readily than the cis- isomer. Clearly, the Pd—S bonds are fairly weak

and the system is labile.

I1.2 C>-symmetric chiral thiourea

I1.2.1 Ligand characterizations

C, &

M1 M1

ORI N
sanvienav:

] 6 7 > 6 7

L(S,S) L(R,R)
Figure 22. The structures of chiral thiourea ligands.

The chiral thioureas, (S,S)-1,3-di-o-tolyl-hexahydro-1H-benzo[d]imidazole-
2(3H)-thione L(S,S) (Figure 22) and (R,R)-1,3-di-o-tolyl-hexahydro-1H-
benzo[d]imidazole-2(3 H)-thione L(R,R) (Figure 22) and a racemic mixture of the two
L(rac) were synthesized by the group of Prof. Z. Yang at Peking University. The
ligands were characterized by NMR ('H, “C{'H}, COSY, NOESY, HSQC and
HMBC), IR, mass spectrometry, HMRS, elemental analysis and single-crystal X-ray
diffraction. Their >C{'H} NMR spectra show only 11 signals which implies that they
are C, symmetric molecules. Their proton and carbon resonances were assigned using
two-dimensional NMR techniques. A COSY experiment (Figure 23) was performed
to assign the protons in the six-membered cyclohexane ring. The proton at position 3
(8 ca. 3.7 ppm) correlates with the resonances at 6 1.44 and 1.80 ppm which can thus
be assigned to the axial and equatorial protons at position 2. The protons at position 2
also couple with the axial and equatorial protons at position 1. The assignment of
protons in the aromatic ring was aided by a NOESY spectrum (Figure 24). The
doublet at position 6 (6 7.19 ppm) correlates with the resonance at position 3 (if the

N-C11 single bond rotates by 180° from the orientation shown in Figure 22, C6 and
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C3 are in proximity to one another). Finally, HSQC and HMBC spectra (Appendix A,
Figures Al4 and A15) can be used to identify all carbons. The 'H and “C{'H}
resonances of L(rac) at -60, 20 and 100 °C (*H only) are summarized in Table 6.

H3

A

ﬁsé @ =

WL ) L Ll W U B L LU L ) MU L LU L T
1 1 34 12 0 28 L T T S FLIN | 15 14 12

Fi tpprr)

Figure 23. The COSY (500 MHz) spectrum of the aliphatic region of L(rac).
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Figure 24. The NOESY (500 MHz) spectrum of L(rac).
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Table 6. 'H (500 MHz) and *C{'H} (125 MHz) NMR shifts for L(rac).*

1 1

RoFNe#
NfN @N w'

6

L(S,S) L(R,R)
Protons -60°C® 20 °C® 100°C* | Carbons | -60°C® 20°C?
124132 138 - 142 Cl 2443 | 2521
(m, 2H) (m, 2H) 1.34 - 1.47
Hl C2 28.31 29.18
1.37-1.50 1.44-1.59 (m, 4H)
and (m, 2H) (m,2H) | 1.82-1.94
C3 68.94 69.80
H2 1.71 = 1.77 1.80—1.86 (m, 4H)
m, 4H m, 4H
( ) ( ) C4 18.72 19.10
3.60 — 3.68 3.69-3.76 | 3.62—3.72
H3 (. 2H) (m, 2H) (. 2H) C5 186.16 | 187.34
2.33 2.41 2.45 :
H4 (s, 6H) (s, 61 (s, 6D C6 126.31 126.88
7.16 7.19 7.0 — 7.24
H6 @ 1=8Hz 2H) | @ T=8.2H) | (m,2H) C7 12828 | 128.71
C8 131.12 | 131.71
H7
724 -7.32 731-7.40 | 7.30-17.38 C9 127.31 127.81
HS
(m, 6H) (m, 6H) (m, 6H) C10 13838 | 139.07
H9 :
Cl11 139.14 | 140.11
® s = singlet; d = doublet; t = triplet; m = multiplet; ® in CD,Cly; ¢ in 1,1,2,2-

tetrachloroethane-d; (TCE-d»).
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Figure 25. The molecular structure of L(S,S).

The molecular structure of L(S,S) is depicted in Figure 25. The single crystal
structure of L(rac) was solved previously at 293 K on crystals obtained by Ms. J. Liu
at Peking University, and was found to crystallize the monoclinic space group P2,/n.
The ligand L(S,S) crystallizes in the monoclinic, chiral space group P2,. The
crystallographic data and selected bond lengths and angles are given in Tables 7 and
8, respectively. Both structures show very similar bond lengths and angles. The C=S
bond length in L(S,S) is 1.661(2) A which is 0.02 and 0.06 A shorter than the
corresponding distances in tmtu’? and thiourea (tu),”' respectively. Furthermore, the
C—N bond lengths (1.40 (av) A) are 0.04 and 0.06 A longer than those in tmtu and tu
respectively. Clearly, the C=S bond has more double bond character in L(S,S)
whereas the C—N bonds have more single bond character than in tmtu and tu,
respectively. This effect can be explained by the increased localization of lone pair
electrons on the nitrogen atoms rather than on the C=S bond in L(S,S).

The S—C—N angles (125.85° (av)) are significantly wider than those in tu and
tmtu (120.5(5)° and 122.32(6)°, respectively). The influence of the cyclohexyl ring
may be responsible for this. The structure shows the frans fused junction, the
cyclohexyl ring in a chair conformation and the five-membered heterocycle to adopt
an asymmetrically twisted conformation (the C(4) and C(5) atoms are displaced from
the SC(2)N(1)N(3) plane by 0.26 and -0.35 A, respectively).

Interestingly, the main difference between the structure of L(S,S) and L(rac)
is the dihedral angle between one of the tolyl groups and the five-membered
heterocycle which is 66.6° in L(rac) compared to 82.7° in L(S,S)). The dihedral
angles between the heterocycle and the other tolyl group are identical in both

structures (82.6°).
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I11.2.2 Synthesis of chiral thiourea palladium complexes

The chiral thiourea ligands can be converted to mono- and di-palladium
complexes (Scheme 31). In route A, two equivalents of L(rac) and PdCl; in refluxing
methanol for 2 days gave a racemic mixture of the mono-palladium complexes
[Pd{L(R,R)}>Cl,] and [Pd{L(S,S)}2Cl2] collectively referred to as rac-Pd, as well as
the meso mono-palladium complex [Pd{L(S,S)} {L(R,R)}Cl,] meso-Pd. This mixture
will be referred to as rac-Pd / meso-Pd. The dimeric-palladium complexes were
synthesized as shown in routes B, C and D. One equivalent of homochiral L(R,R) or
L(S,S) was reacted with one equivalent of PdCl; in refluxing methanol for 4 h to give
the optically pure palladium dimer complexes [Pd-u-L(R,R)CL], R,R-Pd; or [Pd-p-
L(S,S)Cl], S,S-Pd, respectively. Route C was used with L(rac) to afford a racemic
mixture of R,R-Pd, and S,S-Pd, collectively referred to as rac-Pd;, and the meso di-
palladium complex [Clde;y-L(S,S)—p—L(R,R)Clz] meso-Pd;. This mixture is referred
to as rac-Pd, / meso-Pd,. Finally, route D shows the conversion of the palladium
dimer complexes rac-Pd; and meso-Pd; to the mono-palladium complexes rac-Pd
and meso-Pd by adding two equivalents of L(rac) to one of the palladium dimers in
refluxing methanol for two days. The reaction was repeated in CDCl; at room
temperature and was monitored by !H NMR. The reaction was found to be complete
at room temperature in 36 h (See Figure A21 in Appendix A). There are two
mechanisms which can explain the conversion of the palladium dimer to monomer: (i)
the cleavage of the dimer followed by attack of thiourea nucleophile (Sxl); or (i)
attack of the ligand with concomitant ring opening of the dimer (Sx2). The conversion
of the dimer to the monomer is very important and is related to the dynamic behavior

in this system which will be discussed in detail in due course.
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Scheme 31. The synthetic routes for the mono- and di-palladium chiral thiourea

complexes.

I1.2.3 Characterization of palladium complexes

The complexes were characterized by NMR spectroscopy ('H, Bc('H),
COSY, NOESY, HSQC and HMBC), IR, elemental analysis and single-crystal X-ray
diffraction.

" The IR spectra of L(rac), rac-Pd / meso-Pd and rac-Pd, / meso-Pd; are given
in Appendix A, Figures Al16, A17 and A18, respectively. The MALDI-TOF mass
spectra of rac-Pd; / meso-Pd, and rac-Pd / meso-Pd are shown in Figures 26 and 27,
respectively. Both mixtures show complex, albeit similar, fragmentation, displaying
major peaks at m/z 778 and 815 which were identified as PdL, and PdL,Cl,
respectively. The relative intensity of the peak at m/z = 921, attributed to Pd,L,Cl was
50 % in rac-Pd, / meso-Pd, whereas in rac-Pd / meso-Pd it was ca. 10%. Another
significant peak in rac-Pd; / meso-Pd, is m/z = 1506 which was attributed to

Pd4L;Cl,. Interestingly, this signal is not observed in rac-Pd / meso-Pd.
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Figure 26. The MALDI TOF mass spectrum of rac-Pd, / meso-Pd,.
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Figure 27. The MALDI TOF mass spectrum of rac-Pd / meso-Pd.

I1.2.3.4) Crystal structures of palladium complexes
Monomeric palladium complex

The structure of the meso-Pd was confirmed by single-crystal X-ray
diffraction on a crystal grown via the slow evaporation of a solution of rac-Pd / meso-
Pd in CD,CL:Et,0. The complex crystallizes in the monoclinic space group P21/n
with Z = 4. There is one molecule in the asymmetric unit with two molecules of
CD,Cl; (solvate). The meso-Pd structure (Figure 28) has been solved previously on
two occasions from X-ray diffraction data on crystals grown from CH:Cl (data
collection at 293 K) and CHCl; by the group of Prof. Z. Yang at Peking University

and Ms. J. Liu of our group, respectively. The CHCl; solvate has the same space
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group (P2,/n) and very similar cell parameters to the structure reported in this work
but contain CHCl; solvate molecules in place of the CD,Cl, ones. However, the
crystal obtained from CH,Cl, is crystallized in the triclinic space group P-1 and
contains no CH,Cl, solvate molecule in the lattice (Figure 29). In all of the structures,
the Pd atom lies on an inversion center and has a frans square-planar coordination
similar to that observed in Pd(tmtu) but with two (symmetrically related) solvent

molecules.

Figure 28. The molecular structure of trans-meso-Pd (solvent molecules omitted for

clarity).

Figure 29. The molecular structure of trans-meso-Pd showing one CD-Cl; solvate

molecule.

The crystallographic data and selected bond lengths and bond angles are given
in Tables 7 and 8, respectively. Table 9 provides a summary of the torsion angles and

the angles between planes.
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Table 7 Crystallographic data for the C; chiral thiourea and its palladium complexes.

Compound L(rac) L(S,S) trans-meso-Pd meso-Pd;
Formula CubasS | Cobipps | CsCiNerl - CoHaClite
PdS,2CD,Cl, Pd,S,-C7Hg
FW 336.5 - 336.5 1024.1 1119.7
T (X) 293 120 120 120
Crystal system Monoclinic Monoclinic Monoclinic Triclinic
Space group (no.) P2y/n P2, P2,/n P-1
a(A) 11.9354(5) | 10.5371(10) 14.566(1) 9.8917(8)
b (A) 12.8695(5) 8.5080(8) 10.364(1) 10.813(1)
c(A) 12.7849(5) | 11.2311(11) 16.089(1) 12.575(1)
o (%) 90.00 90.00 90.00 96.18(1)
B (°) 104.46(2) 113.17(1) 98.69(1) 95.34(1)
¥ (%) 90.00 90.00 90.00 113.42(1)
U (A 1901.6(1) 925.65(15) 2400.9(3) 1213.3(2)
Z 4 2 2 1
D, (Mg cm™) 1.175 1.207 1.417 1.532
p(mm™) 0.17 0.18 0.84 1.09
Refls measured 7603 8582 32449 13934
unique, Rin, % 4331, 1.7 4479,2.9 6999, 4.1 5556, 8.7
Refls with I>20(J) 2486 6120 5988 2963
Ry, WRy, % 3.8,104 3.8,8.1 29,78 49,99
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Table 8. Selected bond lengths and angles of the C, chiral thioureas and its palladium

complexes.

Bond distances (A) L(rac) L(S,S) | trans-meso-Pd meso-Pd,
Pd-S 2.3160(4) 2.3055(14)
Pd-§’ 2.3160(4) 2.2956(13)

Pd—CI(1) 2.3184(4) 2.3104(14)
Pd—Cl(2) 2.3184(4) 2.3132(15)
C(2)-S 1.6570(15) | 1.661(2) 1.6944(16) 1.748(5)
C(2)-N(1) 1.367(2) | 1.375(2) 1.351(2) 1.334(6)
C(2)-N(3) 1.382(2) | 1.364(2) 1.355(2) 1.338(6)
N(1)-C(11) 1.434(2) | 1.442(2) 1.439(2) 1.449(6)
NG)-C(21) 1.430(2) | 1.440(2) 1.428(2) i :Zﬁ% X
Angles (deg)
Ci(1)-Pd-S 89.93(2) 91.47(5)
Cl(2)-Pd-S’ 89.93(2) 90.98(5)
C1(2)-Pd-S 90.07(2) 172.60(6)
CI(1)-Pd-S’ 90.07(2) 170.84(5)
CI(1)-Pd-Cl1(2) 180 93.71(5)
S-Pd-S° 180 84.64(5)
Pd-S-Pd’ - 95.36(5)
Pd-S-C(2) 105.05(5) 104.2(2)
Pd’-S-C(2) - 108.6(2)
C-N(1)-C, mean 118.3 114.7 118.4 1194
C-N(3)-C, mean 117.4 116.75 119.5 118.7%,120°

2 major, ® minor positions of disordered moieties.
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Table 9. The torsion angles and the angles between planes in L(S,S), L(rac), trans-

meso-Pd and meso-Pd,.

Torsion angles (deg) L(rac) L(S,S) | trans-meso-Pd meso-Pd;
Cl(1)-Pd-S-C(2) -51.19(5) -61.0(2)
Pd-S-C(2)-N(1) 143.8(1) 131.0(4)
Pd-S-C(2)-N(3) | 37.7(2) -46.5(4)

S-C(2)-N(1)-C(11) "15.8(2) | -22.02) 10.5(2) -3.5(7)
S-C(2)-N(3)-C(21) 13.7(2) | -15.6(0) 0.8(2) -19.2(9).* 5(1)°
C(2)-N(1)-C(11)-C(12) 927(2) | 114.7Q2) -88.1(2) 110.4(6)
C(2)-N(3)-C(21)-C(22) 76.12) | 94.2(2) -67.0(2) 111.7(9),* -99(4)"
N(3)-C(4)-C(5)-N(1) -37.7(1) |35.59(16) | -36.8(1) 23.6(6)
Distance from plane i, (A)
C(4) -0.40 0.26 -0.32 0.11
C(5) 0.23 0.35 0.31 -0.27
C(11) 0.31 0.40 0.24 -0.11
C21) -0.31 0.31 0.01 0.33,-0.15"
Interplanar angles (deg): i/ii 82.6 82.63 82.4 72.1
i/iii 66.6 82.69 - 65.2 79.2,°88.1°
i/Pd - - 67.9 85.6
iii/Pd - - 17.4 12.0211.3°
Interplanar gap (&), iiiliii’ - - 6.33 6.13,76.05°

" Planes: i through S, C(2), N(1), N(2); ii through C(11) to C(16); i through C(21) to
C(26); iii’ through C(21°) to C(26); Pd — coordination plane of Pd (for monomers) or

Pd,S, plane (for dimers), * major, ® minor positions of disordered moieties.
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In comparison to the crystal structure of L(S,S), the ligands show a more
symmetric conformation of the imidazole ring (the C(4) and C(5) atoms are displaced
from the SC(2)N(1)N(3) plane by -0.32 and 0.31 A in meso-Pd and 0.26 and -0.35 A
in L(S,S). The dihedral angles of both tolyl groups to the imidazole of the ligand in
trans-meso-Pd are very similar to those observed in the structure of L(rac) (82.4° and
65.2° in trans-meso-Pd, 82.6° and 66.6° in L(rac)). However, whilst one of these
angles is similar to that observed in L(S,S) the other is significantly different (65.2° in
trans-meso-Pd vs 82.7° in L(S,S)).

The C=S bond length in frans-meso-Pd is 1.6944(16) A which is ca. 0.03 A
longer than those in the free ligands (1.6570(15) and 1.661(2) A for L(rac) and
L(S,S), respectively). The Pd center is sandwiched between tolyl rings. The inter-
planar separation between these tolyl rings (6.33 — 6.40 A) is shorter than twice the

thickness of an aromatic molecule (3.4 A).

Dimeric palladium complex

The molecular structure of meso-Pd, was confirmed by single-crystal X-ray
diffraction on crystals obtained from the slow evaporation of a solution of rac-Pd; /
meso-Pd; in toluene. It crystallizes in the triclinic space group P-1 with 0.5 molecules
of meso-Pd, and 0.5 molecules of toluene solvaté in the asymmetric unit. One of the
tolyl groups is disordered over two positions, with a 3:1 occupancy ratio, which differ
by a ca. 19° tilt of the C—N bond and a rotation about this bond of ca. 167°. The
disorder is purely conformational and does not involve any of the asymmetric atoms.
The molecular structure of meso-Pd; is shown with minor disordered positions and
solvate molecules omitted in Figure 30, and with solvate molecules included and the
minor disordered positions shown with open bonds in Figure 31. The structure of
R,R-Pd, has also been solved previously from X-ray diffraction by Dr. Albesa Jové
on a crystal grown by Ms. J. Liu in our group. It crystallizes in the monoclinic space
group P2, with 0.5 molecules in the asymmetric unit. The molecular structure of R,R-

Pd, is shown in Figure 32 for comparison.



Figure 30. The molecular structure of meso-Pd; with solvate molecules and minor

disordered positions omitted for clarity.

Figure 31. The molecular structure of meso-Pd; with the toluene solvate molecule and

minor disordered positions shown with open bonds.

Figure 32. The molecular structure of R,R-Pd,.

The center of the meso-Pd, molecules lie on a crystallographic inversion
center. The chloride ligands are terminal, whereas the sulfur atoms are bridging in an
almost symmetrical fashion, and have a substantially pyramidalised geometry. In
contrast with trans-meso-Pd, the square planar coordination about the Pd centers is

cis and there are significant tetrahedral distortions (the dihedral angle between the
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SPdS(0A) and Cl(1)PdCI(2) planes is 10%). The thioureas have an exo conformation in
contrast to Pdy(tmtu). The Pd centers are sandwiched between two tolyl moieties,
similar to trans-meso-Pd, but at even shorter distances, viz. Pd---C(26A) = 3.02 A or
Pd---C(26B) = 3.00 A. The C=S bond length is 1.748(5) A which is ca. 0.1 A longer
than that in the ligand (1.661(2) and 1.6570(15) A for L(S,S) and L(rac),
respectively). The lengthening of this bond is accompanied by a shortening of the
adjacent C(2)-N bonds (ca. 1.33 A in trans-meso-Pd; vs 1.37 — 1.38 A in L(S,S) and
L(rac)).

11.2.3.B) NMR Characterization of palladium complexes
Monomeric palladium complex

The 'H and *C{'H} NMR spectra in CD,Cl, at room temperature and -60 °C
of rac-Pd / meso-Pd (obtained shortly after the solution was prepared) show very
complicated signals even at -60 °C (Figures 33 and 34 show 'H and *C{'H} NMR
spectra at -60 °C and Figures A19 and A20 in Appendix A show the 'H and *C{'H}

NMR spectra at room temperature).

L N L L/JLA_

.x“[.x..lx...l.‘|.|x...l|.1|l..l-|1.l.l....l...‘l-.‘.l.‘..l‘..‘l-...l...‘l.yAy
7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 30 25 2.0 15 1.0 0.5

Figure 33. The 'H NMR (500 MHz, CD,Cl,, -60 °C) spectrum of rac-Pd / meso-Pd.
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Figure 34. The >C{'H} NMR (125 MHz, CD,Cl,, -60 °C) spectrum
of rac-Pd/meso-Pd.

Although the >C{'H} spectra are very complicated, resonances for C3 can be
readily identified. The BC{'H} resonance of C=S at room temperature is very weak
even in concentrated solutions which were run for 3 h, but the C3 signal can be
assigned (6 70 — 71 ppm). Interestingly, the Bc{'H} spectrum at -60 °C of rac-Pd /
meso-Pd shows four signals for the C=S carbons (Figure 34 and the expanded
spectrum in Figure 35) and three for the ones at C3. As the cis- and trans- isomers of
other thiourea palladium complexes are known in the literature,®> * the four C=S
signals (182.01, 181.89, 181.72 and 180.49 ppm) can be attributed to the cis- and
trans- isomers of rac-Pd and meso-Pd. The fact that only three signals at 69.83, 69.68
and 68.91 ppm were observed for C3 suggests that two are overlapping. Clearly, in
solution, the Pd—-S bonds in this chiral thiourea palladium monomeric complex are
weak as we observed both cis- and trans-isomers. Interconversion between the two is
slow at -60 °C. Presumably, the trans-isomers of the monomeric complex crystallizes

more readily than the cis-isomer.



o N <N [ X -
E.”.". S @B o
o P
STz g 22 3
- e -

Nt/ |

M»MWW\WMWMMM

1835 1825 1a1s 1805 1795 74 73 72 71 70 69 68 67
f1 (ppm) f1 (ppm)

Figure 35. The *C{'H} NMR (125 MHz) spectrum of rac-Pd / meso-Pd in CD,Cl, at
-60 °C in the C=S (left) and C3 (right) region.

Dimeric palladium complex

The NMR spectra of the dimeric palladium complexes reveal a distinct
“dependence on the solvent and temperature as illustrated in Figures A22 — A24 1n
Appendix A. CD,Cl, was chosen for the low temperature spectra, as the resolution is
much higher at low temperatures, and the higher boiling point TCE-d, for the high
temperature solution NMR studies.

The optically pure S,S-Pd; (Figure 36) and R,R-Pd; were characterized by 'H
and '*C{'H} NMR spectroscopy at -60 °C in CD,Cl. Both, of course, display
identical NMR spectra. The proton and carbon signals of S,S-Pd in Figure 37,
indicate that the complexes are C; symmetric molecules and, as there are two signals
for the methyl groups in the 'H and "C{'H} spectra, that the two tolyl rings in each
ligand are nonequivalent (see Figures 37 and 38 for 'H and C{'H} spectra of S,S-
Pd,, respectively). The C=S signals at -60 °C for the dimers (6 172 ppm) are shifted to
higher field compared to the ligand (6 187 ppm) and the monomer (6 ca. 180 ppm).
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Figure 36. The structure of S,S-Pd,.
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2D NMR spectroscopy was used to assign the other 'H and *C{'H}
resonances of S,S-Pd; and R,R-Pd,. One Me (H4) signal shows NOESY correlation
with one proton in the aromatic region identified as H9. COSY was then used to
assign H6, H7 and H8 from H9 (Figure 39). HSQC and HMBC correlations were used
to assign the carbons (see Figures A28 — A30 in Appendix A for more details).

H7
H6 \/ H9 HS

I JLN’LJ A
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11 L LI 15 12 68 64
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Figure 39. The COSY spectrum (CD>Cl,, -60 °C) of the aromatic region of S,S-Pd,.

With the NMR signals of S,S-Pd; and R,R-Pd, assigned, peaks for meso-Pd;
in the NMR spectrum of rac-Pd; / meso-Pd; can be identified, and are marked with
asterisks in Figure 40 for 'H and Figures 41 — 43 for 13C{'H}, respectively. The 'H

and '3 C{IH} resonances of rac-Pd, and meso-Pd, are listed in Table 10.
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Figure 42. The 13C{IH} NMR (125 MHz, CD,Cl,, -60 °C) spectra showing the C=S
and C3 signals of S,S-Pd; (bottom) and rac-Pd, / meso-Pd; (top); * = rac-Pdy; b=

meso-Pd, signals.
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Figure 43. The '*C{'H} NMR (125 MHz, CD,Cl,, -60 °C) spectra of the aliphatic
region of 8,S-Pd; (bottom) and rac-Pd; / meso-Pd; (top); ? = rac-Pdy; ® = jmeso-Pd,

signals.

Additional, C=S signal at 178.53 ppm and C3 signal at 70.09 ppm (see Figures
38 and 42) which appear in the “C{'H} NMR spectrum of §,S-Pd; cannot be

identified. These signals will be discussed later.
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Table 10. The 'H NMR (500MHz) and *C{'H} NMR (125 MHz) signals in CD,Cl,
at -60 °C of rac-Pd, and meso-Pd,.

S
- N A Pd N >
Cl/ \CI ) ’ l:;Me . S e’ o ) . I\(\’Me .
6 9 6 9
7 r 8
R,R-sz meso-Pd,
'‘H rac-Pd, meso-Pd, Bc { ! H} rac-Pd- meso-Pd;
H1, .
, 16H , 16H
adty | 1O (m, 165) | o cr
27.75 27.73®
and
13 3.80 3.77-3.83"1 -
’ a
(t,J =4 Hz, 2H) (m, 2H) 27.91 2790
2.85 2.79
H4 C3 72.68 72.66
(s, 6H) (s, 6H)
8.34 8.42
H6 C4 20.39 20.19
(d,J=38, 2H) (d,J=28,2H)
732 -7.38 731-7.50%
H7 C5 172.28 172.14
(m, 2H) (m, 2H)
6.82 6.88
HS8 C6 129.81 129.66
(t, J=8, 2H) (t,J =8, 2H)
7.17 7.13
H9 C7 129.90 131.21°%
(d, J=28, 2H) (d, J=8,2H)
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rac-Pd, meso-Pd, Be { 1H} rac-Pd, meso-Pd,
3.70 367 -374°%
H3’ C8 131.22 131.21°
(t,J=4,2H) (m, 2H)
2.32 231°%
H4’ C9 132.84 132.57
(s, 6H) (s, 6H)
7.63 7.66
H6’ C10 138.41 138.37
(d, J=8,2H) (d,J=28,2H)
7.32-7.38 7.31-7.50"%
H7’ Cl1 134.98 134.96
(m, 2H) (m, 2H)
7.42 7.54
HS’ C3’ 72.45 72.27
(t, J=8, 2H) (t,1=28,2H)
7.32 -7.38 731-7.50"
H9’ c4 19.51 19.50°
(m, 2H) (m, 2H)
ce’ 131.58 131.72
cr 127.07 127.13
(oh:} 130.38 130.36*
c9’ 131.28 131.27°
Ccio’ 137.20 137.06
cir 133.93 133.83

* m = multiplet; d = doublet; t = triplet; the numbers in parentheses are coupling

constants (Hz); xH = number of protons; * overlapped rac-Pd; and meso-Pd, signals.
p
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I1.2.4 NMR spectroscopic studies of chiral thiourea palladium complexes.
I1.2.4.4) The variable temperature (VI) 'H NMR study of dimeric palladium complexes

The temperature and solvent dependence of the 'H and C{'H} NMR spectra of
the palladium thiourea complexes suggested the presence of dynamic behavior. For this
reason, 'H NMR measurements of rac-Pdz / meso-Pd, in TCE-d; at 0, 10, 20, 30, 40, 50,
60, 70, 80, 90 and 100 °C were carried out. Similarly, 'HNMR spectra of rac-Pd;/ meso-
Pd, in CD-,Cl, at -80, -70, -60, -50, -40, -30 and 25 °C were also obtained. CD,Cl; were
used as the solvent because it allows low-temperature measurements to be made above
-85 °C and TCE-d, was used for high-temperature measurements. The expanded spectra
in the CH; region (H4 and H4’) at low and high temperature are displayed in Figures 44
and 45, respectively (The full spectra are shown in Figures A41 and A42 in Appendix A,
respectively). ’

At -80 °C (Figure 44), the two CH3 (H4 and H4’) signals of meso-Pd, appear at
2.75 and 2.29 ppm and the two CHj signals of rac-Pd; at 2.82 and 2.29 ppm are clearly
distinguishable although two of the CHj signals are coincident at 2.29 ppm. Upon
increasing the temperature, the signals are broad.

'H NMR spectra in TCE-d, at various temperatures (Figure 45) reveal the best
separation of the diastereomer signals at 20 °C which suggests that the exchange is slow
at this temperature. Upon increasing the temperature, the two CHj signals of both meso-

Pd, and rac-Pd; coalesce at 70 °C.



146

-30°C

A A B
b -50°C

-
e

-

| i X e

i e 1

11owwwmzuwznzm:ﬂe?w'z‘swwzmmwmwmw

Figure 44. The 'H NMR (500 MHz) of the aliphatic region of rac-Pd; / meso-Pd, in

CD,Cl, at various temperatures.
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Figure 45. The 'H NMR (500 MHz) of the aliphatic region of rac-Pd,/ meso-Pd; in

TCE-d, at various temperatures.

The energy barrier, AG* of the exchange process in TCE-d, of rac-Pd;/ meso-Pd,
from the signal of H4 (see Figure 46, scale in Hz) was calculated from the Eyring-
Polanyi (eq. 1) equation’og’ 19 46 be 66.25 kJ-mol” (15.8 kcal-mol™) and 66.15 kJ-mol”

(15.8 kcal-mol™') for meso-Pd; and rac-Pd,, respectively (see below).

AG* =-RTIn K (eq. 1)
k,T
: AU
k=— (eq. 2)
V2
R = Gas constant =8.314 J. K" mol’
kz = Boltzmann constant =1.380x 107> J-K'l)
h = Planck constant =6.626x 10 J-s

T = Temperature at coalescence (K) (70 °C = 343 K)
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k = rate constant at the temperature of coalescence (s'l)
7 =3.141
Sv = chemical shift difference at no exchange (20 °C in TCE-d») (Hz) (271 Hz

and 262 Hz for rac-Pd; and meso-Pd,, respectively)

—1473.13
~1464.08
1202.39

e

1600 1550 1500 1450 1400 1350 1300 125°(H ) 1200 1150 1100 1050 1000 950 900
11 (Hz

Figure 46. The 'H NMR (500 MHz) spectra in the aliphatic region of rac-Pd,/ meso-Pd;
in TCE-d, at no exchanging process 20 °C (scale in Hz).

The energies barrier of the exchanging process of both rac-Pd, and meso-Pd, are
quite similar. To confirm the energies barrier in this system, the simulation of NMR
spectra was carried out by Dr. Jason Lynam (York, UK). The thermodynamic values for
the exchange process were calculated to be AH* = 52.848.9 kI-mol”, AS* = - 48.8+29.9
kJ-mol K" for rac-Pd; and AH = 51.5£9.6 kJ-mol', AS* = - 54.9+32.0 kJ-mol K" for
meso-Pd,. The energy barrier AG* at 20 °C of the exchange process is 15.4 kcal-mol™, in

good agreement with our previous calculations.
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Interestingly, the VT NMR spectra of rac-Pd, / meso-Pd, in TCE-d,, show new
signals appearing at ca. 7.7 ppm and 8.2 ppm above 60 °C and also a substantial increase
in signal intensity at 6 7.55 ppm (Figure 47). We postulate that new species are formed at
these temperatures. Furthermore, at high temperatures (60, 70, 80, 90 and 100 °C), free
ligand signals were detected as shown in Figure 48. A comparison between the NMR
spectra in TCE-d; of rac-Pd;/ meso-Pd; and L(rac) at 100 °C is displayed in Figure 49.

- - M 100 °C

. . J\\J\L\_ 70°C
T * J\'__jL’/\\/\ 60°c

VAN J\__/‘/\M I

N A . AIJVI\ MM A a 20°C
WAL y

- I L N

IV e W oo W
10 °C
87 86 05 84 B3 B2 84 80 79 78 'z"r s 75 74 73 72 71 10 69 68 67 66
ppm

Figure 47. The 'H NMR (500 MHz) spectra in the aromatic region of rac-Pd,/ meso-Pd,

in TCE-d, at various temperatures; * = unknown complex.
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Figure 48. The 'H NMR (500 MHz) spectra of rac-Pd, / meso-Pd; in TCE-d; at various

temperatures; L= ligand.
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Figure 49. The 'H NMR (500 MHz) spectra of L(rac) (bottom) and rac-Pd, / meso-Pd,
(top) in TCE-d, at 100 °C.

The '"H NMR spectra before and after the variable temperature measurement are
shown in Figure 50. This shows an increase in the integral in the aromatic region (ca. 7.1
— 7.6 ppm) from ca. 8 prior to VT measurement to ca. 13 afterwards. This result suggests

that some of the new species are formed irreversibly.
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Figure 50. The 'H NMR (500 MHz) spectra on the aromatic of rac-Pd;/ meso-Pd, in
TCE-d, at room temperature before (top) and after (bottom) heating to 100 °C.

In our VT solution NMR studies, we found that other palladium species appear to
be formed as discussed above. This observation made us investigate the original

monomeric and dimeric complexes in considerably more detail (vide infra).

I1.2.4.B) Monitoring of the reaction of PdCl; with L(S,S) at 1.1 molar ratio

The reaction of L(S,S) with PdCl, in a 1:1 ratio in CD,Cl, was monitored by in
situ >*C{'"H} NMR spectroscopy at room temperature. The aim of this experiment was to
detect an intermediate before the formation of the dimeric palladium complex. The
BC{'H} NMR spectrum after 6 h is shown in Figure 51. Two signals are observed at o
70.79 and 70.59 ppm with a ca. 3.5:1 ratio of integrals, respectively, which can be
attributed to the C3 carbon of cis-PdCl(L(S,S),) cis-S,S-Pd and trans-PdCla(L(S,S)2)
trans-S,S-Pd. The small shifts of the signal can be postulated to be caused by the
concentration dependence of chemical shifts. Related cis- and trans- complexes of Pd are

known with other thiourea ligands.lg’ 6 The C=S signals of both cis-S,S-Pd and trans-
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S,S-Pd are overlapped at & 182.44 ppm. The signals assigned to C=S carbons of trans-
rac-Pd and cis-rac-Pd were at 182.01 and 181.89 ppm at -60 °C. The difference is
probably due to temperature and concentration dependence of the chemical shifts. From
this 1:1 PdCl, and L(S,S) in situ reaction experiment, clearly, the intermediates before the
dimer was formed are the monomeric cis- and frans-isomers. A summary of the in situ

NMR reaction of L(S,S) and PdCl, in CD,Cl, is shown in Scheme 32.
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Figure 51. The >C{'H} NMR (100 MHz) spectrum of the reaction of PdCl, with L(S,8)
in a 1:1 molar ratio in CD,Cl, at room temperature after 6 h (bottom); the expanded C=8

(top left) and C3 (top right) regions.
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Scheme 32. The reaction of PdCl, with L(S,S).

I1.2.4.C) Monitoring of the reaction of PdCI, with L(rac) at 1:1 molar ratio

An analogous in situ NMR reaction of L(rac) and PdCl, was carried out at room
temperature and monitored by BC{'H} NMR at room temperature (Figure 52). The aim
of this experiment was the same as the previous experiment (in situ 1:1 reaction of PdClI,
and L(S,S)). From this experiment, we should be able to detect intermediate monomeric
cis- and trans-isomer species, both from rac- and meso-monomer. The spectrum after 3 h
shows four C=S and five C3 signals. The signals at  187.32 and 69.78 ppm were
assigned to C=S and C3 carbons of the free ligand by comparison with the spectrum of
L(rac). It is interesting that no free ligand signals were observed in the analogous
reaction with L(S,S). The two signals at 5 70.84 and 70.65 ppm can be assigned to the C3
carbons, of course trans- and cis-rac-Pd, and that occurring at 6 182.50 ppm to the C=S
carbons of these complexes. New peaks of the remaining C3 signals at 6 71.20 and 70.72
ppm and the C=S resonances at & 183.61 and 183.25 ppm are postulated to belong to
trans-[L(R,R)L(S,S)PdCl,] trans-meso-Pd and cis-[L(R,R)L(S,S)PdCl,] cis-meso-Pd.
The differences in C=S peaks from the rac-Pd and meso-Pd spectrum (see Figure 34) can
be explained from the temperature dependence of the chemical shifts, as the C{'H}
NMR was carried out at -60 °C, whereas the in situ reaction was examined at room
temperature. The BC{'H} NMR at -60 °C of the in situ reaction was measured a
considerable amount of time later in CD>Cl, (Figure 53) and confirmed the temperature
dependence of the C=S signals as they appear at 6 181.99, 181.90, 181.73 and 180.53
ppm which are almost the same as those observed at -60 °C in the spectrum of the

isolated rac-Pd / meso-Pd complex (5 182.01, 181.89, 181.72 and 180.49 ppm). The
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signals from C3 observed at §69.81, 69.66 and 68.89 ppm in the in sifu reaction also
compare very well to those in rac-Pd / meso-Pd spectrum [cf. § 69.83, 69.68, 68.91
ppm]. From this experiment, clearly, we not only detected the intermediate, cis- and
trans-monomeric species, but also detected the dimer product (6 172.27 and 172.16

ppm). The C=S signals for the free ligand (186.10 ppm) were also observed. The C=S

signals at -60 °C in the spectrum of L(rac) is 186.16 ppm (see Table 6) and at 172.28 and

172.14 ppm in the spectrum of rac-Pd; / meso-Pd; (see Figure 35). Interestingly, there is
also a broad signal in the C3 region which was not observed in the spectrum obtained at
room temperature. The reaction of L(rac) with PdCl; in CD,C}, is shown in Scheme 33,

and NMR assignments are given in Table 11.
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Figure 52. The in situ BC{'H} NMR (100 MHz) spectrum in CDCl, of the reaction of
PdCl, with L(rac) in a 1:1 molar ratio at room temperature after 3 h (bottom); and the
expanded C=S (top left) and C3 region (top right); L = L(rac); * = trans-rac-Pd and cis-
rac-Pd.
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Figure 53. The in situ *C{'H} (125 MHz) NMR spectrum of the reaction of PdCl, with
L(rac) in a 1:1 molar ratio in CD,Cl, at -60 °C after a considerable amount of time at
room temperature (bottom); and the expanded C=S (top left) and C3 region (top right); L

= L(rac); * = trans-rac-Pd and cis-rac-Pd.
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trans-rac-Pd

cis-rac-Pd

Table 11. The *C{'H} NMR (125 MHz) signals in CD,Cl, at room temperature and -60
°C of the C3 and C=S carbon atoms of rac-Pd and meso-Pd and the in situ NMR

reactions of PdCl, with L(S,S) and L(rac) at 1:1 molar ratio.

Complex ¢ C3 C3 (-60 °C) C=S C=S (-60 °C)
trans-rac-Pd
Isolated | trans-meso-Pd 71.27, 70.90, 69.83, 69.68, too weak to 182.01, 180.49,
complex | cis-rac-Pd 69.85°¢ 68.91 observe 181.89, 181.72
cis-meso-Pd
trans-S,S-Pd
is-5,5-Pd 70.79,70.59° - 182.44, 182.44° -
in situ trans-rac-Pd
reactions © | trans-meso-Pd 70.84,71.20, | 69.81,69.66, | 182.50,183.61, | 181.99, 180.53,
cis-rac-Pd 70.65, 70.72* 68.89 182.50,183.25" | 181.90, 181.73

cis-meso-Pd

*BCc{'H} NMR at 100 MHz; ® three peaks rather than four due to overlapped signals;

¢ extra broad peaks at ca. 70 ppm in the NMR spectrum at -60 °C.
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11.2.4.D) Monitoring of the conversion of rac-Pd / meso-Pd

rac-Pd / meso-Pd was dissolved in CD,Cl, and monitored by NMR after 24 h at
room temperature. The 'H and "“C{'H} NMR spectra (Figure 54) are notably
complicated, but many of the 3C{'H} peaks can be identified by recourse to the Bc{'H)
signal of the free ligand and the cis- and trans-monomers. The complexes were identified
by the C=S and C3 signals. The signals at 187.34 and 69.81 ppm can be .assigned to the
C=S and C3 of the free ligand L(rac). Signals at 182.48, 70.86 and 70.68 ppm can be
assigned to the C=S and C3 of the cis- and trans-rac-Pd. Signals at 183.26, 183.57 and
70.75, 71.23 ppm can be assigned to the C=S and C3 respectively of the cis- and trans-
meso-Pd. More information is obtained from the 'H NMR spectrum at -60 °C (Figure 55)
which shows traces of the Pd dimers rac-Pd; and meso-Pd,. However, there are signals
in the C=S region which cannot be assigned (5 181.83, 182.95, 183.38 and 183.46 ppm).
These signals are very close to those of the monomeric palladium complexes, which
indicates that they are probably C=S signals from other palladium complexes. It can be
postulated that the unassigned BC{'H} signals may originate from related cis-/trans-
chloro-bridged dimer complexes as shown in Scheme 34. Another palladium complex
which may possibly be presented is the 14 electron [PdLCl>] Pd(L). However, examples
of this types of unsaturated complex are rare, but they can be isolated when the ligands
are bulky.''%'" It seems unlikely that such a species would be present at -60 °C,
especially when free ligand is observed and several bridged dimeric structures are
possible.

From this experiment, we can conclude that the monomer appears to be very
unstable in solution. Furthermore, we detect cis- and frans- monomeric isomers as well as
a mixture of other palladium complexes. Interconversion of trans and cis chloro-bridged
dimers and the sulfur-bridge palladium dimers can be explained by a mechanism
involving a monomeric species which has dissociated one ligand to form a 14 electron
[PALCl,] Pd(L) intermediate. A summary of the proposed species is shown in Scheme
34.
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Figure 54. The *C{'H} NMR (125 MHz) spectrum of rac-Pd / meso-Pd in CD,Cl; at
room temperature after 24 h (bottom), the expanded C=S (top left) and C3 region (top

right); L = ligand; * = trans-rac-Pd,; b= cis-rac-Pd; ¥’ = trans-meso-Pd; ® = cis-meso-Pd,;

* = unknown Pd complex.

Table 12. The solution >*C{'H} NMR signals of C3 and C=S of the rac-Pd / meso-Pd
after 24 h in CD,Cl, and the in situ reaction of PdCl, and L(rac) after 6 h.?

in situ reaction after 6 h at room

rac-Pd / meso-Pd after 24 h at

Complex temperature room temperature
C3 C=S C3 C=S
cis-rac-Pd
trans-rac-Pd 70.65, 70.84, | 182.50, 182.50, | 70.68,70.86, | 182.48, 182.48,
cis-meso-Pd 70.72,71.20 | 183.25,183.61 | 70.75,71.23 183.26, 183.57
trans-meso-Pd

? cis-meso-Pd / trans-meso-Pd cannot be specified.
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Figure 55. The aromatic region of the 'H NMR (500 MHz) spectra in CD,Cl; at -60 °C of
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Scheme 34. Postulated summary of the trans-rac-Pd / trans-meso-Pd interconversion.
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I1.2.4.E) Monitoring of the conversion of rac-Pd; / meso-Pd;

From the NMR spectroscopy studies on the monomer, we observed a mixture of
palladium complexes including the dimer. This led us to investigate the dimer in more
detail. Interestingly, the >C{'H} NMR of §,8-Pd; at -60 °C also shows other peaks at
178.53 and 70.09 ppm (Figure 56) as alluded to previously in the NMR characterization
section. The first signal does not match the C=S signals of cis-rac-Pd, trans-rac-Pd, cis-
meso-Pd or trans-meso-Pd. However, the signal at 70.09 ppm is consistent with that at
70.14 ppm observed in the spectrum of rac-Pd / meso-Pd after 24 h. We believe that the
dimer may dissociate to give monomeric 14 electron [LPdCl>] Pd(L) and then reassociate
to give the cis- and trans- chloro-bridged dimers (Scheme 35) which were assigned to the
signals at 178.53 and 70.09 ppm for C=S and C3 is observed, respectively. The fact that
only one C=S and one C3 signal are observed suggests that they are overlapped. A

summary of the interconversion is shown in Scheme 35.
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Figure 56. The C{'H} NMR (125 MHz) spectrum of S,S-Pd; in CD,Cl, at -60 °C
(bottom), and the expanded C=S (top left) and C3 region (top right); * intermediate.
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Scheme 35. Postulated S,S-Pd; interconversions.

The analogous '*C{'H} NMR spectrum in CD2Cl, of rac-Pd, / meso-Pd, was
obtained after ca. 24 h and is shown in Figure 57. The peaks at 172.25, 72.44 and 72.66
ppm can be attributed to the respective C=S and C3 carbons of rac-Pd,, whereas other
peaks at 172.14, 72.27 and 72.66 ppm are attributed to meso-Pd,. The rac-Pd; signals
are, of course, identical to the S,S-Pd; signals. We found another signal at 70.06 ppm
which shows a similar chemical shift to that attributed to cis-/trans- chloro-bridged
dimers of the L(S,S), vide supra, and thus can be attributed to cis-/trans- chloro-bridged
dimers of the rac and meso palladium complexes, as shown in Scheme 36. Due to the fact
that the signals are weak, we did not observe the carbon signal for the C=S. The

interconversion of rac-Pd; and meso-Pd; in solution is shown in Scheme 36.
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Scheme 36. The interconversion of rac-Pd; / meso-Pd;.

11.2.4.F) Monitoring of the conversion pure enantiomer palladium complexes to mixed
diastereoisomers
QOur variable temperature NMR studies of S,S-Pd; and rac-Pd; / meso-Pd,

showed that a dynamic process was occurring which served to exchange the two distinct
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environments of, for example, the tolyl methyl groups, as well as appearing to exchange
the meso- and rac- dimers. In order to establish whether cleavage of the dimers to
monomeric [PdLCl,] species was occurring as an intermediate in the exchange process,
equal amounts of S,S-Pd; and R,R-Pd, were mixed in CD,Cl, at room temperature and
the reaction was monitored by '"H NMR spectroscopy at -60 °C after specific periods (0,
24, 48 and 72 hours) at room temperature. The aromatic regions of the 'H spectra are
shown in Figure 58. .

Att=0h, 'H NMR spectra shows only signals for S,S-Pd, and R,R-Pd; (i.e.,
only one set of signals as the two species are enantiomeric). After 24 h at room
temperature, new 'H signals are observed which are identical to those of meso-Pd,. After
48 h and 72 h, the '"H NMR integrations are the same which suggests that the system has
reached equilibrium. This observation can be explained through a mechanism involving
the cleavage of S,S-Pd; and R,R-Pd; to give PdL(S,S) and PAL(R,R) respectively, and
then recombination to form meso-Pd, as well as S,S-sz and R,R-Pd; (rac-Pd,) as
depicted in Scheme 37. We can conclude that the monomeric PdLCI, species, formed
from the dimer dissociations, are the key intermediate involved in the dynamic behavior
of this system. Furthermore, we can also refer back to the mechanism of the conversion
of dimer to monomer, suggesting that the process most likely occurs through the ring

opening of the dimer followed by the nucleophilic attack of the thiourea ligand (Sn1).
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Figure 58. The 'H NMR (500 MHz) spectra at -60 °C of a mixture of S,S-Pd; and R,R-
Pd, in CD,Cl, after 0, 24, 48 and 72 h at room temperature.
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Scheme 37. Formation of an equilibrium mixture of rac-Pd; and meso-Pd, from reaction

of S,S-Pd; and R,R-Pd,.
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We can summarize the NMR studies of the palladium complexes of the chiral

thioureas as follows:
Monopallaldium complexes

i. The 'H NMR spectra, both at room temperature and -60 °C, of the monomer
(obtained shortly after the solution was prepared) show very complicated signals.
However, the 13C{'I—l} NMR spectrum in CD,Cl, at -60 °C reveals cis- and trans-
monomeric species. From single crystal X-ray diffraction studies, we found only the
trans- isomer. Presumably, this isomer crystallized more readily than the cis- isomer.

ii. The 'H and C{'H} NMR spectra in CD,Cl, both at room temperature and -60
°C, of the monomer after 24 h shows cis-/trans- monomeric and dimeric palladium
species (from 'H NMR) as well as other palladium complexes which could not be
identified. These signals are very close to those of the monomeric palladium complexes.
This observation suggested that the monomer is very unstable in solution and shows

dynamic behavior, including dissociation of one thiourea ligand.

Dipalladium complexes

i. The NMR spectra of the dimeric palladium complexes reveal a distinctive
dependence on the solvent and temperature suggesting dynamic equilibria in these

systems.

ii. The NMR assignment of S,S-Pd, was obtained from 2D NMR studies in CD,Cl,
at -60 °C. The NMR assignment of meso-Pd; can be made by subtraction of the NMR
spectrum of S,S-Pd; from rac-Pd, / meso-Pd,.

iii. The energy barrier, AG?, of the exchange process in TCE-d; of rac-Pd; / meso-
Pd, was calculated using the Eyring—Polanyi equation to be 66.25 kJ-mol™ (15.8
kcal-mol™) and 66.15 kJ-mol” (15.8 kcal-mol™") for meso-Pd; and rac-Pd,, respectively.
From VT NMR studies, we observed new complexes formed irreversibly. Detailed line

shape analysis gave AG* 15.4 kcal-mol”, in good agreement with the simple analysis.
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iv. From an in situ NMR reaction of PdCl, with L(S,S) and L(rac) in 1:1 molar
ratios, cis- and frans-monomer complexes are observed as intermediates before the
formation of the dimeric product. Furthermore, we also observed signals from other
palladium species which are postulated to be trans-rac-Pd and trans-meso-Pd.

v. We believe that the monomer and dimer are in equilibrium and the conversion of
trans-rac-Pd and trans-meso-Pd to their cis-isomers and the palladium dimers can be
explained by a mechanism involving a monomer species which has dissociated one
ligand to form a 14 electron [PdLCl,] Pd(L) intermediate.

vi. Equal amounts of S,S-Pd; and R,R-Pd; were mixed in CD,Cl, at room
temperature and the reaction was monitored by 'H NMR spectroscopy at -60 °C after
specific periods (0, 24, 48 and 72 hours) at room temperature. After 24 h at room
temperature, new 'H signals are observed which are identical to those of meso-Pd,. This
observation confirms a mechanism involving the cleavage of S,S-Pd; and R,R-Pd; to
give PAL(S,S) and PAL(R,R) respectively, and then recombination to form meso-Pd; as
well as S,S-Pd; and R,R-Pd; (rac-Pd;).

11.2.3 Testing of chiral-thiourea ligand in bis(methoxycarbonylation) of styrenes
Both the monomer and dimer were used as catalyst precursors in the
bis(methoxycarbonylation) reaction of terminal olefins by Mr. B. Liang in the group of
Prof. Z. Yang at Peking University. A summary of the results and reaction conditions is
given in Table 13. Interestingly, the yields obtained were very similar (see Table 13). An
in situ (1:1 Pd:L1) prepared catalyst system also gave a similar yield. These results lead

to the qu'estion “Why do they all give similar results?’
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Table 13. Bis(methoxycarbonylations) of terminal olefins using chiral-thiourea L1 and its

palladium complexes.'"*

Catalyst, CH,OH, CuCl, 50 °Cc MeOQOC COOMe
R CO/0,~(8:1), 3 d ”
Yields
Olefin :
in situ 1:1 Pd:L1 dimer monomer

AN
O/\ 90 93 90
x
86 83 84

The results in Table 13, in combination with our extensive studies of the Pd-L1

system suggest that in all cases the active catalysts is likely to be an “LPdX,” complex.
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II1. Conclusion

Monomeric and dimeric palladium dichloride complexes containing the
monodentate thioureas, tetramethyl thiourea (tmtu) and the chiral 1,3-di-o-tolyl-
hexahydro-1H-benzo[d]imidazole-2(3H)-thione L, were synthesized using two and one
equivalents of ligand respectively. The complexes with L were obtained as optically pure
compounds, and as mixtures of the racemate and the meso-complex. They have been
fully characterized by solution NMR (including solid state >C{'H} NMR in the case of
the tmtu complexes), elemental analysis and single-crystal X-ray diffraction (for the tmtu
complexes and meso L complexes). The structures of the mono-palladium complexes
with tmtu and L are the rtrans-isomers, whereas the dimer complexes present a cis—
configuration, and are also the first examples of palladium complexes with sulfur-
bridging thiourea ligands. The solid state 13C{'H} NMR spectra of the 1:1 and 2:] tmtu
complexes are significantly different, whereas in solution, they are almost identical. This
suggests that, in solution, the di-palladium tmtu complexes are converting to the mono-
palladium complexes.

A dynamic equilibrium in solution was also observed between the rac- and meso-
chiral thiourea dipalladium complexes. The energy barrier to exchange was obtained
from a variable temperature NMR study. Monitoring of in situ reactions to form the
monomeric complexes by NMR also revealed the presence of signéls which were
postulated to belong to cis-mono-palladium complexes. The NMR spectra of rans-
monomer complexes after 24 h in solution show other peaks which may be from other
palladium complexes. Traces of dimer are also observed. It is possible that the additional
Pd complexes are chloride bridged dimers or higher order oligomers, such as trimers.
Cleavage of the dimers to monomeric PdLX, species invoked to explain why the mixing
of two optically pure dimers in solution results in signals from the meso- complex in the
'H NMR spectra, can also account for the observed dynamic process observed by VT

NMR spectroscopy.



170

IV. Experimental
Synthesis

'H and "C{'H} NMR spectra were obtained using Varian Inova- 500
spectrometer at the following frequencies: 'H-400 or 500 MHz, *C{'H}-125 MHz in
CD,Cl, and TCE-d, at room temperature unless otherwise stated. The chemical shifts are
reported in ppm and referenced to the internal standard SiMe,. Assignments of the NMR
spectroscopic data for the free ligands and their palladium complexes were based on a
series of 2D NMR studies. Solid state >°C NMR (100 MHz) was obtained using a Varian
VNMRS spectrometer. Elemental analyses were performed using an Exeter Analytical
CE-440 analyzer. MS analyses were performed using Thermo LTQFT (for ESI/HRMS-
ESI) and Applied Biosystems Voyager-DE STR (for MALDI) instruments. Palladium
dichloride (PdCl,) and tetramethylthiourea (tmtu) were purchased from Precious Metals
Online and Sigma-Aldrich, respectively, and were used without further purification.
Bis(benzonitrile) palladium(Il) dichloride [PdCI;(PhCN),] was prepared via the literature
procedure.''> The chiral thiourea ligands were synthesized by the group of Prof. Z. Yang

at Peking University."”

Synthesis of Pd(tmtu)

To a solution of PdCIy(PhCN), (43.6 mg, 0.114 mmol) in CHCl; (4 ml) was
added tmtu (30 mg, 0.227 mmol). The reaction mixture was stirred at room temperature
for 30 min. The solvent was concentrated under reduced pressure and then Et;O was
added to the solution to give an orange precipitate. The precipitate was collected by
filtration and washed with Et,O (x3). Yield (40.1 mg, 80 %). Single crystals suitable for
X-ray diffraction were grown via slow evaporation of a solution in CHCly:hexane (1:1
v/v). '"H NMR (500 MHz, CD,Cl,) 6 3.23 (s, 12H, CH3), 3.21 (s, 12H, CH3). BC{'H)
NMR (125 MHz, CD,Cl,) 6 188.38 (C=S), 189.29 (C=S), 45.23 (CH;), 45.07 (CHs).
Solid state '>C{'H}. (100 MHz) & 188.45 (C=S), 46.79 (CH;). Anal. Calcd. for
C1oH24C1oN4PdS,: C 27.19, H 5.48, N 12.68; Found C 26.65, H 5.40, N: 12.34.
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Synthesis of Pd»(tmtu) (Preparation by Mr. T. Turner)™

To a solution of PdCl,(PhCN), (0.87 g, 2.27 mmol) in CH,Cl; (50 ml) was added
tmtu (0.30 g, 2.27 mmol) which resulted in the immediately formation of an orange
precipitate. The precipitate product was collected by filtration and washed with Et,0
(x3). Yield (0.64 g, 58 %). Re-crystallization from acetone gave pure orange product. A
small sample of the product (~20 mg) was dissolved in the minimum volume of warm
CH;CN:CHCIs (1:1 v/v) and the solution cooled to yield crystals suitable for X-ray
analysis. 'H NMR (500 MHz, CD.Cl,) 6 3.23 (s, 12H, CH3), 3.21 (s, 12H, CH;). “C{'H}
NMR (125 MHz, CD,Cl,) § 188.42 (C=S), 189.31 (C=S), 45.24 (CHj;), 45.08 (CHj).
Solid state *C{'H} (100 MHz) é 173.00 (C=S), 171.33 (C=S), 51.30 (CH3), 48.66 (CH3),
47.45 (CH;), 46.51 (CH3), 44.94 (CH3). Anal. Calcd. for CioH24ClsN4Pd,S,: C 19.40, H
3.91, N 9.05; Found C 19.71, H 3.95, N: 8.73.

(rac)-1,3-Di-o-tolyl-trans-hexahydro-1H-benzo[d]imidazole-2(3H)-thione: L(rac)

G, The ligand was synthesized following the reported

M procedure.'” "H NMR (500 MHz, CD,Cl,, 20 °C): §7.31 -

2 7.40 (m, 6H, H7,8,9), 7.19 (d, Ju.x = 8 Hz, 2H, H6), 3.69

Me 3 Me* - 3.76 (m, 2H, H3), 2.41 (s, 6H, H4), 1.80 — 1.86 (m, 4H,

N_|5 N 19 Hla2a), 1.44 — 1.59 (m, 2H, H2b), 1.38 — 1.42 (m, 2H,
w ° H1b). “C{'H} NMR (125 MHz, CD,Cl, 20 °C): 5 187.34
(C5), 140.11 (C11), 139.07 (C10), 131.71 (C8), 128.71
(C7), 127.81 (C9), 126.88 (C6), 69.80 (C3), 29.18 (C2),
2521 (Cl), 19.10 (C4). MS (ES+) m/z: 336; HRMS caled. For CyHasN2S (MH')
337.1733; found: 337.1732. Anal. Calcd. for C5;H24N>S: C 74.96, H 7.19, N 8.33; Found
C 75.04, H7.21, N 8.48 %.
'H NMR (500 MHz, CD,Cls, -60 °C): §7.24 - 7.32 (m, 6H, H7.8,9), 7.16 (d, Ju.
4 = 8 Hz, 2H, H6), 3.60 — 3.68 (m, 2H, H3), 2.33 (s, 6H, H4), 1.71 — 1.77 (m, 4H,
Hla,2a), 1.37 — 1.50 (m, 2H, H2b), 1.24 — 1.32 (m, 2H, H1b). "C{'H} NMR (125 MHz,
CD,Cl,_-60 °C): 5 186.16 (C5), 139.14 (C11), 138.38 (C10), 131.12 (C8), 128.28 (C7),
127.31 (C9), 126.31 (C6), 68.94 (C3), 28.31 (C2), 24.43 (C1), 18.72 (C4).
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'"H NMR (500 MHz, TCE-ds, 100 °C): §7.30 — 7.38 (m, 6H, H7,8,9), 7.20 — 7.24
(m, 2H, H6), 3.62 — 3.72 (m, 2H, H3), 2.45 (s, 6H, H4), 1.82 — 1.94, 1.34 — 1.47 (m, 8H,
Hi,2).

Synthesis of [L(S,S)PdCl},: S,S-Pd;

M C|\Pd/C|9 1 ,
10 3 S
W N 1
@Nf_s/ \“M"s— 5
1
N \\Nle\Pd/ N\‘\
§ /N o
Soc’ el ) 4
I3 9

PdCl, (0.0225 g, 0.127 mmol) and L(S,S) (0.0420 g, 0.125 mmol) were added to
methanol (8 ml). The reaction mixture was stirred at 50 °C for 4 h and then the hot
solution was filtered. The filtrate was allowed to cool to room temperature and Et;O was
added to obtain an orange precipitate. The precipitate was collected by filtration and
washed with Et,0 (x3). The solid was dried to obtain the product as an orange powder.
Yield (0.0102 g, 80 %). '"H NMR (500 MHz, CDsCla, -60 °C): 6 8.34 (d, Ju.» = 8 Hz, 2H,
H6), 7.63 (d, Ju.y = 8 Hz, 2H, H6’), 7.42 (1, Jy.x = 8 Hz, 2H, H8’), 7.32 - 7.38 (m, 6H,
H7,H7’,H9), 7.17 (d, Ju.x = 8 Hz, 2H, H9”), 6.82 (d, Jy.» = 8 Hz, 2H, HB), 3.80 (t, Jy.n =
4 Hz, 2H, H3), 3.70 (t, Ju.y = 4 Hz, 2H, H3), 2.85 (s, 6H, H4), 2.32 (s, 6H, H4"), 1.54 -
1.86 (m, 16H, HI,H2,H1’,H2"). *C{'H} NMR (125 MHz, CD,Cl, -60 °C): & 172.28
(C5), 138.41 (C10), 137.20 (C10’), 134.98 (C11), 133.93 (C11°), 132.84 (C9), 131.58
(C6’), 131.28 (C9’), 131.22 (C8), 130.38 (C8’), 129.90 (C7), 129.81 (C6), 127.07 (C7’),
72.68 (C3), 72.45 (C3"), 27.91, 27.75, 24.06 (C1,C1’,C2, C2"), 20.39 (C4), 19.51 (C4’).
Anal. Calcd. for C4HssClaN4Pd2S5: C 49.10, H 4.71, N 5.45; Found C 50.07, H 4.83, N
4.58 %.

Synthesis of [#L(R,R)PdCL],: R,R-Pd;
R,R-Pd, was synthesized by a similar procedure as for S,8-Pd, using PdCl,
(0.0216 g, 0.125 mmol) and L(R,R) (0.0409 g, 0.125 mmol). Yield (0.0102 g, 82 %).
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NMR spectra were identical to those of S,S-Pd,. Anal. Caled. for C42HssClaNsPdsS;: C
49.10,H 4.71, N 5.45; Found C 49.32, H 4.74, N 5.52 %.

Synthesis of [Pd-z-L(R,R)Cly]; / [Pd--L(S,8)Cly]; and [Pd;-zL(S,S)-£-L(R,R)CL]

rac-Pd; / meso-Pd,

M 2
10 3 10 3
wN N 1 N, I
\ _S/ \4m5=<5 W hf _ / \AMQ\S%S

> M\ / - 1 S\ / 1

N S e /Pd\ N“ 3 o M N & e /Pd N 3 4 M
cr <l n ~"‘,‘\;. © cr c ) 1\(\) .

p 9 6 9

7 ¥ 7 8
rac-Pd, meso-Pd,

The mixture of rac-Pd; and meso-Pd; was synthesized by a similar procedure as
for S,S-Pd, using PdCl, (0.089 g, 0.5 mmol) and L(rac) (0.168 g, 0.5 mmol). Yield
(0.220 g, 43 %). Single crystals of meso-Pd; suitable for single-crystal X-ray diffraction
were obtained from slow evaporation of a solution in CH,>Cly:Et;O. 'H NMR (500 MHz,
CD,Cly, -60 °C):* §8.42 (d, Ju.z = 8 Hz, 2H, H6B), 8.34 (d, Jy.» = 8 Hz, 2H, H6A), 7.66
(d, Jy.y = 8 Hz, 2H, H6°B), 7.63 (d, Jy.y = 8 Hz, 2H, H6’A), 7.54 (t, Ju.u = 8 Hz, 2H,
H'8’B), 742 (t, Jywy = 8 Hz, 2H, H&A), 731 - 750 (m, 12H,
H7A,H7B,H7'A,H7’B,H9’A, H9’B), 7.17 (d, Jy.n = 8 Hz, 2H, H9A), 7.13 (d, Jy.n = 8
Hz, 2H, H9B), 6.88 (d, Jy.» = 8 Hz, 2H, H8B), 6.82 (d, Jx.» = 8 Hz, 2H, H8A), 3.67 ~
3.83 (m, 8H, H3A,H3’A,H3B, H3’B), 2.85 (s, 6H, H4A), 2.79 (s, 6H, H4B), 2.32 (s, 6H,
H4’A), 231 (s, 6H, H4'B), 154 — 186 (m, 32H, HIAH2AHI’AHZ’A,
H1B,H2B,H1’B,H2’B). *C{'H} NMR (125 MHz, CD1Cl,, -60 °C):* §172.28 (C=S(A)),
172.14 (C=S(B)), 138.41(C10A), 138.37 (C10B), 137.20 (C10°A), 137.06 (C10’B),
134.98 (C11A), 134.96 (C11B), 133.93 (C11°A), 133.83 (C11’B), 132.84 (C9A), 132.57
(C9B), 131.28 (C9’A), 131.72 (C6’B), 131.58 (C6’A), 131.27 (C8B,CY’B), 131.22
(C8A), 131.21 (C8B), 130.21 (C7B), 130.38 (C8A), 129.90 (C7A), 129.81 (C6A),
129.66 (C6B), 72.68 (C3A), 72.66 (C3B), 72.45 (C3’A), 72.27 (C3’B), 27.91, 27.90,
27.75, 27.73, 24.06, 24.05 (Cl1A, C1B, CI’A, CI’B,C2A, C2B, C2’A, C2’B), 20.39
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(C4A), 20.19 (C4B), 19.51 (C4’A), 19.50 (C4’B). Anal. Calcd. for C4oHasClsNsPd,S5: C
49.10, H 4.71, N 5.45; Found C 48.83, H4.72, N 5.35 %.

* A = rac-Pd, and B = meso-Pd,.

Synthesis of [Pd(L(S,S):CL}/[Pd(L(R,R))Cl,] and [PAL(S,S)L(R,R)Cl;]
rac-Pd / meso-Pd

trans-rac-Pd trans-meso-Pd

PdCl, (0.089 g, 0.5 mmol) and L(rac) (0.337 g, 1 mmol) were added to methanol
(8 ml). The reaction mixture was stirred at 50 °C for 2 d and then the solvent was removed
under reduced pressure. The residue was dissolved in CH,Cl, and petroleum ether (40:60)
was added to the solution to give the product as an orange solid. The solid was collected
by filtration and dried in vacuo. Yield (0.349 g, 82 %). 'H NMR (500 MHz, CD,Cl,, -60
°C): 6 7.25 (m, 16H, CHarom), 3.70 (m, 4H, N-CH), 1.80 (m, 28H, CH3/CHb>). Be{'Hy
NMR (125 MHz, CD,Cl,, 20 °C):* § 139.11, 138.54, 138.53, 138.07, 137.01, 131.92,
129.43, 128.56, 127.79, 126.92, 110.78, 71.27 (C3), 70.90 (C3), 69.85 (C3), 31.64, 29.23,
28.75, 28.58, 24.89, 19.93, 19.83, 19.11. BC{'H} NMR (125 MHz, CD,Cls, -60 °C):* §
182.01 (C=S), 181.89 (C=S), 181.72 (C=S), 180.49 (C=S), 139.10, 138.36, 137.66,
137.61, 136.25, 136.16, 131.09, 128.92, 128.71, 128.26, 127.93, 127.87, 127.28, 127.15,
126.93, 126.67, 126.29, 69.83 (C3), 69.68 (C3), 68.91 (C3), 28.28, 27.79, 27.61, 24.39,
24.16, 19.40, 19.35, 19.32, 18.69. Anal. Calcd. for C42HasClaNgPdS,: C 59.33, H 5.69, N
6.59; Found C 58.86, H 5.76, N 6.38 %.

* Not all "*C{'H} signals were observed.
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The conversion of rac-Pd, / meso-Pd; to rac-Pd / trans-meso-Pd at room temperature

The two equivalents of L(rac) (0.021 g, 0.062 mmol) were added to one
equivalent of the mixture of rac-Pd, and meso-Pd; (0.032 g, 0.031 mmol) in CD>Cl; (ca.
0.7 ml). The mixture was transferred to an NMR tube and examined by 'H-NMR

spectroscopy at various times. Only monomer was shown to be present.

The conversion of rac-Pd, / meso-Pd; to rac-Pd / trans-meso-Pd at 50 °C

The two equivalents of L{rac) (0.021 g, 0.062 mmol) were added to one
equivalent of the mixture of rac-Pd; and meso-Pd, (0.032 g, 0.031 mmol) in CH;0H (4
ml). The mixture was heated to reflux at 50 °C for 48 h and then the solvent was removed

under reduced pressure. The residue was examined by 'H-NMR spectroscopy in CDaCl,.

Only monomer was shown to be present.

In situ NMR reaction of PdCl; and L(8S,S)
One equivalent of L(S,S) (0.0700 g, 0.208 mmol) and PdCl> (0.0370 g, 0.208
mmol) were transferred to an NMR tube and CD,Cl; (ca. 0.7 ml) was added. The reaction

mixture was monitored by *C{'H} NMR spectroscopy att =0 h and 6 h.

In situ NMR reaction of PdCI; with L(rac)
One equivalent of L(rac) (0.0700 g, 0.208 mmol) and PdCl, (0.0370 g, 0.208
mmol) were transferred to an NMR tube and CD,Cl; (ca. 0.7 ml) was added. The reaction

mixture was monitored by *C{'H} NMR spectroscopy att =0 h and 3 h.

VT-NMR studies of rac-Pd; / meso-Pd,

rac-Pd, / meso-Pd, was dissolved in TCE-d> and then examined by '"H NMR
spectroscopy at 0, 20, 30, 40, 50, 60, 70, 80, 90, 100 °C and then at 20 °C again, which
revealed that the compound had partially decomposed on heating.

rac-Pd, / meso-Pd, was dissolved in CD,Cl, and then examined by '"H-NMR
spectroscopy at 25, 20, 0, -30, -40, -50, -60, -70 and -80 °C.
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Reaction of R,R-Pd; with §,S-Pd,

Single crystals of S,S-Pd; (1.57 mg) and R,R-Pd; (1.45 mg) were mixed in

CD,Cl; (ca. 0.7 ml) at room temperature and the reaction was monitored by 'H NMR

spectroscopy at -60 °C after various times (t = 0, 24, 48 and 72 h) at room temperature.

The crystals were weighed on an analytical balance with an accuracy of +/- 0.01 mg.
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S.N-Bidentate Thioureas and Their
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I. Introduction

Thiourea ligands have been found to be of use in metal catalyzed
bis(methoxycarbonylations),1’ 2 Suzuki-Miyaura cross-coupling reactions,”” Heck-
Mizoroki cross-coupling reactions, %68 Suzuki-Miyaura carbonylations8 and Pauson-
Khand reactions’ as well as other transformations,'® (see literature review in Chapter
3).

The synthesis of the chiral thiourea L1 (Figure 1) was first reported by the
group of Prof. Z. Yang at Peking University.6 L1 was found to be efficient for Heck-

Mizoroki® @

and Suzuki-Miyaura cross-coupling reactions,®  Suzuki-Miyaura
carbonylations,® bis(methoxycarbonylation)l reactions and alkoxycarbonylations of

aryl jodides."!

Figure 1. Chiral thiourea (Ll).6

In collaboration with the group of Prof. Z. Yang, the mono- and dipalladium
complexes of L1 (A and B in Figure 2) were synthesized. Both complexes displayed

complicated 'H NMR spectra; however, the structures of both the monomer and dimer

e

’/I

were confirmed by single-crystal X-ray diffraction studies.

ooy
=D e

O

monomer dimer

S

\/\/
/\/\

N™R

Figure 2. Mono- and di-palladium complexes of L1.
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We have discussed that both the monomer and dimer and an in situ (1:1
Pd:L1) prepared catalyst system were used as catalyst precursors in the
bis(methoxycarbonylations) reaction of terminal olefins (Table 13 in page 168). The
yields obtained were very similar. These results combined with our extensive studies
of the Pd-L1 system suggest that in all cases, the active catalyst is likely to be an
“LPdX,” complex. Clearly, these systems are extremely labile due to the nature of the
S—Pd bond in the monodentate complex.

We therefore initiated a program focusing on the development of bidentate
chiral S.N-oxazoline  thiourea  ligands for use in  asymmetric
bis(methoxycarbonylations) reactions. Their structures were designed on the basis of
currently well-established heterobidentate ligands such as A'”" and B'® (Figure 2)
whose stereocontrol elements are derived from the oxazoline chirality.”'21 As the Pd-
catalyzed bis(alkoxycarbonylation) was found to correspond to a syn-addition to the
olefin double bond (Scheme 1),>* > we therefore envisaged that the ee values of the
formed products would depend on the ability of the Pd-ligand complex to differentiate

the two faces of the double bond, as well as on its orientation.

Oxazoline thiourea B

Figure 2. Heterobidentate ligands.
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H CH,
H%aécm
j > P;; _CO,CH,
e

H CH,

H@%AH
i -CO,CH
pd” 2

-~

Scheme 1. Structures of syn-addition of carbomethoxy palladation transition states for

. 2
cis- and trans-butene.?

Several features of the oxazoline thiourea ligand are attractive. They have both
S and N binding sites on the backbone which should afford rigid metal-ligand
complexes with the bulky substituent on the oxazoline ring close to the metal center,
which might enhance the facial differentiation ability of the complex toward its
substrates and consequently lead to good ee values. Oxazoline thiourea ligands are
anticipated to be bidentate, which is good for preventing Pd(0) aggregation.z""27 With
the above in mind, the heterobidentate thiourea-oxazoline ligands with different types
of -R and -R’ groups were synthesized by the group of Prof. Z. Yang. The S,N-
thioureas can be classified into three types (Figure 3); (A) f-dimethyl oxazoline
thioureas, (B) Bmonomethyl oxazoline thioureas, and (C) the a-isoquinoline

thiourea. The names and codes of the bidentate S N-thiourea ligands are given in

Table 1.
r—N N r—N N N ==
Y T, O
s /o s N\//’ o) A N—/
RS R

(A) (B) (@)
Figure 3. (A) B-dimethyl oxazoline thioureas, (B) fmonomethyl oxazoline thioureas

and (C) a-isoquinoline thiourea.



Table 1. Names and codes of the bidentate S,N-thiourea ligands.

Codes Names
12 (S)-1-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)propan-2-yl)-3-(2-
isopropylphenyl)-1H-benzo[d]imidazole-2(3 H)-thione
L3 (R)-1-phenyl-3-(2-(4-phenyl-4,5-dihydrooxazol-2-yl)propan-2-yl)-1 H-
benzo[d]imidazole-2(3 H)-thione
L4 (S)-1-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)propan-2-yl)-3-mesityl-1H-
benzo[d]imidazole-2(3 H)-thione
Ls (S)-1-cyclohexyl-3-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)propan-2-yl)-
1 H-benzo[d]Jimidazole-2(3 H)-thione
Le (S)-1-(2-(4-isopropyl-4,5-dihydrooxazol-2-yl)propan-2-yl)-3-phenyl-1H-
benzo[d]imidazole-2(3 H)-thione
L7 (S)-1-(2-(4-isopropyl-4,5-dihy drooxazoi-2-yl)propan-2-yl)-3-p-tolyl-1 H-
benzo[d]imidazole-2(3 H)-thione
L8 (S)-1-(4-(anthracen-9-yl)phenyl)-3-(2-(4-isopropy!-4,5-dihydrooxazol-2-
yl)propan-2-yl)-1 H-benzo[d]imidazole-2(3 H)-thione
Lo 1-(2-(anthracen-10-yl)phenyl)-3-(4-isopropyl-4,5-dihydrooxazol-2- .
yl)ethyl)-1 H-benzo[d]imidazole-2(3 H)-thione
L10 1-(4-isopropyl-4,5-dihydrooxazol-2-yl)ethyl)-3-p-tolyl-1 H-
benzo[d]imidazole-2(3 H)-thione
L1l (S)-1-(2-(anthracen-9-yl)phenyl)-3-(2-(4-isopropyl-4,5-dihydrooxazol-2-
yl)propan-2-yl)-1 H-benzo[d}imidazole-2(3 H)-thione
L12 1-(isoquinolin-1-yl)-3-phenyl-1 H-benzo[d]imidazole-2(3 H)-thione
L13 1-(2-(anthracen-9-yl)phenyl)-3-(2-(4,5-dihydrooxazol-2-yl)propan-2-yl)-

1 H-benzo[d]imidazole-2(3 H)-thione
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A) f-Dimethyl oxazoline thioureas
The general approach to the synthesis of the f-dimethyl oxazoline thioureas is

shown in Scheme 2 (see Figure 4 for R and R’ substituents).

Q R—NH, Q PAIC, H, 8/ o: Et
Pd(OAc),, BINAP, Cs,CO; EtOAc, rt R—NH  'NH toluene, TEA
Br NO2  toluene, 115°C, 3 d R—NH  NO, 2 145°C, 15
LiHMDS, Mel :
CSCl,, Na,CO, THF, -78 °C KO™Bu, H:0
R—NH HN THE, 50 °C R/NTN LiHMDS, Met R \[( f THF, rt
[}
—>=o ! o THF, 25 °C 4 o
EtO EtO Et0
R § ? </ \>
HN OH Burgess reagent
2 R/N N - . N N
EDC, CH,Cly, rt o  THF,70°C
) S 7 0
s o HN OH N
HO \
R' R

EDC = 1-[3- (dimethylamino) propyl]-3-ethylcarbodiimide
TEA = triethylamine

Scheme 2. Synthesis of f-dimethyl oxazoline thioureas developted by the group of
Prof. Z. Yang.

Structures of the f~dimethyl oxazoline thioureas which were synthesized are

depicted in Figure 4.
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/ 0 N/ (o}
N\/, L7 \/’
L5 j L6 /\ /\

Ant = 9-anthryl
Figure 4. The structures of the S-dimethyl oxazoline thiourea ligands.

For L2 and L11, two spots were observed on TLC plates, and silica column
chromatography led to the isolation of two fractions. We postulated that these were
atropoisomers resulting from hindered rotation about the N—-C bond of the phenyl ring
caused by the respective bulky 'Pr and 9-anthryl groups. We have published the
results on the use of palladium complexes of L2 in the bis(methoxycarbonylation) of

2
styrenes.”

The ‘Pr group was cleaved from the L11 fraction which eluted first to give
L13 (Figure 5).
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SR, = 570
O NTN\K 95°C Q d NA(
s 7 O \L( COOH

J
e O &

L1, )
(first fraction) ——-—s\

ge
L13

Figure 5. The synthesis of L13 by the group of Prof. Z. Yang.

B) f-Monomethyl oxazoline thioureas

By using a similar procedure as was employed for the synthesis of the
monomethyl oxazoline thioureas, L9 and L10 were obtained (Schemes 3 and 4,
respectively). For L9, two spots were observed on TLC plates and silica column
chromatography led to the isolation of two fractions (B and C) when the S-amino
alcohol was introduced to A. We postulated that B and C were diastereomers differing
in the configuration of H (or Me) at the [ position of the oxazoline thiourea and
atropoisomers due to restricted N—Cy, rotation. They were separated by silica column
chromatography. Furthermore, two spots on the TLC were obtained from both B (Bl
and B2) and C (C1 and C2) after the cyclization of oxazoline arising from the
presence of three chiral “centers” only one of which was of fixed geometry (i.e. the
oxazoline). There were thus four final fractions from the synthesis of L9; however,
due to the difficulty of the separations, only two fractions were obtained (B1 and C1)
(Scheme 3 and Figure 6 for the synthesis and the TLC of the B and C fractions,
respectively). It should be noted that there are two diastercomers formed in the
methylation reaction to obtain A; however, a good separation was achieved only after
the B-amino alcohol was introduced to A. Furthermore, both B and C fraction
contains two compounds, but they were separated only after the cyclization of the

oxazoline ring.



EtO

THF, -78 °C

Ler,
Ant > \
HoN OH
N _N-_ -
\‘( EDC, CH,Cl,, 1t
o)

HO

\ LIHMDS, Me!

S
A
’-Prj
H N OH ‘ EDC, CH.,Cl,, nt
Ant Q

@ YK

s o]
HN OH
c $

‘-Pr‘s

Burgess reagent

THF, 70 °C

ClandC2 Pf

Ant = 9-anthryl

Burgess reagent

THF, 70 °C
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|

B1 and B2 ipf

Scheme 3. The synthesis of the S~-monomethyl oxazoline thiourea L9 developed by

the group of Prof. Z. Yang.
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. ................... - B1
e @ - B2
Burgess reagent
THF, 70 °C S
o
® }
S T c Burgess reagent
[+
THF, 70 °C [ Y - - C1
. ................... - Cc2

Figure 6. The TLC of compounds B, C and L9.

For L10, two spots were observed on TLC and silica column chromatography
led to the isolation of two fractions as diastereomers. It should be noted that there are
two diastereomers formed in the methylation reaction; however, a good separation

was achieved only after the cyclization of the oxazoline ring (Scheme 4).
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LIHMDS, Mel
Q THF, -78 °C Q . KO'Bu, H,0 Q
_— N_ N
/O/NTN LiHMDS,MeI/O/ T THF.H/O/N N
THF, 25 °C ;0 T
S 0 S s ﬁo
HO

EtO EtO

2 ot | it

EDC, CH,Ciy, rt
S N/ (o]

2 fractions ipf

i-Prs {

Scheme 4. The synthesis of the f/~-monomethyl oxazoline thiourea L10 reported by the
group of Prof. Z. Yang.

C) a-Isoquinoline thiourea L12 (Figure 7)

Yy 2
1 N/
Figure 7. The structure of the a-isoquinoline thiourea L12.

In collaboration with the group of Prof. Z. Yang who synthesized the ligands
and are testing their reactivity in Pd-catalyzed bis(methoxycarbonylation), we focused
on detailed characterization of the ligands and on the synthesis and characterization of

their palladium complexes. In some cases, these palladium complexes are also being

tested for their catalytic activity.
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The objectives of this study are:
1. the characterization of the bidentate S,N chiral thiourea ligands; and

2. the synthesis of the palladium complexes of bidentate S,N chiral thiourea

ligands with full characterization and investigation into their properties.
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I1. Results and Discussion
I1.1 Ligand characterization

The ligands were characterized by 'H, ®c{'H}, COSY, NOESY, HSQC and
HMBC NMR spectroscopy, high resolution mass spectrometry and single-crystal X-

ray diffraction (in some cases).

IL.1.1 The crystal structures of oxazoline thiourea free ligands

Suitable single crystals for X-ray diffraction of both column fractions of L2
were grown from slow evaporation of solutions in CH>Cl,:Et;O mixtures. Similafly,
diffraction quality crystals of L7 and the first fraction of L10 were obtained from
hexane. Crystallographic data of L2, L7 and L10 are summarized in Table 2 and

selected bond lengths and angles for all of the structures are listed in Table 3.

A) The crystal structures of the f-dimethyl oxazoline thioureas
The two fractions of L2, which are indeed atropoisomers, are
configurationally stable and were separated by silica column chromatography. We

have termed the atropoisomers ‘up’ and ‘down’ based on the conformation of the ‘Pr

substituent on the phényl ring (Figure 8).

N N N N

T

S S
S O\N o N

Figure 8. The structures of the ‘up’ (left) and ‘down’ (right) atropoisomers of L2.

The second fraction of L2 was found to crystallize in the monoclinic space
group P2, and contains two independent molecules in the asymmetric unit. The
molecular structure of both is shown in Figure 9. Both show the ‘up’ conformation of
the ‘Pr substituent, so this isomer is referred to as L2up, and both show similar bond

lengths and angles (Table 3).
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Figure 9. The molecular structure of L2up (two independent molecules in the

asymmetric unit but only one molecules are shown).

The other L2 fraction also crystallizes in spacé group P2,, but with one
molecule in the asymmetric unit. In this structure, the ‘Pr substituent on the phenyl
ring 1s shown to be in the ‘down’ conformation, so it is referred to as L2down. The

molecular structure of L2down is depicted in Figure 10.

Figure 10. The molecular structure of L2down.

The structures of both L2up and L2down clearly show that the ortho-'Pr
groups on the phenyl ring iii are on the opposite sides with respect to the bicyclic
thiourea moiety. The bond lengths, angles and dihedral angles of the molecules are
very similar (Table 3). The central NoCS moiety (i) is slightly inclined to the fused
benzene ring (if) and almost normal to the phenyl ring (iii) and the mean plane of the
oxazoline ring (iv). L2up shows a slight envelope-like distortion; in one molecule,
C(14) deviates from the plane of the other four atoms on the oxazoline ring by 0.10 A,
whereas C(15) in the latter molecule deviates by 0.13 A.
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L7 crystallizes in the triclinic space group P1 with two independent molecules
in the asymmetric unit (I and I'), both showing similar bond lengths and angles. The
molecular structure of L7 is depicted in Figure 11. The dihedral angle
C(2) =N(1)-C(11)~C(12) of molecule I (162.8°) is ca. 5° larger than its equivalent in
molecule I’. Molecules I and I' differ because of the N(1)-C(11)-C(12)-N(13)

torsion angles of 127.9° and -136.0° in molecules I and I’, respectively.

Figure 11. The molecular structure of L7.

The average C=S bond length in L2up, L2down and L7 is 1.66 A which is
almost the same as those in the monodentate C,-chiral thiourea L1(S,S) and L1(rac).
The average C=S bond length is shorter than that in tu and tmtu by 0.02 and 0.06 A,
respectively. The C(2)-N(1) and C(2)-N(2) bond lengths are almost the same
(C(2)-N(1) 1.384(3) — 1.388(3) A, and C(2)-N(2) 1.367(3) - 1.384(3) A), which are
0.02 and 0.04 A longer than those in tu and tmtu. All three ligands show significant
differences of the two S—C-N angles (S—-C(2)-N(1); 129.07(19) — 131.4(2)°, and
S-C(2)-N(3); 122.4(2) — 124.47(18)°). We believe that the steric bulk of the £
dimethyl oxazoline moiety may be responsible for S—C(2)-N(1) being wider than
S—C(2)-N(3). The N(3)-C(2)-N(1) angles are 105.6 — 106.6°, significantly smaller
than that of tmtu (115.4°), which can explained by the fused five-membered thiourea

ring i and the phenyl ring ii.
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B) The crystal structure of the /~monomethyl oxazoline thiourea L10

The first fraction of L10 crystallizes in the orthorhombic space group P2,2,2,
with one molecule in the asymmetric unit. The molecular structure is shown in Figure
12. C(11) was found to have the R configuration with respect to the known S
configuration of the CH'Pr group on the oxazoline; therefore, this isomer is referred to
as R-L10 (Figure 13). The second fraction is therefore very likely to be its
diastereomer with an S configuration at C(11) which is referred to as S-L10. Selected
bond lengths and angles are displayed in Table 3. The bond lengths and angles are
similar to those of the pA-dimethyl oxazoline thiourea structures. Noteworthy
differences are the S—C(2)-N bond angles and the angle between the mean planes of
the thiourea ring i and the phenyl ring ii. The S-C(2)-N(1) (127.22(17)°) and
S—C(2)-N(3) (126.53(15)°) angles in R-L10 are fairly close, unlike the disparate
values in the B-dimethyl oxazoline thioureas. We believe that this is because the
monomethyl oxazoline moigties have less steric bulk and are thus more flexible than
the S-dimethyl oxazoline ones. This is important to note and will be discussed later in
the context of their complexes with palladium. Furthermore, the angle between rings i

and ii of R-L10 is very small (0.7°), whereas the equivalent angles in the f-dimethyl

oxazoline thioureas are wider (3.1 — 8.2°).

Figure 12. The molecular structure of R-L10.

We tried to grow diffraction-quality crystals of the other oxazoline thiourea
ligands, in particular the fractions of L11, L13 and L9 to confirm their

stereochemistry, but to no avail.



Table 2. Crystallographic data for L2up, L2down, L7 and R-L10.
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L2up L2down L7 R-L10
Empirical formula C25H3|N3OS C25H3|N3OS C23H27N3OS C22H25C12N3O
Formula weight 421.59 421.59 393.54 379.51
Temperature (K) 120(2) 120(2) 120(0) 120(2)
Crystal system Monoclinic Monoclinic Triclinic Orthorhombic
Space group P2, P2, Pl P2,242,
a(A) 11.841(1) 8.9806(8) 9.2534(3) 6.2743(5)
b (A) 15.138(1) 11.3367(12) 10.3115(4) 14.9802(12)
c(A) 12.813(1) 11.9121(11) 12.7445(4) 21.4775(18)
o (°) 90.00 90.00 98.036(2) 90.00
B (°) 90.95(1) 104.65(1) 110.765(2) 90.00
¥ (%) 90.00 90.00 109.899(2) 90.00
Volume (A%) 2296.4(3) 1173.3(2) 1021.16(6) 2018.7(3)
Z 4 2 2 4
Density (calculated) (Mg/m’) 1.219 1.193 1.280 1.249
Absorption coefficient (mm™) 0.162 0.159 0.177 0.177
Crystal size (mm") 0.28x0.20x0.17 0.14x0.12x0.10 0.30x0.12x 0.07 2
Theta range fo(f,)data collection 1.59 t0 29.00 1.77 t0 27.50 1.79 10 28.50 1.66 to 25.00
Reflections collected 29694 12256 19789 17940
Independent reflections 12198 [R(int)=0.0922] 5364 [R(int)=0.0514] 10223 [R(int)=0.0412] 3563 [R(int)=0.0444]
Data / restraints / parameters 12198 /1/ 565 5364 /1/283 10223 /526/3 3563/7/256

Final R indices [ > 2o

R1=0.0496, wR2=0.0985

R1=0.0521, wR2=0.0952

R1=0.0389, wR2=0.0868

R1=0.0367, wR2=0.0819

R indices (all data)

R1=0.0758, wR2=0.1061

R1=0.0782, wR2=0.1035

R1=0.0521, wR2=0.0917

R1=0.0440, wR2=0.0852

* not measured.
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Table 3. Selected bond lengths and angles for the S-mono- and di-methyl oxazoline thioureas.

Selected bond lengths (A) L2up L2down L7 R-L10
S=C(2) 1.663(2) 1.656(2) 1.660(2) 1.673(2) 1.666(2) 1.658(2)
N(1)-C(2) 1.384(3) 1.387(3) 1.386(3) 1.388(3) 1.386(3) 1.381(3)
N(3)-C(2) 1.378(3) 1.384(3) 1.367(3) 1.374(3) 1.377(3) 1.374(3)
C(11)-C(12) 1.520(3) 1.520(3) 1.512(4) 1.513(3) 1.515(3) 1.512(3)
C(12)=N(13) 1.256(3) 1.254(3) 1.265(3) 1.266(3) 1.259(3) 1.254(3)
Selected bond angles (deg)
S-C(2)-N(1) 131.4(2) 131.2(2) 129.07(19) | 129.95(15) | 130.43(15) | 127.22(17)
S-C(2)-N(3) 122.4(2) 123.2(2) 124.47(18) | 123.46(16) | 123.35(15) | 126.53(15)
N(3)-C(2)-N(1) 106.21(17) | 105.58(18) | 106.46(19) | 106.57(17) | 106.21(16) | 106.25(18)
Selected dihedral angles (deg)

S-C(2)-N(3)-C(21) -171.1 -9.0 9.5 0.3 0.9 -4.6
C(2)-N(3)-C(21)-C(22) 90.6 90.4 -113.0 70.6 114.7 -82.4
C(2)-N(1)-C(11)-C(12) 149.7 144.9 48.7 162.8 -158.9 -3.1

N(1)-C(11)-C(12)-N(13) 129.3 129.9 -143.4 127.9 -136.0 122.0
Selected angles between planes (deg)
ilii 8.2 5.0 3.7 3.1 3.3 0.7
i/iii 86.4 79.2 72.7 73.0 70.2 84.1
i/iv 83.9 76.2 70.2 75.6 68.5 86.7
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111.2 The NMR characterization of the oxazoline thiourea ligands

The characterization of oxazoline thioureas using NMR techniques is worth
discussing in detail.

Figure 14 shows the structure of L7 with all carbons positions numbered for
NMR assignment. The 'H and *C{'H} NMR spectra of L7 are depicted in Figures 15

and 16, respectively.

10 11
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19 18 8 ,' )
N_7 N
17 T 5\ g
21 20 18
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h N
3
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Figure 14. The '"H NMR (500 MHz, CDCl;) spectrum of L7.
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Figure 15. The *C{'H} NMR (125 MHz, CDCl;) spectrum of L7.
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Initial inspection of the '"H NMR spectrum of L7 easily identifies the two
doublet signals at 6 0.89 (Jy.y = 7 Hz) and 0.98 (Jy.y = 7 Hz) as belonging to the
protons at positions 15 and 16, and the multiplet at 6 1.97 ppm as the proton at
position 14 (Figure 15). Using COSY, the signal at position 14 can be used to assign
the proton at position 4 in the oxazoline ring iv (the COSY spectrum is depicted in
Figure 17). The proton at position 4 can then be used to assign the nonequivalent
(axial and equatorial) protons at position 3. The assignment of the protons in positions
3 and 4 was confirmed by the HSQC spectrum (Figure 18).

Using NOESY, the singlets at & 2.24 and 2.28 ppm can be assigned to the
methyl protons at positions 1 and 2 which show NOESY correlation to the aromatic
proton at position 12 (at 6 7.58 ppm) (Figure 19). The aromatic protons in phenyl ring
ii can then be assigned by using the COSY spectrum. The COSY correlation of the
proton at position 12 can be used to assign the protons at positions 11, 10 and 9
(Figure 20). Therefore, the other singlet at § 2.43 ppm must belong to the methyl
protons at position. 21. This signal shows NOESY correlations to the aromatic protons
at 6 7.34 ppm, (d, Jy.y = 8 Hz, 2H) (Figure 19). With this information, we assigned
this signal to the protons at position 19 (in phenyl ring iii in Figure 14). Moreover, the
COSY correlations of H19 can then be used to assign H18 protons in the phenyl ring
ifi.

All of the carbons except C6 and C7 were assigned using HSQC and then
confirmed by HMBC. Finally, the quaternary carbons C6 and C7 were identified by
HMBC, as C6 shows a correlation to the protons at positions 1, 2, 3 and 4 whereas C7
does not correlate with any proton (see Figure 21).

All of the oxazoline thiourea ligands can be characterized and their proton and
carbon resonances assigned using the same 2D NMR techniques. The assignment of
the 'H NMR spectra of the oxazoline thiourea ligands is shown in Tables 4 — 8,

whereas the *C{'H} NMR assignments are given in the experimental section.



201

H3

By 0w

L

F? -
o) | O g
T < :
: @
]
15
¢ e
20 -
1 .
25 - -5 '
1
1 -
B
« -3 < L - <
E T T 1 T T T 71 T T T T L] O T 7 ] T T II‘[ v v ] T KN B
0 35 10 25 20 15 10

F1 (ppm)

Figure 16. The COSY spectrum in the aliphatic region of L7.
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Figure 17. The HSQC spectrum in the aliphatic region of L.7.
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Figure 18. The NOESY spectrum of L7.
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Figure 19. The COSY spectrum in the aromatic region of L7.
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Figure 20. The HMBC spectrum of L7.



Table 4. '"H NMR assignment of the S-dimethyl oxazoline thioureas (positions 1 — 12) with coupling constants given in Hz in parentheses.

10 11
9 12
8,
2
Y
s
N/ 0
>
R 4
Compound R R HI, 02 H3 H4 H9 H10 HI H12
5.21 6.84 7.12 7.16 7.68
L3 230,5, 3H B 10 d@ d(7 d(7) d(7
V‘—u. VH_. t
227,s,3H 4-12,1(7), 1H (10) % ) @
IH IH H IH 1H
3.90— 3.94 6.62 7.08 7.18-1721 7.63
226,5,3H | 4.18-422,m, IH
L2up g, m d(8) £ (8) m d(9)
219,5,3H | 3.95-399, m, IH
IH IH IH IH IH
, . 6.6 7.08 702-7.14 7.62
L2 e 2.24,s, 3H 4.23,1(9), IH
@ 220, s, 3H 3.89-3.95 m, 2H a0 ') " 4(8)
20, s, 89-395 m,
down 1H IH 1H IH
3.03-3.98 6.58 708 714 7.64
N 225, s, 3H 4.23,1(8), IH
L4 < m d(7) d(8) d(8) d(8)
220, s, 3H 3.95,1(8), 1H
IH IH 1H IH IH
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Table 4 (continued) TR

Compound R R’ HI1, H2 H3 H4 H9 H10 HI1 H12
3.93-3.96 7.49 7.08 7.14 7.57
¢ 2.17,s,3H 422,1(8), 1H
L5 m d(8) d(8) d(8) d(8)
2.12,s,3H 3.94,t(8), 1H
IH 1H IH IH IH
. 339 6.86 7.15 7.19 7.66
L % 2.28,s, 3H 431,t(8), 1H ® i@ © ® ‘@)
t t t
©/ 2.23,s,3H 4.03,(8), IH
e IH 1H IH 1H IH
A " 6.83 7.08 7.12 7.58
< 2.28,s,3H 428, t(8), IH
L7 d(8) t(8) £(8) d(8)
2.24,s, 34 4.00 - 4.05, m, 2H
1H 1H IH iH
7.14 7.26 7.65-7.77
% | 2.36,s,3H 4.39,t(8), IH
LS d(8) t(7) m
ant 234,s,3H 4.08-4.15, m, 2H
IH 2H 1H
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Table 4 (continued)

Compound R R’ HI, H2 H3 H4 H9 HI0 HIl HI2
Ant
e 3.82 - 3.86 6.57 6.41 6.64 7.08
L1l 1.89,s,3H | 3.90,t(8), IH
5 m d(8) t (8) t(8) d(8)
(2° fraction) 1.76,s,3H | 3.76,t(8), IH
IH 1H 1H IH 1H
AN Ant
3.87 6.57 6.41 6.64 7.08
LIl 2 1.94,s,3H | 4.06,t(8), IH
K t(8) d (7) t(7) t(7) d(7)
(1" fraction) 1.68,s,3H | 3.70,t(8), IH
IH H 1H H 1H
Ant
.09, q(9), .76 - 3. . . . .
o 1935 3H 4.09,q(9), IH | 3.76-3.84 6.59 6.42 6.65 7.09
L13 H 5 68 < 31 3.98,q(9), IH m d(8) t(8) t (8) d(8)
. ? S’
2H* H 1H IH [H

* Two protons with R = H.




207

Table 5. '"H NMR assignment for the R-substituent of the A-dimethyl oxazoline thioureas (positions 14 — 16).

R./NTN
S 7 ~0

b

R
Compound R R’ H14 HI5,H16 Compound R R’ H14 HI15, H16
1.74 - 1.81 1.82—1.87
0.94,d(7), 3H < 0.95,d (7), 3H
L2up it m L5 m
0.87,d(7), 3H 0.87,d (7), 3H
IH . IH
o 1.76 - 1.83 N 1.81-1.88 | 1.02,d(7),3H
L2d : 0.96,4(7), 30 L6 £ . 0.93,d (7), H
own ~ m ~ m .
P 0.86, d (7), 3H TR ©/ T
157 1 Ty 1H 4730 157 1 T ' IH
1.80 - 1.87 1.88-1.93
" 0.95,d (7), 3H /@% 0.98,d (7), 3H
L4 i m L7 m
0.86,d (7), 3H 0.89,d (7), 3H
IH 1H




Table 5 (continued)
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R
Compound R R’ Hi4 HI5, H16 Compound R R’ HI15-HI9
1.95-1.99 NG
LN ' 1.02,d(7), 3H 18 e 7.31-7.36,m ., 4H
L8 m L3
0.92,d(7), 3H 17 15 740-727, m, |H
Ant 1H 16
B Ant
1.78 - 1.83
L11 : 2 0.92,d (8), 3H
PN 5 m
(2™ fraction) | 145 14 16 IH 0.82,d (8), 3H
Ant
1.76 — 1.81
L1t % 0.91,d(7), 3H
5 m
(1" fraction) 0.83,d(7), 3H
1H
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Table 6. 'H NMR assignment for R’-substituent for the S-dimethyl oxazoline thiourea (positions 17 - 24).

.

S

R
Compound R R’ HI7 and H18 HI9 H21 H22 H23 H24
17 18
25 19 L 19 d(7) 31 246 -2.51 7.18-17.21 7.39-7.42 7.57-17.59
L2up 24 4 7 ’ m m m m
20 0.98,d (7), 3H
23 21 IH 1H 1H 2H
PN 17 18
25 19 118, d (7), 3H 247-2.55 7.12-7.14 7.34 —-7.37 7.50-7.52
L2down 24 S 7 ’ m m m m
20 0.99, d (7), 3H
2 Ny IH IH IH 2H
22
21
A 22 A 7.42 7.58 7.50-7.53
L3 20 . t(7) t(8) m -
23 21 5 H
22 2H H
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Table 6 (continued)

Compound R R’ H17 H18 H19 H20 H21 H22 H23
21
7.03 1.87 2.35
18l o
L4 1 7" - s . s s .
27 % 18> 21 2H 6H 3H
19
22 -
Ls 2 iy 2.08-2.02,m, 2H; 1.94 — 1.97, m, 2H; 1.82 - 1.87, m, 4H; 1.49 —
. 20 18 1.59,m, 2H; 1.29 - 1.38, m, 1H
~i 19
N .
o N 7.4 7.62 7.55
L6 17 d(8) t(8) t(8)
20 18
1o 2H 2H I1H
L. 7.29 7.34 243
19 U
L7 7 d (8) d (8) - s
23”20 g " 2H 2H 3H
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Table 6 (continued)
Compound R R’ Aromatic protons
L8® ‘71’: 8.58,s, 1H; 8.11,t(9), 2H; 7.85, d (8), 1H; 7.65 - 7.77, m, SH; 7.53,d (7), 2H;
741 -747, m, 2H
Ant
Ant
Li1

8.22,s,1H; 8.15-8.16, m, 1H; 7.84,d (8), 1H; 7.78 — 7.82, m, 3H;7.71 - 17.75,

(2 fraction) P m, 2H;7.67 - 7.69, m, 1H; 7.32 - 7.34, m, 3H; 7.27 - 7.29, m, 1H

||u|<
EJJ
Ead

Ant
L11

(1" fraction)

8.21,s,1H;8.15-8.17, m, 1H; 7.84,d (8), |H; 7.78 - 7.82, m, 3H; 7.72 - 7.74,
m, 2H; 7.68 - 7.70, m, 1H; 7.31 - 7.32, m, 3H; 7.27, d (7), 1H

g

Ant
8.21,s,1H;8.15-8.17, m, 1H; 7.81 — 7.84, m, 2H; 7.77 - 7.80, m, 2H; 7.72 -
7.75,m, 2H; 7.68 —~ 7.69, m, 1H; 7.31 — 7.33,m, 3H; 7.27,t(7), IH

L13 H

4

*'H NMR spectrum in CDCl; at -30 °C.
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Table 7. '"H NMR assignment for the S-monomethyl oxazoline thioureas (positions 1 — 12),
10

13A 1
R'/N\”/N I .BS
S o)
N/
T
4
R
Compound R R’ Hl H3 H4 HS5 H9 HI0 HI11 H12
1.81 6.43 6.96 7.13 7.17 7.37
R-L10 . 4.15-4.18, m, 1H @ 4G ® N a®)
t t
A=CH;,B=H 4.02-4.07, m, 2H a ) (
3H ' I1H 1H IH IH IH
v 1.83 3.98 6.44 6.95 7.13 7.17 741
SLIO - d(8) 431,10), 10 ) (8) d(®) (8) (8) d(8)
t t
A=H, B=CH; 3.87,1(9), IH q 9

: 3H IH I1H 1H 1H 1H IH
/g\ Ant 1.14 3.88-391 6.16 6.40 6.27 6.62 6.77

L9 Y 4.04,t(8), IH
4 d(7) m q(7) d(8) t(8) t(8) d(8)

(B1 fraction) 3.97,t(8), IH
3H IH IH 1H IH IH 1H
1.17 3.87 6.15 6.40 6.27 6.62 6.82

L9 422,t(8), IH
d(7) q(8) q(7) d(8) t(8) t(8) d (8)

(Cl fraction) 3.73,t(8), IH
3H IH IH IH IH IH tH




Table 8. 'H NMR assignment for R and R’-substituent of the f-monomethyl oxazoline thioureas (positions 14 - 23).
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Compound R R’ H14 H15, H16 HI8 HI19 H21 H22 H23
22
2 “wg | 1.80-1.82 7.36-7.39 2.44
R-L10 7 0.98,d (8), 3H
m m S
A=CH;,B=H 18 0.89,d (8), 3H
237 20 g IH 4H 3H
22
21 “ 1.78 -1.83 7.36-17.40 244
S-L10 fiie 1.05,d (7), 3H
m m S
A=H, B=CH, 18 0.89, d (7), 3H
H 237 20 7 1H IH 3H
AW
15 16 Ant '
1.71-1.76 Aromatic protons;
L9 2 0.90, d (7), 3H
5 m 8.18, s, 1H; 8.09, d (8), [H; 7.99, d (8), 1H; 7.92, d (8), 1H; 7.86, d (8),
(B fraction) 0.83,d(7), 3H .
1H 1H;7.73 -7.77, m, 4H; 7.34 — 7.40, m, 3H; 7.31, t (8), IH
Ant 1.65-1.70 Aromatic protons;
L9 2 0.95,d(7), 3H
4 m 8.18,s, 1H; 8.08, d (8), 1H; 8.00, d (8), IH; 7.92, d (8), 1H: 7.86, d (8),
(C1 fraction) 0.81,d(7), 3H
IH 1H; 7.72-7.77, m, 4H; 7.35 - 7.40, m, 3H; 7.31, t (8), IH
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From Tables 5 — 9, the 'H NMR of the protons in the parent structure,
positions 1 — 14, of the bidentate S,N-oxazoline thiourea ligands shows similar
chemical shifts. However, the H4 resonance of L3 (Ph), 5.21 ppm, is significantly
shifted from L6 ('Pr), 3.39 ppm. The methyl H1 and H2 signals, which normally
appear at ca. 2.2 ppm, are shifted considerably to higher field, ca.1.7 and 1.9 ppm,
when the substituent —R’ is ortho-9-anthryl (L11up, L1ldown and L13). The Hl
resonances of the f-monomethyl and S-dimethyl substituents are significantly shifted.
For example, H1 of L7 (f-dimethyl) appears at 6 2.2 ppm, but for S-L10 and R-L.10
(fmonomethyl), it appears at § 1.83 ppm. This can be attributed to the effect of the
substituent at the B-position in the oxazoline thiourea ligands. Surprisingly, one
proton in the aromatic region of L8 shows broad signals in the 'H NMR spectrum
obtained at room temperature but gives a sharp signal at -30 °C, (see Figures A15 and
A16 in Appendix B for the 'H and BC{'H} spectra at room temperature and -30 °C,
respectively). We have no explanation for this broad signal.

Interestingly, the 'H and BC{'H} NMR spectra of the two atropoisomers
L2up vs L2down, R-L10 vs S-L10, R-L9up vs S-L9down and L11up vs L11down
are very similar (see Figures 22 and 23 for 'H and “C{'H} of L2up vs L2down,
respectively; for spectra of other atropoisomers, see Appendix B). The main
differences in the *C{'H} NMR spectra between L2up and L2down are the Me
carbon signals at positions 1 and 2. They appear at 29.2 and 26.5 ppm in L2up and
28.2 and 27.9 ppm in L2down, respectively. Moreover, the NOESY NMR spectrum
of L2up and L2down, as well as for other atropoisomers, also show similar signals.
However, the structures of both isomers are confirmed from single-crystal X-ray

diffraction.



NON=-Q 0 D O NO D DDP T o o o~

Lobh® - 8 Qb JIR=2 8883 58 R Rk R 538328
MMNMNN N N N OO T T OO NN NN — -~ O0OO0OO0GCO
——d | — N/ e L L ~J 1

1

M=~ © mEo M oY Oc
@ 0w o 9o 9o NN o
M~ M~ OO - < el
~N1T eV

1

o
€
~N
1

! [ ' [
LA i
T — T T T
. . . 55 5.0 4.5 3.5 30 25 20 15 1.0 05

f (pp‘r‘ﬁ?
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Figure 22. The '*C{'H} (125 MHz, CD,Cl) spectra of L2up (top) and L2down
(bottom).

The inter-conversion barriers between the ‘up’ and ‘down’ isomers via
rotation around the Cphenyi-N [(C(21)-N(3)] bond were obtained by DFT (B3LYP, 6-
31G) calculations both in CH3;OH solution and in the gas phase.”® For an
unsubstituted phenyl ring, L6, the Cpnenyi-N bond rotation barrier 1s calculated to be

ca. 12 kcal-mol™. The ortho-"Pr substituent analogue, L2up and L2down, gave an
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energy barrier of 37 kcal-mol”. The high energy barrier between L2up and L2down
was consistent with experiment, as an identical 'H NMR spectrum was observed after

L2up was heated to 125 °C for 6 h, thereby proving that it had not been converted to
L2down.

I1.2 Synthesis of S,N-bidentate oxazoline thiourea palladium complexes

The bidentate S,N-oxazoline thiourea palladium complexes PdCl,-L2up
PdL2up, PdCl,-L2down PdL2down, PdCl,-L3 PdL3, PdCl,-L4 PdL4, PdCl-L5
PdLS5, PdCl,-L6 PdL6, PdCl,-L7 PdL7, PdCl,-L8 PdLS, PdCi,-L9 PdL9 (using Bl
and C1 L9 fractions), PdCl;-R-L10 Pd-R-L10, PdCl,-S-L10 Pd-S-L10, PdCl,-L11
PdL11 (two fractions), PdCl,-L12 PdL12 and PdCl>,-L13 PdL13 were synthesized by
reaction of one equivalent of PdCl; or PdCly(PhCN), with one equivalent of the
appropriate ligand under conditions outlined in Scheme 5. It should be noted that by
using PdCl,(CH3CN), with the 1* fraction of L11, the reaction does not go to
completion as evidence from the in situ 'H NMR. The complexes are shown as
monomers, but it is possible that they may exist as cyclic dimers, trimers or even

higher order oligomers.

R"
Y 1,20r3 5 R'/NYN
S S / "0
\ N
C—pPd
7 }//
Cl R
= Y
y Y
L12 CI/ \CI

1. PdCl,, CH;0H, 50 °C, 48 h for L2up, L2down, L3, L4 and L5

2. PdClL,(PhCN),, CH,Cl,, room temperature for 30 min for L6, L7, L8, L9 (both Bl and C1
fractions), R-L10, S-L10, L11 (first fraction), L12 and L13

3. PdCl,(CH.CN),, CH,Cl,, room temperature for 30 min for the second L11 fractions

Scheme 5. The preparation of oxazoline thiourea palladium complexes.
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TI.3 Characterization of S,N-oxazoline thiourea palladium complexes

The complexes were characterized by solution H, 13C{'H}, COSY, NOESY,
HSQC and HMBC NMR spectroscopy, elemental analysis and single-crystal X-ray
diffraction. Full details of the X-ray and NMR analyses are provided (vide infra).

I1.3.1 The crystal structures of bidentate S,N-thiourea palladium complexes
A) Crystal structures of the Sdimethyl oxazoline thiourea complexes
A.1 Monopalladium B-dimethyl oxazoline thiourea complexes.

Single crystals of PdL2up, PdL2down and PdL3 were obtained from slow
evaporation of CH,Cly:Et;O solutions and PdL6 likewise from CD,ClL:Et0O.
Similarly, single crystals of PdL4 were obtained from three different solvent
mixtures; CH,Cl,, CH>Cly:Et;O and CH,Cly:CH30H. Single crystals of PAL7 were
obtained from slow evaporation of a solution in CH,Cl,:DMF. Finally, single crystals
of PdL11 (from the second L11 fraction) were obtained from an NMR solution in
CDCl;. They were found to crystallize in the following space groups: PdL2up
(tetragonal P4;); PdL2down, PdL3, PdL6, PdL7 and PdLI11 (orthorhombic
P2,212)); PdL4 (from three different solvents as described previously, but all are
monoclinic P2,). The structures contain one full molecule in the asymmetric unit,
apart from PdL7 and PdL4 (from CH,Cl,) which contain two independent molecules.
The structures of PdL3, PdL6, PdL4 (CH,Cl,) and PdL4 (CH,Cl;:CH30H) also
contain one molecule of CH,Cl,, CD,Cl,, CH,Cl, and CH;0H solvate, respectively, in
the asymmetric unit. The atomic displacement parameters of PdL2up are on average
1.7 times larger than in PdL2down, and in some cases are large enough to suspect
static disorder. The structure of PdL4 (from CH,Cl,), contains one independent
molecule which has the isopropyl group at C14’ disordered between two orientations
C18°-C19°-C20° and C187-C19”-C20” with equal occupancies, and the methyl
group at position C29’ is disordered over two positions with equal occupancies. The
molecular structures of all of the complexes are shown in Figure 24. All
crystallographic data are summarized in Table 9 and selected bond lengths, angles and

dihedral angles are given in Tables 10 and 11, respectively.
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PdL4

PdL4-0.5CH,ClI; (solvate omitted)

Figure 23. The molecular structures of the f-dimethyl oxazoline thiourea mono-palladium complexes.
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Ci3

PdL6

Figure 23 (continued)




Table 9. Crystallographic data for PdAL2up, PdL2down, PdL3 and PdLS6.
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PdL2up PdL2down PdL3 PdL6 PdL11up
Empirical formula Cy5Hy N;OPdS CysHs CL,N,0PdS Ca6HasCaN;OPdS CZZ”%CD'Z’S;?P ds, C“Hgggéfpds’
Formula weight 598.89 598.89 675.75 643.75 121451
Temperature (K) 12002) 120(2) 12002) 1202) 120(2)
Crystal system Tetragonal Orthorhombic Orthorhombic Orthorhombic Orthorhombic
Space group P4| P2|2|2| P2|2|2| P2|212| P212|2|
a(A) 9.2008(4) 9.7352(9) 8.8287(4) 8.7002(4) 10.6901(8)
b(A) 9.0028(4) 12.5655(11) 16.038(1) 16.4004(7) 16.9534(13)
c (A 31.3481(1) 21.1503(19) 18.728(1) 18.4949(8) 13.9363(10)
o (%) 90.00 90.00 90.00 90.00 90.00
B (°) 90.00 90.00 90.00 90.00 100.58(1)
v () 90.00 90.00 90.00 90.00 90.00
Volume (A7) 2653.8(2) 2587.3(4) 2651.8(2) 2639.02(2) 24743(3)
Z 4 4 4 4 2
D ens'&(;ﬂ%‘)"med) 1.499 1.537 1.693 1.620 1.630
Abs"’p‘('gi‘m??)‘"mc'em 1.002 1.027 1.208 1.209 1.290
Crystal size (mm°) 0.16 x 0.03 x 0.02 0.42x0.13 x0.01 0.44x0.10x0.05 0.30 x 0.20 x 0.07 0.23x0.19x0.09
Theta range for data 221102749 1.89 to 29.00 1.67 t0 29.99 2.20 to 34.97 229 t0 30.00
collection (°)
Reflections collected 22405 13750 36495 46575 45106
Independent reflections | 6077 [R(int)=0.1516] | 6345 [R(int)=0.0383] | 7734 [R(in)=0.0329] | 11231 [R(in)=0.0226] | 14411 [R(int)=0.0275]
Data / restraints / 6077/1/304 6345/0/310 7734 /07329 11231/0/306 14411723 /635
parameters
Final R indices > 26 R1=0.0676, R1=0.0389, R1=0.0228, R1=0.0206, R1=0.0273,
wR2=0.0955 wR2=0.0615 wR2=0.0516 wR2=0.0467 wR2=0.0605
R indices (all data) R1=0.1545, R1=0.0518, R1=0.0257, R1=0.0228, R1=0.0326,
wR2=0.1143 wR2=0.0646 wR2=0.0530 wR2=0.0475 wR2=0.0630




Table 9 (continued)

PaL7

PdL4

PdL4-0.5CH,Cl, PdL4-CH;OH
Empirical formula CaeHiosClNs 50 5oPdS CasH31CN;OPdS Czsgg(cclf{fz:?f)’ds’ CasHs CL;N;OPdS, CH:OH
. 2
Formula weight 625.40 598.89 641.35 630.93
Temperature (K) 120(0) 1202) 12002) 120(2)
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic
Space group P2|2|2| le le P2|
a(A) 10.3512(5) 8.7588(7) 8.8412(6) 8.6727(11)
b (A) 12.6007(7) 17.1200(17) 15.3859(14) 15.598(2)
c(A) 44.087(2) 9.0371(10) 20.422(2) 10.2831(13)
o () 90.00 90.00 90.00 90.00
B (°) 90.00 93.23 94.86(1) 94 .95(1)
Y (®) 90.00 90.00 90.00 90.00
Volume (A%) 5750.3(5) 1353.002) 2768.0(4) 1385.9(3)
Z 8 2 4 2
Density (calculated) (Mg/m’) 1.445 1.470 1.539 1512
Absorption coefficient (mm™) 0.930 0.982 1.059 0.966
Crystal size (mm’) - 0.16 x 0.13 x 0.03 037x022x0.11 048 x 021 x 0.15
Theta range for data collection (°) 1.68 t0 29.99 2.26 t0 30.01 2.00t0 35.00 1.99 t0 30.02
Reflections collected 110085 20560 48486 17097
Independent reflections 16499 [R(int)=0.0385] 7886 [R(int)=0.0358] 22630 [R(int)=0.0255] 7670 [R(int)=0.0186]
Data/restraints/parameters 16499/ 0/ 665 7886/1/312 22630/ 6 /643 7670/ 1/336

Final R indices 1> 2o

R1=0.0401, wR2=0.1108

R1=0.0260, wR2=0.0487

R1=0.0323, wR2=0.0742

R1=0.0173, wR2=0.0427

R indices (all data)

R1=0.0446, wR2=0.1121

R1=0.0319, wR2=0.0500

R1=0.0360, wR2=0.0756

R1=0.0179, wR2=0.0430




Table 10. Selected bond lengths and angles of the mono-palladium S-dimethyl oxazoline thiourea complexes.

Selected bond lengths (A) PdL2up PdL2down PdL11up PdL7
Pd-CI(1) 2.312(2) 2.318(1) 2.3090(6) 2.3022(10) | 2.3210(10)
Pd-Cl(2) 2.299(2) 2.275(1) 2.3039(6) 2.2976(8) 2.3079(8)
Pd-S 2.271(3) 2.268(1) 2.2833(6) 2.2755(9) 2.2714(9)
Pd-N(13) 2.021(7) 2.001(3) 2.0069(18) 2.027(3) 2.011(3)
S=C(2) 1.678(10) 1.708(4) 1.716(2) 1.714(4) 1.706(4)
N(1)-C(2) 1.398(11) 1.364(4) 1.373(2) 1.370(4) 1.384(4)
N(3)-C(2) 1.374(10) 1.357(4) 1.362(3) 1.350(5) 1.356(4)
Selected bond angles (deg)
S-C(2)-N(1) 137.0(7) 135.2(3) 134.40(15) 134.2(3) 135.3(3)
S-C(2)-N(3) 117.4(7) 116.3(3) 117.50(14) 117.3(3) 117.3(3)
S-Pd-N(13) 93.2(2) 94.18(8) 90.98(5) 95.49(8) 93.43(8)
Pd-S-C(2) 116.6(3) 118.17(13) 116.65(7) 117.64(12) | 116.18(12)
CI(1)-Pd-CI(2) 91.61(9) 90.83(4) 90.86(2) 90.39(4) 92.62(3)
Selected dihedral angles (deg)

S-C(2)-N(3)-C(21) -8.0 5.8 10.0 4.0 -2.7
C(2)-N(3)-C(21)-C(22) 100.0 -91.8 106.5 -79.2 -95.7
C(2)-N(1)-C(11)-C(12) 60.4 60.6 62.7 68.6 60.4

N(1)-C(11)-C(21)-N(13) -85 -88.2 -87.7 -85.9 -83.2
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Table 10 (continued)

Selected bond lengths (A)

PdL3 PdL6 PdL4 PdL4-0.5CH,CI, PdL4-CH;0H

Pd-CI(1) 2.3074(5) 2.3066(3) 2.3255(6) 2.3337(6) 2.3162(7) 2.3358(4)
Pd-CI(2) 2.3010(5) 2.30033) | 2.2976(6) | 2.2978(5) 2.3040(7) 23017(5)

Pd-S 2.2852(5) 2.2803(3) 2.2898(6) 2.2728(6) 2.2968(6) 2.2897(4)

Pd-N(13) 2.0084(17) 2.0032(10) | 2.0195(19) | 2.0093(19) 2.019(2) 2.0026(13)

S=C(2) 1.713(2) 1.7148(13) 1.717(2) 1.721(2) 1.711(2) 1.7222(16)

N(1)-C(2) 1.371(3) 1.3750(16) 1.364(3) 1.379(3) 1.371(3) 1.3707(19)
N(3)-C(2) 1.359(2) 1.3577(16) 1.348(3) 1.353(3) 1.356(3) 1.358(2)

Selected bond angles (deg)

S-C(2)-N(1) 135.10(15) 135.23(10) | 134.17(17) 135.07(17) 134.73(16) 134.83(12)

S-C(2)-N(3) 116.86(15) 116.99(9) 117.38(16) 116.72(15) 117.19(15) 117.19(11)
S-Pd-N(13) 93.32(5) 93.80(3) 95.86(5) 92.40(6) 94.44(5) 92.60(4)
Pd-S-C(2) 118.10(7) 117.57(4) | 117.17(8) 117.51(7) 116.04(7) 115.53(5)

CI(1)-Pd-C1(2) 91.656(19) 91.625(12) 91.71(2) 92.47(2) 92.95(3) 93.117(17)

Selected dihedral angles (deg)

S-C(2)-N(3)-C(21) -7.9 1.7 9.5 1 14.8 8.6
C(2)-N(3)-C(21)-C(22) -71.0 73.0 87.6 73.7 83.8 82.6
C(2)-N(1)-C(11)-C(12) -65.9 63.4 70.1 57.1 68.2 65.4

N(1)-C(11)-C(21)-N(13) 88.7 -88.0 -85.7 -88.4 -84.6 -84.4
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In the palladium complexes of L2, the ‘Pr groups of both compiexes are on
opposite sides of the phenyl ring iii, namely in an anti position with respect to PdCl,
for PAL2up but in a syn orientation for PAL2down. The structure of PdL11 (from the
second L11 fraction) reveals the 9-anthryl to be in the ‘up’ conformation, which
means that in the second fraction of L11 it is in an ‘up’ conformation as well, so this
ligand is referred to as L11up. Therefore, in the first fraction it must be in the ‘down’
conformation, so this is referred to as L11down. The bond lengths and angles of
PdL11up are not significantly different to those in those PdL2up in which the 9-
anthryl group is replaced by the ‘Pr substituent.

The crystal structure of PdL6 and its analogue PdL3 confirm that the carbons
bearing the 'Pr and the Ph substituents on the oxazoline ring have opposite
configurations. However, the very similar Pd-S (2.2852(5) vs 2.2803(7) A) and Pd-N
(2.0084(17) vs 2.0032(10) A) bond lengths suggest that both the substituent and its
configuration on the oxazoline unit have little influence on the structures.

The structures show slightly distorted square planar coordination at the Pd
atom with the chelating ligand bound through the S atom of the thiourea and the N
atom of oxazoline ring. PdL3 and PdL.4.-CH3;0H show the Pd, S, N(13), Cl(2) and
CI(1) atoms to be almost coplanar. PdL2up shows that Cl(2) deviates by 0.18 A from
the Pd-coordination plane, whereas PdL2down, PdL4 (no solvate), PdL6 and PdL11
show almost coplanar Pd, S, N(13) and Cl(2) atoms, whereas CI(1) deviates by 0.26,
0.22, 0.18 and 0.16 A, respectively. One of the two independent molecules in
PdL4-0.5CH>Cl, and PdL7, shows the Pd, S, N(13), and Cl(1) atoms to be almost
coplanar but CI(2) to deviate by 0.24 and 0.22 A respectively, whereas in the other
molecules, CI(1) and Cl(2) deviate by 0.16 and 0.25 A (for PdL4-0.5CH,Cl,) and
0.16 and 0.12 A (for PAL7), respectively, from the Pd, S and N(13) plane. All of the
complexes have slight tetrahedral distortions at the Pd centers with the largest
dihedral angles between the Pd—-S-N(13) and Cl(1)~Pd-Cl(2) planes being 6.7° for
PdL2down. A summary of the distances of Cl(1) and Cl(2) from the Pd—-S-N(13)
and the angle between Pd—S—N(13) and Cl(1)-Pd-Cl(2) plane are given in Table Bl
in Appendix B. '

It is clear that the S atom exerts a slightly stronger trans influence than the N
atom as the Pd—CI bond lengths trans to S are slightly lengthened compared with

those trans to N. The Pd—S bonds in all complexes are in the range 2.26 — 2.32 A,
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which are in the range of other thiourea palladium complexes in the literature (2.21 —
2.36 A). The Pd-S bond lengths are 0.27 A longer than the Pd-N (2.00 — 2.07 A)
bond lengths. Upon coordination to Pd, the C=S bond lengthens noticeably with
concomitant shortening of the two adjacent C-N bonds, reflecting a redistribution of
electrons in the NoCS unit of the thiourea ligands. Interestingly, all of the complexes
show longer C(2)-N(1) than C(2)-N(3) bond lengths which may be due to the steric
bulk of the Sdimethyl moiety. The S—Pd—N(13) bond angles are in the range 93 - 96°
whereas the Pd—S—C(2) angles are in the range 115 — 118° which are similar to the
analogous angles in related seven-membered palladacycle involving chelating
thiourea ligands. It is noteworthy that the complexes show significant differences in
the S—=C(2)-N(1) and S—C(2)-N(3) angles (134 — 137° vs 116 — 117°, respectively)
whereas, smaller differences in the analogous angles were found in the free ligands
(129 — 131°vs 122 — 125°).

The two independent molecules in the asymmetric unit of PAL7 have slightly
different bond lengths and angles. In molecule I, the C=S bond is longer consistent
with the shortening of the C(2)-N(1) and C(2)-N(3) bonds (1.370(4) and 1.350(5) A,
respectively vs 1.38 A in the free ligand). On the other hand, molecule I’ shows a
similar C(2)-N(1) bond length to that in the free ligand (1.384(4) A), whereas the
C(2-N(3) bond length is shortened to 1.356(4) A. The dihedral angle
C(2)-N(3)-C(21)~-C(22) in molecule I is 79° whereas it is 95° in molecule I’.

The angles between planes i and Zii vary in the range 71 — 89° which is similar
to that observed in the free ligands. This implies that there is no electron
delocalization between rings i and iii in the palladium complexes as well as in the free
ligands. In general, the structures with an ortho- substituent on phenyl ring iii show
larger dihedral i/iii angles than those in the structures without ortho- groups.
However, one of the largest #iii angles occurs for one of the PAL7 molecules (86.3%
and, surprisingly, the smallest i/iii angles occurs for PdL11up which has the bulky 9-
anthryl group. This must be due to crystal packing. A summary of the angles between

planes is given in Table 11.
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Table 11. The angles between planes in the mono-palladium S-dimethyl oxazoline

thiourea complexes.”

S
Y Nwv
ci—d J}//
¢l g
b f:;:;t;?ai’;fl(e;eg) ilii iliii iiv i iy
PdL2up 41 36.8 771 377 536
PdL2down 92 86.9 731 34.8 53.6
PdL3 13 747 675 34.8 52.7
PdL4 18 87.7 74.9 352 458
35 77.8 80.5 382 557
PdL4-0.5CHCl, 2.9 88 815 352 535
PdL4-CH,0H 23 88.0 78.5 403 59.2
PdL6 14 756 70.5 352 513
0.9 74.7 75.0 355 49.0
PdL7 19 86.3 78.9 412 545
PdL1lup 2.1 70.5 55.8 40.9 56.5

? Plane v is Pd—S-N-Cl.

The molecular packing of the mono-palladium complexes of the B-dimethyl
oxazoline thioureas features several close intermolecular Ci...H(D) and
H....Cl(solvate) contacts which are less than the sum of the van der Waals radii, 2.88
A% This may be due to weak hydrogen bonds, or merely a by product of other crystal
packing forces. A summary of these intermolecular contact distances and angles is

given in Table 12.
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Table 12. Intermolecular Cl....H(D) contact distances in the mono-palladium

complexes of the S-dimethyl oxazoline thioureas.”

Complex X....H X....H(A) X~-H-Y (deg)
Cl2).H(5) 2.693 137.1
PdL2up CI(2).....H(17) 2.745 164.7
Pd._H(25) 2.898 139.7
CI(2)....H(6) 2.733 1358
PdL2down

Cl2)...H(7) 2816 1456
CI(2)....H(17) 2.669 163.0

PdL3 -
Ci(2)....H(1S) 2.796 1365
CI(1)....H(29) 2.879 1493
PdL4 CI(2).....H(25) 2.817 168.8
CI2).H(17) 2618 130.5
Cl2)....H(16) 2771 1615

PdL4-0.5CH,ClI,
Cl1(2).....H(25) 2.801 129.1
Cl2)..H(15) 2.744 1424
PdL4-CH;0H

Ci2)...H(29) 2.848 170.3
Cl(2)....H(17 2.781 161.8

PdLé6 @ l))
Cl2)...D() 2.755 135.6
C1(2).....H(6) 2.851 1533

PdL7 -
H(23)....CI(3) 27500 - 153.0
PdL1lup CI(2)....H(15) 2700 152.4

* CI(1) is the Cl atom frans- to the S of the thiourea and C1(2) is the CI atom trans-

to the N atom of the oxazoline, ® H, D or Cl atoms from the solvate molecules.

Close intermolecular Cl....H contacts with protons of the S-dimethyl groups
are found in PdL2up, PdL2down, PdL3, PdL4 and PdL6, ones involving the CH;
protons next to the oxygen in the oxazoline moiety are found in PdL4-CH30H and
PdL11up, and those involving the solvent in the lattice in PAL3, PdL6 and PdL7.

In PdL2up (Figure 25), the proton at the meta-position in ring iii is involved

in a very close Cl....H contact of 2.693 A. Interestingly, a close intermolecular contact
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of Pd....H (2.898 A) was also observed. The packing in PdL2down shows a Cl... H
contact involving the proton at the ortho-position of the phenyl ring ii (Figure 26).
PdL4, PdL4.0.5CH,Cl; and PdL4-CH;0H show close Cl....H contacts involving the
protons of the phenyl ring iii. Figures 27, 28, 29, 30, 31, 32 and 33 depict the close

intermolecular contacts in PdL3, PdL4, PdL4-0.5CH,Cl,, PdL4-CH;OH, PdLS6,
PdL7 and PdL11up, respectively.

Figure 25. The crystal packing of PdL2down showing the close intermolecular

contacts.
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Figure 28. The crystal packing of PdL4-0.5CH,Cl, showing the close intermolecular

contacts.



Figure 29. The crystal packing of PdL4-CH;0H showing the close intermolecular

contacts.
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Figure 32. The crystal packing of PdL11up showing the close intermolecular

contacts.
A.2 A dipalladium complex of the fdimethyl oxazoline thiourea L5

The molecular structure of the complexes with LS were solved by X-ray
diffraction on single crystals grown from the slow evaporation of solutions in
CH,Cl,:Et,0, CH,Cl,:hexane, CH,Cl,:toluene, CHCI;:CH;COCH; and
CH,Cl,:CH3OH. The crystals were found to crystallize in tetragonal P4,2,2 (from
CH,Ch:Et;0), monoclinic P2; (from CH,Cl;:hexane and CH,Cl,:CH;0H) and
orthorhombic P2;2,2; (from CH,Cl,:toluene and CHCl;:CH;COCH;) space groups.
All of the structures have one full molecule in the asymmetric unit, which were
revealed to be the dimer Pd,Cly(L5); Pd,L5, except for the structure obtained from
CH,Cl,:Et,0 which has 0.5 Pd,L5 molecules in the asymmetric unit with the center
of the molecule shown lying on a crystallographic inversion centers. The molecular

structures of the dimers are shown in Figure 34.
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Pd,;L5-2CH,Cl,

Pd,L5-H,0
Pd,L5-CHCI;-3CH3;COCH;

Figure 33. The molecular structures of five different solvates of Pd,L5.
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The asymmetric units of the crystals obtained from CH,Cl:Et;0,
CH>Cly:hexane and CH>Cly:toluene also contain one, two and four molecules of
CH,Cl, solvate respectively, whereas the one obtained from CHCl3:CH3;COCH; also
contains one of CHCl; and three of CH3COCH;. The structure obtained from
CH,Cl,:CH30H unexpectedly éontains one H,O molecule in the asymmetric unit,
which is believed to originate from the presence of water in the methanol.

The CH,Cl, molecule in Pd,L5-CH,C}; is disordered over two positions of
equal occupancies related by a two-fold axis. One of the isopropyl groups in
Pd,L5-2CH,Cl, is disordered over two positions with an occupancy ratio of 0.8:0.2,
and one the CH,Cl, molecules is disordered over four positions, the major position
has an occupancy of 0.7, and the three minor positions share a common C atom and
alternate over three CI positions with equal occupancies of 0.2. The CH,Cl, molecules
in Pd,L5-4CH,Cl, show intense disorder, which was imperfectly rationalized. One of
the isopropyl groups in Pd,L5-CHCl;-3CH3;COCH; is disordered over two positions
with a 0.75:0.25 occupancy ratio. The CHCI; solvate molecule is also disordered over
two positions with a 0.93:0.07 occupancy ratio, and one of the CH;COCH; solvate
molecules is also disordered between two positions with an occupancy ratio of
0.6:0.4.

Generally, all of the Pd;L5 molecular structures show that each Pd center is
bound through S and N atoms (from two different ligands) and two chlorides which
give square planar coordination at Pd. Interestingly, the dimers have a cis-
configuration at the Pd centers (Figure 35) with all chloride ligands on the same side

of the molecule creating a significant cavity.
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Figure 34. The molecular structure of the palladacycle of Pd;L5-0.5CH,Cl, (most of

atoms are omitted for clarity).

The planes in the palladium complex of L5 are defined in Figure 36. The

crystallographic data are given in Table 13 and selected bond lengths and angles are

given in Table 14.
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Figure 35. Definition of the planes in the palladium complex of L5 (plane v is
Pd-S-N-Cl).



Table 13. Crystal structure of palladium complexes of LS.
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Pd,L5-CH,Cl, Pd,L5-2CH,Cl, Pd,L5-4(CH,Cl,) ;)(%ll_fc%%ﬂ;) Pd,L5-H,O
Empirical formula CasHe:CLNgO,Pd,S,, C1sHe2CLiNGO,Pd, S5, CasH790CuNgO,Pd,S,, CaaHg2CLiNgO,Pd,S,, CusHgCliNgO,Pd,S,,
CH,Cl, 2CH,Cl, 4(CH,Cly) CHCI;, 3(CH;COCH;) H,0
Formula weight 1210.64 1295.57 1465.42 1417.30 1143.73
Temperature (K) 120(2) 120(2) 120(2) 120(2) 120(2)
Crystal system Tetragonal Monoclinic Orthorhombic Orthorhombic Monoclinic
Space group P4,2,2 P2, P2,2,2, P2,2,2, P2,
a(A) 10.7443(12) 12.0429(12) 13.410(1) 13.203(1) 11.841(1)
b (A) 10.7443(12) 13.3538(12) 17.742(1) 18.439(1) 14.574(1)
c(A) 45.840(5) 17.0295(15) 26.096(2) 26.019(2) 16.186(1)
a(®) 90.00 90.00 90.00 90.00 90.00
B 90.00 96.59(2) 90.00 90.00 106.30(1)
¥ (°) 90.00 90.00 90.00 90.00 90.00
Volume (A%) 5291.8(10) 2720.6(4) 6208.8(8) 6334.3(8) 2681(3)
Z 4 2 4 4 2
Density (calculated) (Mg/m’) 1.520 1.582 1.568 1.486 1.417
Absorption coefficient (mm™) 1.103 1.173 1.205 0.978 0.989
Crystal size (mm’) 0.48 x0.26 x 0.22 0.18x0.15x0.05 0.24x0.14 x0.07 0.27 x0.13 x 0.07 0.25x0.15x0.04
Theta range for data collection (°) 1.78 to 28.07 2.291028.99 1.39 10 30.00 1.35t0 29.99 1.31 to 29.00
Reflections collected 59830 20134 80395 87565 40366
Independent reflections 6151 [R(int)=0.0349] | 11363 [R(int)=0.0475] [R(iniffg g s721 | 18450 [R(in)=0.0646] | 14209 [R(int)=0.0440]
Data/restraints/parameters 6151/1/297 11363/2/641 18079/0/678 18450/0/707 14209/ 1/ 558
Final R indices 1> 26 R1=0.0445, R1=0.0690, R1=0.0451, R1=0.0437, R1=0.0343,
wR2=0.0941 wR2=0.1556 wR2=0.1169 wR2=0.0980 wR2=0.0681
R indices (all data) R1=0.0482, R1=0.0837, R1=0.0607, R1=0.0584, R1=0.0453,
wR2=0.0951 wR2=0.1629 wR2=0.1244 wR2=0.1032 wR2=0.0717




Table 14. Selected bond lengths, angles and dihedral angles of di-palladium B-dimethyl oxazoline thiourea complexes.”
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elected bond lengths (A) szLSb Pd,L5-2CH,Cl, Pd,L5-CHCI;-3CH3COCH; Pd,LS5-4CH,Cl, Pd,L5-H,0
L -CH,Cl, part a part a’ part a part a’ part a part a’ part a part a’
- Pd-CI(1) 2.3280(13) | 2.348(2) | 2.339(2) | 2.3243(11) | 2.3162(10) |2.3250(11) | 2.3235(11) | 2.3282(9) 2.3374(8)
- Pd-Cl(2) 2.2818(13) | 2.286(3) | 2.296(2) | 2.2890(9) 2.2759(10) |2.2896(10) | 2.2797(11) | 2.2754(9) | 2.2938(8)
s Pd-S 2.3240(13) | 2.313(2) | 2.303(2) | 2.3138(10) | 2.3276(10) |2.3145(11) | 2.3235(11) | 2.3091(8) | 2.3 160(8)
L Pd-N(13) 2.049(4) 2.050(8) | 2.032(7) 2.030(3) 2.045(3) 2.031(3) | 2.038(14) | 2.034(3) 2.030(3)
S=C(2) 1.730(4) 1.733(8) | 1.726(8) 1.718(3) 1.737(4) 1.726(4) 1.722(4) 1.730(3) 1.731(3)
s N(1)-C(2) 1.345(6) | 1.378(11) | 1.349(11) 1.344(5) 1.346(5) 1.351(5) 1.362(5) 1.346(4) 1.358(4)
N(3)-C(2) 1.338(6) | 1.332(10) | 1.338(10) 1.358(4) 1.341(4) 1.345(5) 1.360(5) 1.344(4) 1.342(4)
Selected bond angles (deg)
L S-C(2)-N(1) 125.1(3) 123.2(6) | 124.7(6) 125.3(3) 124.8(3) 124.9(3) 124.8(3) 125.0(2) 125.1(2)
S-C(2)-N(3) 125.0(4) 126.6(7) | 125.5(6) 125.0(3) 124.9(3) 125.6(3) 125.7(3) 124.6(3) 125.3(2)
- S-Pd-N(13) 85.65(11) 83.6(2) 82.1(2) 83.99(10) 85.81(9) 83.52(9) | 84.78(10) | 83.99(7) 85.10(7)
Pd-S-C2 105.81(18) | 111.1(3) | 109.3(3) | 106.48(12) | 107.06(12) | 106.32(15) | 107.92(14) | 107.80(11) | 108.01(10)
o Cl-Pd-Cl 88.87(5) 92.19(9) | 91.72(11) | 90.39(4) 89.55(4) 90.47(4) 90.18(4) 90.87(3) 91.64(3)
Se:ected dihedral angles (deg)
| S-C(2)-N3)-C(21) 1.3 -10.8 -10.6 -7.7 -1.8 -1.9 -2.8 -9.3 -4.0
| C(2)-N(3)-C(21)-C(22) 107.6 113.1 103.3 106.0 104.7 113.0 103.8 101.1 105.0
| C(@)-N(1)-C(11)-C(12) -50.7 -58.5 -57.9 -55.5 -51.5 -50.9 -54.7 -54.3 -54.2
| N()-C(11)-C(21)-N(13) 149.2 155.0 151.6 149.1 152.4 145.8 150.2 153.4 152.6
Selected angles between
planes (deg)’
i 3.3 1.9 2.5 1.8 2.8 3.0 1.6 2.8 2.5
s iiii 84.5 84.5 87.0 82.0 82.9 85.9 87.5 82.9 89.5
L i/iv 66.4 72.0 74.5 74.5 69.4 72.2 73.3 69.7 70.7
L irv 85.3 79.9 74.5 76.4 78.1 76.1 73.4 77.4 77.4
L vy 53.6 61.9 65.4 54.9 55.8 55.6 56.6 58.1 57.2

* Two independent molecules halves of the molecules: part a = labelled with normal numbers, part a’ = labelled with ' numbers,

® The molecule lies on an inversion center, © see Figure 37 for plane definitions.




Most of the dimers show the Pd, S, N(13), CI(2) and CI(1) atoms to be almost
coplanar. The maximum deviations of CI(1) and CI(2) are 0.13 and 0.14 A
respectively, from the Pd, S and N(13) plane which was observed in Pd,L5-2CH,Cl,.
All of the complexes show slight tetrahedral distortions with the largest dihedral
angles between the Pd-S-N(13) and CI(1)-Pd-Cl(2) planes being 4.7° for
Pd;L.5-2CH,Cl,. A summary of the distances of Cl(1) and CI(2) from the Pd-S—N(13)
plane and the angle between planes Pd—S—N(13) to Cl(1)-Pd-Cl(2) of the dimer
complexes is given in Table B2 in Appendix B. All of the complexes show similar
bond lengths and angles to those of the mono-palladium complexes.

The S atom of the thiourea exerts a stronger frans influence than the N atom
similar to that observed in the monomeric palladium complexes. However, the
averége Pd-S and Pd-N bond lengths of two ligands of Pd,L5:(2.31 and 2.04 A,
respectively) are slightly longer than those in the corresponding mono-palladium
complexes (Pd-S and Pd-N 2.28 and 2.01 A, respectively). This implies slightly
weaker Pd—S and Pd—N bonding in the palladium dimer complexes. Moreover, both
the Pd-S—C(2) angles are in the range 106 — 111°, which is smaller than in the
monomers (116 — 117°). The S-Pd-N(13) angles in the dimers are in the range 82 -
85°, significantly smaller than in the mono-palladium complexes (93 — 96°).

The crystal packing of all the Pd,LS structures show close intermolecular
Cl....H contacts which are less than the sum of the van der Waals radii, 2.88 A%
These contacts involve the protons of the cyclohexyl ring, the CH and CH, protons of
the oxazoline moiety, the CH of the ‘Pr group and the protons at both ortho- and meta-
positions of the phenyl ring ii (see Table 15). Surprisingly, no close contacts between

the solvate molecules and the complexes were observed.
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Table 15. Close intermolecular contact distances and angles in Pd,L5.*

*L |

N N

P Pd’c'
cr\ / cl
N S
Compounds ClL..H CL...H (A) C-H-Cl (deg)
Pd,L5-CH,Cl, Cl(2).....H(22) 2.723 147.4
Cl(2).....H(14) 2.735 148.0
Pd.L5-2CH;,Cl, :
CI2)....H(15) 2794 162.6
CiD). H(6) 2734 1334
Pd.L5-4CH,Cl,
Cl2)..H(8) 2719 1443
CI(1)...H(15) 2.843 1498
Pd,L5-CHCI5-3CH3;COCH;
Cl2)....H(3) 2.876 1358
CI()...H(18) 2.842 130.9
Pd,L5-H,0 Cl(2)....H(15) 2.695 168.4
CIQ2)... . HQ4) 7878 132.3

* CI(1) is the Cl atom trans- to the S of the thiourea and C1(2) is the Cl atom trans- to

the N atom of the oxazoline.

The close intermolecular contacts of Pd;L5-CH,Cl,, Pd,LS5-CH,Cl,,
Pd,L5-4CH,Cl,, Pd,L5-CHCl;-3CH3COCHj; and Pd,L.5-H,O are depicted in Figures
37, 38, 39, 40 and 41, respectively.
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Figure 36. The crystal packing of Pd,L5-CH,Cl, showing the close intermolecular
contacts.

Figure 37. The crystal packing of Pd,L5-2CH,Cl, showing the close intermolecular

contacts.
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Figure 38. The crystal packing of Pd;L5-4CH,Cl, showing the close intermolecular

contacts.

S

Figure 39. The crystal packing of Pd,L5-CHCI;-3CH3;COCHj3; showing the close

intermolecular contacts.

Figure 40. The crystal packing of Pd,L5-H,O showing the close intermolecular

contacts.
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A.3 A tripalladium complex of the fdimethyl oxazoline thiourea ligand L7

Another single crystal of the palladium complex of L7 was obtained from the
slow evaporation of a solution in CH,Cl,:Et,0. Intefestingly, the molecular structure
shows it to be the trimer Pd;Clg(L7); Pds3L7 which crystallizes in the monoclinic
space group 2 with one molecule each of Pd;L7 and CH;Cl, in the asymmetric unit.
The tolyl substituent at N(3)” is disordered between two orientations with occupancies
45% and 55%, whereas the CH,Cl, solvates are chaotically disordered in continuous
channels parallel to the y axis. Unlike the other complexes, the Pd-centers have trans
configurations. This is the first example of a trimer for palladium thiourea complexes.
Three ligands are bridged through Pd—S and Pd—N bonds (Figure 42) and the complex
adopts a 3D cage-like structure with a 21-membered ring. The crystallographic data
are given in Table 16 whereas selected bond lengths and angles are summarized in
Table 17.

In comparison with mono-palladium complex PdL7, the Pd—Cl bond lengths
are fairly similar. The three Pd-N bond lengths are very close to one another
(2.062(4), 2.067(4) and 2.065(4) A), but significantly longer than Pd—N(13) in PdL7
whereas two of the Pd-S are almost identical (2.2980(12) and 2.2990(14) A) but the
other is significantly shorter (2.2778(11) A) all being longer than Pd-S in PdL7.
Thus, it would appear that the trans- influence of both oxazoline nitrogen and
thioureas sulfur exceed that of a chloride ligand. Therefore, the dimer and trimer
complexes may have slightly weaker Pd—S and Pd—N bonds than the mono-palladium
complexes. The Pd-S—C bond angles (103 — 110°) of Pd3;L7 are smaller than in the

mono-palladium complexes (116 — 118 °).
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Figure 41. The molecular structure of Pd3L7 (disorder is shown with open bonds, and

hydrogen atoms and solvents molecules are omitted for clarity).

Table 16. Crystallographic data for Pd3L7.

Pd;L7
Empirical formula CeoH31N9O3S83Pd;3Clg-4CHLCl
Formula weight 2052.21
Temperature (K) 120(2)
Crystal system Monoclinic
Space group 2
a(A) 15.997(2)
b (A) 12.6668(18)
c(A) 43.0533(6)
a (%) 90.00
B (%) 92.787(13)
Y () 90.00
Volume (A%) 8714(2)
Z 4
Density (calculated) (Mg/m’) 1.564
Absorption coefficient (mm™') 1.163
Crystal size (mm°) © 0.40x0.25x0.12
Theta range for data collection (°) 2.15t0 29.81
Reflections collected 79092
Independent reflections 25307
Data/restraints/parameters 25307/1/934
Final R indices I > 2c R1=0.0486, wR2=0.1266
R indices (all data) R1=0.0588, wR2=0.1345




Table 17. The selected bonds, angles and dihedral angles of Pds;L7.

Pd;L7
Selected bond lengths (A) Selected bond lengths (A) Selected bond lengths (A)
Pd-CI(1) 2.2939(11) Pd’-CI(1)’ 2.2939(13) Pd”-CI(1)” 2.3104(13)
Pd-CI(2) 2.3089(11) Pd’-CI(2y 2.3132(11) Pd”-CI(2)” 2.3099(12)
Pd-S 2.2778(11) Pd’-S’ 2.2980(12) Pd”-S” 2.2990(14)
Pd-N(13)’ 2.062(4) Pd’-N(13)” 2.067(4) Pd”-N(13) 2.065(4)
S=C(2) 1.728(4) S’=C(2y 1.723(5) S’=C(2)” 1.722(6)
N(1)-C(2) 1.366(5) N(1)’-C(2y -1.348(6) N(1)’-C(2)” 1.369(7)
N(3)-C(2) 1.352(5) N(@3)-C(2y 1.369(6) N(@3)”-C(2)” 1.352(8)
Selected bond angles (deg)
S-C(2)-N(1) 130.4(3) S’-C(2)’-N(1)’ 129.2(4) S”-C(2)*-N(1)” 130.2(4)
S-C(2)-N(3) 121.3(3) S’-C(2)’-N(3)’ 122.8(3) S”-C(2)"-N(3)” 122.8(4)
Pd-S-C(2) 110.65(15) Pd’-S’-C(2)’ 104.74(15) Pd”-S”-C(2)” 103.2(2)
S-Pd-N(13)y 169.38(10) S’-Pd’-N(13)” 169.73(11) S”-Pd”-N(13) 175.58(11)
CI(1)-Pd-Cl(2) 176.15(4) Cl(1)y’-Pd’-Ci(2)’ 176.85(6) Cl(1)y’-Pd”-CI(2)” 177.60(6)
Selected dihedral angles
(deg)

S-C(2)-N(3)-C(21) -13.22 S’-C(2)’-N(3)’-C(21)’ 2.69 S”-C(2)"-N(3)’-C(21)” 1.56
C(2)-N(3)-C(21)-C(26) -61.31 C(2)y’-N(3)’-C(21)’-C(26) -72.21 C(2)’-N(@3)”-C(21)’-C(26)” 103.15
C(2)-N(1)-C(11)-C(12) -122.98 C@2)y-N(1y-C(1y-c(12y -131.14 C(2)’-N(1)-C(11)”-C(12)” 139.30
Selected angles between

planes (deg)
Vi 1.06 vii 0.82 il 2.55
viii 62.28 Viii 70.04 i/iii 69.45
Viv 80.55 i/iv 71.82 i/iv 66.78
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B) Crystal structures of the f#~-monomethyl oxazoline thiourea complexes
B.1 Mono-palladium complexes of the f~monomethy] oxazoline thiourea.

The palladium complex from the B1 fraction of L9 was found to crystallize
from CD,ClL:Et;O in the orthorhombic P2,2,2, space group. The molecular structure
reveals that C11 has an R-configuration and that the 9-anthryl group is in the ‘up’
position. Therefore, this complex is referred to as Pd-R-L9up. The structure of Pd-R-
L9up contains one molecule in the asymmetric unit. Single crystals of Pd-R-L10
were obtained from slow evaporation of a solution in CH;Cly:Et;O. It crystallizes in
the orthorhombic P2,2,2, space group. The structure of Pd-R-L10 contains one
molecule in the asymmetric unit. The molecular structures of Pd-R-L9up and Pd-R-
L10 are shown Figures 43 and 44, respectively. The crystallographic data are given in

Table 18 and the selected bond lengths and angles are given in Table 19.

Figure 43. The molecular structure of Pd-R-L10.
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Table 18. Crystallographic data for Pd-R-L9up and Pd-R-L10.

Pd-R-L9up Pd-R-L10
Empirical formula C16H52ClsN;OPdS CaaHasCLN;OPS,
CH,Cl,
Formula weight 836.36 641.74
Temperature (K) 120(2) 120(2)
Crystal system Orthorhombic Orthorhombic
Space group P212,2, P21242,
a(A) 17.7318(8) 10.1551(3)
b (A) 8.9055 12.1994(4)
c (A) 25.4835(11) 21.7391(6)
a (®) 90.00 90.00
B (°) 90.00 90.00
Y (%) 90.00 90.00
Volume (A”) 4024.1(3) 2693.17(14)
Z 4 4
Density (calculated) (Mg/m3) 1.384 1.583
Absorption coefficient (mm’) 0.875 1.185
Crystal size (mm’) 0.27x0.17 x 0.09 0.15x0.10x 0.08
Theta range for data collection (°) 1.40 to 30.00 2.21t0 29.95
Reflections collected 55369 37393
Independent reflections 11736 [R(int)=0.0597] 7856 [R(int)=0.0469]
Data/restraints/parameters 11736 /0/ 444 7856/7/318
Final R indices I>2c R1=0.1253, wR2=0.3795 | R1=0.0249, wR2=0.0529
R indices (all data) R1=0.1295, wR2=0.3809 | R1=0.0301, wR2=0.0544

The molecular structure of Pd-R-L9up shows the Pd, S, N(13), Cl(2) and
CI(1) atoms to be almost coplanar. The complex shows no tetrahedral distortion with
the dihedral angle between the Pd—S—N(13) and CI(1)-Pd—Cl(2) planes being 0.72°.
The Pd-CI(1) and Pd—CI(2) bond lengths in Pd-R-L9up are 2.314(3) and 2.276(3) A,
respectively. The thiourea moiety reflects the stronger frans influence of the thiourea
than the oxazoline moiety more cleraly in other cases, as the two Pd—Cl bonds differ
by ca 0.038 A (ca. 0.005 A difference in its analogue, PdL11up). The Pd-S and
Pd-N bond lengths (2.307(3) and 2.028(9) A) are longer than those in PdL11up
(2.2833(6) and 2.0069(18) A). Furthermore, the C=S (1.708(10) A) and C(2)-N(1)
and C(2)-N(3) (1.362(12) and 1.342(13) A) bond lengths in Pd-R-L9up are slightly
shorter than those in PdLllup (C=S 1.716(2) A, C-N(1) 1.373(2) A and
C-N(3)1.362(3) A). The S—C(2)-N(1) and S—-C(2)-N(1) bond angles are very similar
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(127.8(8)° and 124.8(8)°, respectively). The angles between planes (see Table 20) in
both structures are similar except for the angle between planes i and iv; in Pd-R-L9up
this angle is 80.6°, whereas it is only 55.8° in PdL11up. Clearly, the substituent at the
[-position has a significant effect on the bond lengths and angles.

In Pd-R-L10, the C=S bond length is 1.711(2) A, which is 0.05 A longer than
that in the free ligand R-L10 (1.658(2) A). Pd-R-L10 shows similar C(2)-N(1) and
C(2)-N(3) bond lengths (1.35 A) which are different from those in the Sdimethyl
oxazoline thiourea analogue PdL7 (1.37 and 1.35 A for C(2)-N(1) and C(2)-N(3),
respectively). Moreover, Pd-R-L10 shows a longer Pd-S (2.3036(6) A) bond than the
[B-dimethyl complexes (2.268 — 2.297 A). As discussed previously, in the free ligand
R-L10, we believe that the Smonomethyl oxazoline thiourea complex is more
flexible than the B-dimethyl oxazoline thiourea analogues. This is also confirmed by
the C(2)-N(1)-C(11)—-C(12) (83.5°) torsion angle in Pd-R-L10, which is ca. 20°
larger than in its corresponding analogue, PdL7. This reflects the large i/iv interplanar
angle, which is 85° nearly 10° greater than that in PAL7. The flexibility of the /-
monomethyl oxazoline thioureas may be the reason why many of their complexes

exist in equilibria, which will be discussed later along with the NMR studies of their

palladium complexes.



Table 19. Selected bonds and angles of Pd-R-L9up and Pd-R-L10.
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Selected bond lengths (A) Pd-R-L9up Pd-R-L10
Pd-CI(1) 2.314(3) 2.3299(5)

Pd-Cl(2) 2.276(3) 2.2941(5)

Pd-S 2.307(3) 2.3036(6)
Pd-N(13) 2.028(9) 2.0353(16)

S=C(2) 1.708(10) 1.711(2)

N(1)-C(2) 1.362(12) 1.358(3)

N(3)-C(2) 1.342(13) 1.351(3)

Selected bond angles (deg)

S-C(2)-N(1) 127.8(8) 128.28(16)
S-C(2)-N(3) 124.8(8) 123.20(16)

S-Pd-N(13) 99.1(2) 99.26(5)
Pd-S-C(2) 114.6(4) 111.84(7)
Ci(1)-Pd-Cl(2) 90.94(12) 91.359(19)

Selected dihedral angles (deg)

S-C(2)-N(3)-C(21) 5.5 -2.1
C(2)-N(3)-C(21)-C(22) -68.8 82.0
C(2)-N(1)-C(11)-C(12) 86.6 83.5

N(1)-C(11)-C(21)-N(13) -85.0 -79.1
Selected angles between planes (deg)

i 2.2 2.0

i/iii 68.1 79.2

i/iv 80.6 85.0

iy 40.3 46.1

iv/v 43.1 46.7
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B.2 A dipalladium complex of the fFmonomethyl oxazoline thiourea ligand L9.

Good quality crystals of the palladium complex of the C1 L9 fraction suitable
for single-crystal X-ray diffraction were obtained from slow evaporation of a solution
in CH,Cly:Et,O. It crystallizes in the tetragonal space group P4,2,2 and the
asymmetric unit contains one molecule of the Pd;Cls(1L9); palladium dimer, as well as
one molecule of Et,0 and one CH,Cl,, the latter is disordered around a two-fold axis.
The C(11) centers have S configurations, and the 9-anthryl groups are in the ‘down’
conformation. Therefore, we refer to the dimer as Pd;-S-L9down. The
crystallographic data are given in Table 20 and selected bond lengths and angles are
listed in Table 21.

Pd,-S-L9down contains a 14-membered ring structure linked by two Pd atoms
bound to the S atom of the thiourea and the N atom of the oxazoline moiety (Figure
45). The center of the dimer lies on a crystallographic inversion center. The Pd centers
have trans- configurations, similar to Pd3L7, but opposite to all of the monomer and
Pd,L5 dimers, which have cis-configurations. The Pd centers have slight tetrahedral
distortions with dihedral angles between the S—Pd—CIi(1) and N-Pd-Cl(2) planes of
6.5°. N and Cl(2) deviate by 0.10 and 0.24 A from the S—Pd—Cl(1) plane. The angle
between the two palladium planes, N(13 A)-Pd-S-CI(1)-Cl(2) and N(13)-Pd(A)-S(0A)-
CI(1A)-CI(2A), is 19.82°. Another view of the cross-section of the molecule is shown

in Figure 46.

Figure 44. The molecular structure of Pd,-S-L.9down (hydrogen atoms and solvent

molecules omitted for clarity).



Figure 45. The cross-section of the Pd,-S-L9down structure (half of the atoms

omitted for clarity).

The Pd—S bond length of Pd,-S-L.9down (2.294(2) A) is similar to that in Pd-
R-L10 (2.3036(6) A). This result suggests that the dimers and monomers of the 3
monomethyl oxazoline thioureas have the similar Pd—S bond lengths. However, the
Pd-N bond length of Pd,-S-L9down (2.070(7) A) is slightly longer than that of Pd-
R-L10 (2.0353(16) A). This result suggests that the dipalladium complex has a
weaker Pd-N bond than in the monopalladium complex which may be a result of the
trans influence of the thiourea moiety.

The Pd-S~C(2) angle of Pd,-S-L.9down is 105.6°, which is in the same range
as the equivalent angles in the Pd,LS structure, but small compared to the monomeric
palladium complexes (115 — 118°). The S—C(2) -N(1) and S—-C(2)-N(3) angles of
Pd,-S-L9down are similar to one another (126.4(7) and 124.7(7)°, respectively) and
also similar to the S—-C-N angles found in Pd-R-L10 (128.3(2) and 123.2(2)°).
Moreover, the N(1)-C(2) and N(3)-C(2) bond lengths in Pd,-S-L9down (1.365(11)
and 1.355(11) A) are also similar to those in Pd-R-L10 (1.358(3) and 1.351(3) A).

The molecular packing of Pd,-S-L9down shows close intermolecular Cl....H
contacts involving protons of the CH, and CH groups on the oxazoline ring, i.e.,
Cl...H(13) (2.788 A) and Cl... H(55) (2.769 A). The close contacts in the molecular

sections are shown in Figure 47, and the crystal packing is depicted in Figure 48.



Figure 46. The molecular cross-section shows close intermolecular Cl.....H contact of

Pd>-S-L9down (most of the atoms are omitted for clarity).

Figure 47. The crystal packing of Pd;-S-L9down.



Téble 20. Crystallographic data for Pd,-S-L9down.
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Pd,-S-L9down
Empirical formula C70H62C14N602Pd2 Sz'C4H100' 1 5(CH2C12)
Formula weight 1639.49
Temperature (K) 120(2)
Crystal system Tetragonal
Space group P452,2
a (A) 22.781(2)
b (A) 22.781(14)
c (A 14.1327(14)
a (°) 90.00
B (%) 90.00
¥ (®) 90.00
Volume (A”) 7334.2(12)
Z 4
Density (calculated) (Mg/m®) 1.485
Absorption coefficient (mm™) 0.854
Theta range for data collection (°) 2.30 10 23.00
Reflections collected 39838
Independent reflections 6466 [R(int)=0.2414]
Data/restraints/parameters 6466 /2 / 444
Final R indices 1> 2o R1=0.0684, wR2=0.1016
R indices (all data) R1=0.1377, wR2=0.1212

Table 21. Selected bond lengths and angles of Pd,-S-L9down.

Pd;-S-L9down

Selected bond lengths (A) Selected dihedral angles (deg)
Pd-CK1) 2.304(3) S-C(2)-N(3)-C(21) -54
Pd-Cl(2) 2.300(2) C(2)-N(3)-C(21)-C(22) -107.9
Pd-S 2.294(2) C(2)-N(1)-C(11)-C(12) -114.6
Pd-N(13) 2.070(7) N(1)-C(11)-C(21)-N(13) 124.5
S=C(2) 1.730(9) Selected angles between planes
(deg)
N(1-C(2) 1.365(11) i/ii 1.8
N(3)-C(2) 1.355(11) i/iii 68.0
Selected bond angles (deg) i/iv 53.1
S-C(2)-N(1) 126.4(7) in 85.5
S-C(2)-N(3) 124.7(7) ivv 36.1
S-Pd-N(13) 176.6(2)
Pd-S-C(2) 105.6(3)
Cl-Pd-Cl 173.87(10)
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C) The crystal structures of the e-isoquinoline thiourea complex: PdL12

Single crystals of PdLL12 were obtained from slow evaporation of a solution in
CH,Cl:Et;0. It crystallizes in the monoclinic space group P2,/n (Z = 4) with one
PdL12 molecule and one CH,Cl, solvent molecule in the asymmetric unit (Figure

49). The crystallographic data are given in Table 22 and selected bond lengths and

angles are given in Table 23.

: /s
c2 Ci

Figure 48. The molecular structure of PdL12.

The structure shows a cis-configuration at the square planar Pd center,
involving coordination through the S atom of the thiourea and the N atom of the
isoquinoline. The Pd center has a tetrahedral distortion with a dihedral angle between
the CI(1)-Pd—Cl(2) and S-Pd-N(12) planes of 2.6°. The Cl(1) and Cl(2) atoms
deviate from the S—Pd-N plane by 0.09 and 0.05 A, respectively. The Pd-S and
Pd-N bond lengths are 2.3062(11) A and 2.050(2) A, respectively. The Pd—Cl(1) and
Pd—CI(2) bond lengths are 2.337(1) and 2.2932(8) A, respectively, which shows the
stronger frans influence of the thiourea compared with that of the isoquinoline.
Furthermore, PdL12 shows similar S—C(2)-N(1) and S—-C(2)-N(3) bond angles
(124.5(2)° vs 127.6(2) A). The Pd-S and Pd-N bond lengths and S—C(2)-N(1) and
S—-C(2)-N(3) angles are similar to those in the f~monomethyl palladium complexes.
It is possible to conclude that the a-isoquinoline thiourea complex has slightly weaker
Pd-S and Pd-N bonds than the Sdimethyl oxazoline thiourea complexes. The
Pd-S—-C(2) bond angle (92.89(10)°) is quite small compared to the equivalent angles

in the seven-membered rings of the Smono and dimethyl oxazoline thiourea
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complexes (av. 107°), which is due to the fact that it is only involved in a six-
membered ring. The bite angle (S—Pd-N13), is 89.34(7)°, i.e. very close to 90°.

The molecular packing of PdL12 involves a close Cl....H contact involving a
proton in the isoquinoline group (Cl(2)....H(17), 2.835 A). Furthermore, there is a
close intermolecular S....H contact of 2.821 A, which is less than the sum of the van
der Waals radii (2.91 A),” involving a hydrogen atom from the solvent. The crystal
packing of PdL12 is depicted in Figure 50.

Figure 49. The crystal packing of PdL12 showing the close intermolecular contacts.



~ Table 22. Crystallographic data for PdL12.

PdL12
Empirical formula C;H15ChN;PdS, CH,Cl,
Formula weight 615.66
Temperature (K) 120(2)
Crystal system Monoclinic
Space group P2)\/n
a(d) 12.9498(5)
b(A) 12.9427(5)
c(A) 15.1881(5)
a (%) 90.00
B (°) 114.26(3)
¥ (°) 90.00
Volume (A”) 2320.86(15)
Z 4
Density (calculated) (Mg/m°) 1.762
Absorption coefficient (mm™) 1.368
Crystal size (mm”) 0.10 x 0.06 x 0.02
Theta range for data collection (°) 2.33 t0 29.97
Reflections collected 28136
Independent reflections 5891 [R(int)=0.0862]
Data/restraints/parameters 5891/0/289
Final R indices 1> 2o R1=0.0356, wR2=0.0543
R indices (all data) R1=0.0690, wR2=0.0601

Table 23. Selected bond lengths and angles of PdL12.
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Selected bond lengths (A) Selected dihedral angles (deg)
Pd-CI(1) 2.337(1) S-C(2)-N(3)-C(21) 2.7
Pd-Cl(2) 2.2932(8) C(2)-N(3)-C(21)-C(22) -126.8

Pd-S 2.3062(11) C(2)-N(1)-C(11)-C(19) 131.1
Pd-N(12) 2.050(2) C(2)-N(1)-C(11)-N(12) -49.9
§=C Selected angles between planes
=C(2) 1.698(3)
(deg)
N(1)-C(2) 1.368(4) i/ii 5.9
N(3)-C(2) 1.351(4) i/iii 60.9
Selected bond angles iliv 492
(deg)
S-C(2)-N(1) 124.5(2) ilv 71.4
S-C(2)-N(3) 127.6(2) v/iv 40.5
S-Pd-N(13) 89.34(7)
Pd-S-C(2) 92.89(10)
Cl(1)-Pd-Cl(2) 92.19(3)
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11.3.2 NMR characterization of S,N-oxazoline thiourea complexes

The S,N-oxazoline thiourea complexes f-monomethyl oxazoline thiourea, £
dimethyl oxazoline thiourea and a-isoquinoline thiourea were characterized by NMR
(1D and 2D) spectroscopy. By comparison with assignments for the free ligands, the
'H and l3C{lH} of all palladium complexes can be assigned. Summaries of the 'H
NMR assignments are given in Tables 24 — 30, whereas the BC{'H} NMR data are
given in the experimental section, except for PAL12, for which both 'H and 13C{IH}
NMR data are provided in the experimental section. Complete 'H and " C{'H} NMR

spectra are provided in Appendix B.




Table 24. '"H NMR assignments for the S-dimethyl oxazoline thiourea monopalladium complexes (positions 1-12)

10 11
9 12
8 13
N

R-/N

7
S\
N
/
Cl R
Compound R R’ H! and H2 H3 H4 H9 Hi0 HIl Hi2
. . 5.89-5.93 6.98 7.39-7.44 8.04
“ e 3.42,s, 3H 490,t(9), IH
PdL3 m d(8) m d()
2.61,s,3H 4.52,t(9), tH
1H IH 2H IH
4.85-4.388 6.83 7.31 7.34 7.99
3.38,s,3H 4.46,t(9), IH
PdL2up g, m d(8) t(8) £ (8) d(8)
2.55,s,3H 424, t(9), IH
b IH IH IH 1H IH
S g 4.88 6.81 7.29 7.35 7.99
3.37,s,3H 4.50,t(9), IH
PdL2down m d(9) £(9) £(9) d(9)
2.54,s,3H 4.28,t(9), IH
IH 1H IH 1H H
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Table 25 (continued)

Compound R R’ HI1 and H2 H3 H4 H9 HIO HIl HI2
4.88-492 6.83 7.32 738 7.97
- 3.36,s,3H | 4.50,dd (10,9), IH
PdL4 S m d(8) t(8) t(8) d (8)
2.55,5,3H | 4.27,dd (10, 9), iH
IH iH 1H 1H IH
4.82-487 7.76 731-7.39 7.98
Y 3.33,5,3H | 4.42,dd (8, 1.2), IH
PdL5 m d(8) m d(8)
2.47,5,3H | 4.17,dd (8, 2.1), IH
1H 1H 2H IH
4.92-495 691 7.30 7.96
PdL6 i @a 3.47,s, 3H 4.46,t(8), IH ‘@® ® ‘@®
] m t
N 2.55,s, 3H 4.23,t(8), 1H
IH 1H IH IH
488-491 6.95 7.28 735 7.96
>4, 3.46,s, 3H 4.45,1(9), 1H
PdL7 m d(8) t(8) t(8) d (8)
2.54,s, 3H 4.22,1(9), I1H
IH 1H 1H IH IH
4.91-495 7.70 7.77-1.79 7.95
% | 3535 3H 4.54,(9), 1H
PdLS m dd (8, 3) m dd (8, 3)
Ant 2.64,s,3H 4.42,t(9), IH
" IH 1H 2H H
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Table 24 (continued)
10 "
9 12
8 13
r—N N
S\
N
ci—P ‘\’/
cl
Compound R R’ H1 and H2 H3 H4 HY HI10 H11 Hi2
Ant 471-4.74 6.72 6.59 6.83 7.33-7.34
o 2.67,s, 3H 4.25,1(8), 1H
PdL11up B m d(7) t(7) t(7) m
2.18,s, 3H 4.14,t(8), IH
i 1H H 1H 1H IH
AN 4.69-471 714 7.00 7.06 7.41
% 2.36, s, 3H 422,t(8), IH
PdL11down , m d (8) t (8) t(8) d(8)
- 1.44, s, 3H 4.15,t(8), IH
IH 1H 1H 1H 1H
7.00 6.87 6.97 7.43
s 2.80,5,3H | 429-433,m, IH | 420-425m, IH
PdL13 H d(8) t(8) t(8) d(8)
ant 2.16, s, 3H 3.80, q (9), IH 3.64-3.68, m, IH
H I1H IH IH
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Table 25. '"H NMR assignments for R-substituents of the S-dimethyl oxazoline thiourea monopalladium complexes.

N

N
Rr/
s
S\ N/
—

Cl R
Compound R R’ Aromatic protons (R)
19
18 £, AL 7.69-17.15
PdL3 - m
17 15
16 SH
Compound R R’ H14 H15 and H16 Compound R R’ H14 H15 and H16
3.07-3.12 3.17-3.23
. 0.87,d (7), 3H i 0.96,d (7), 3H
PdL2up & " 0.75,d (7), 3H paLs " 0.88, d (7), 3H
lH - 3 ’ Ant ]H - b 2
, ~e | 300-3.06 An 3.19-324
0.92,d (7), 3H AL o 0.91,d (8), 3H
PdL2down AL m PdL1lup | 5~ 14 : m
157 14 0.85,d (7), 3H 16 0.81,d (8), 3H
16 IH IH
3.06-3.13 B 3.02-3.05
0.93,d (7), 3H 5 0.83,d (7), 3H
PdL4 bt m PdL11down m
H 0.84,d (7), 3H Ant H 0.42,d (7), 3H




Table 26 (continued)
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e
| 0
S, N/
—Pd™
c1-FP¢ })
Cl R
Compound R R’ H14 | Hi5andHI6 | Compound R R HI4 HISand H16
307-315 | . . 313316 | 4, 34
PdL5 & m Cho PAL7 | > /©/ m I
: 0.64,d (7), 3H 16 0.76, d (7), 3H
i 1H IH
15/14\,6 3.07-321
%; 0.88, d (7), 3H
PdL6 C ] m
0.78,d (7), 3H
IH




Table 26. 'H NMR assignment for R’-substituents of the f-dimethyl oxazoline thiourea monopalladium complexes.

R'/N N
T
s/ 0
~Pd™
c1-F¢ })
Cl R
Compound R R’ Aromatic protons (R’)
25
“ 24 20‘% 7.69-7.15
s
PdL3 O 23 21 m
22 5H
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Table 26 (continued)
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Compound R R’ H17 and H18 HI19 H21 H22 H23 H24
17 18
19 231-235 6.93 7.45 7.65 7.61
25 1.27,d(7), 3H
PdL2up m d(8) t(8) t(8) d(8)
1.00,d (7), 3H
iH IH H IH 1H
22
21
22 4, 2.26-231 7.17 7.45 7.60 —7.66
: 0 1.24,d (7), 3H
PdL2down nian 2 m d(9) t(9)
= >y 28 0.98, d (7), 3H
PN H IH 1H
17
2.4] 7.13 7.13
24 1.87,s, 3H
PdL4 s . s - s
1.85,s, 3H
o 3H 1H 1H
19 22 18
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Table 26 (continued)

N
Y
S

\
Cl R
Compound R R’ H17 HIg HI19 H20 H21 H22 H23
22
AN | 315-320
PdL5 i m 1.24-224 ,m, 10H
20 19 18 H
: 2 7.10 7.60 - 7.61 7.38
NE 21 ez, ' A :
= 17
PdL6 = d (7) m d(7)
/\ 20 18
19 IH 3H 1H
” 22 2 6.92 7.36 -7.40 7.36 —7.40 7.23 2.45
PdL7 v d(8) m - m d(8) s
18
237 20 g 1H 1H 1H IH 3H
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Table 26 (continued)
RN
s/ 0
—
ci-Pd })
Cl R
Compound R R’ Aromatic protons (R’)
PdLS %’: 8.63,s, 1H; 8.13-8.16, m, 2H; 7.77 - 7.79, m, 1H; 7.67, d (9), 1H; 7.53 - 7.59, m,
3H,; 7.45-7.49, m, 4H; 7.21,dd (10, 3), IH
Ant
Ant
? 8.21,s, 1H; 8.10,d (8), IH; 7.87,t(8), 1H; 7.77 — 7.83, m, 4H; 7.68 — 7.73, m, 2H;
PdL11up 5
: 7.57,d (8), 1H; 7.46, t (8), 1H; 7.33 -~ 7.34, m, 2H
AN
'z,{ 8.26, s, 1H; 8.09, t (5), 1H; 8.02,d (9), IH, 7.86,d (9), 1H;
PdL1idown O/\ 7.79 - 7.81, m, 3H; 7.66, t (5), 1H; 7.60, d (9), 1H; 7.55,t (9), 1H; 7.41,d (8), IH;
Ant 7.28,d(9), 1H,7.18,t(9), I1H
DAL bl 8.26, s, 1H; 8.10, d (9), 1H; 7.90, d (8), IH; 7.84, t (8), 1H; 7.71 — 7.79, m, SH; 7.52
Ant —17.53,m,2H; 7.23,t(8), 1H; 7.15,t(8), I1H
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10 11
9 12
1 2
22 o 3
21 17 NYN S j 4 15
gy
2 18 S N 14
Cl ¢l / 16
19 \/ N\
Pd Pd
/ \CI CI/ \S
> TN M
SN
(o}
Table 27. '"H NMR assignment for Pd,LS5.
Part H1 and H2 H3 H4 HY H10 and H11 HI2
3.93,s,3H
parent 412-4.19,m, 2H 451 -455 m, IH 7.81,d(9), IH 7.35-7.41, m,2H 7.93,d(8), IH
2.26, s, 3H
H14 H15 and H16 H17 HI18 — H22
22
H 21 "‘1’4,,
_:_ 7
1.16,d (7), 3H -
15/14\16 337-342, m, IH M 20 18 293-3.00,m, IH 1.40-2.17, m, 10H
1.10,d (7), 3H 19




Table 28. '"H NMR assignment for the f-monomethyl oxazoline thiourea monopalladium complexes (positions 1 - 16).

10 1

9 12
1

8 3
N

266

Ru/N 7
S\ N
o
ci—Pd
Cl
15 14\
Compound R’ H1 HS H3 H4 H9 H10 H1l HI2 H14 Hi5 and H16
“ 2.21 6.75 4.87-491 7.12 7.36 7.38-743 7.71 2.60 - 2.63
= 4.57,1(9), IH 1.05,d (8), 3H
Pd-R-L10 d(7) q(?) m d(8) t(8) m d(8) m
4.25,t(9), IH 0.50,d (8), 3H
3H 1H IH 1H 1H 1H 1H 1H
Ant
1.70 6.28 4.83-4.86 6.79 6.70 6.97 7.18 2.59-2.60
2 4.43,t(9), IH 0.64,d (7), 3H
Pd-R-L9up 4 d(@ q(? m d(8) t(8) t(8) d(8) m
4.12,t(9), IH 0.37,d(7), 3H
3H 1H IH IH 1H 1H IH IH
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Table 29. '"H NMR assignment for the R’-substitutent of the F-monomethyl oxazoline thiourea mono-palladium complexes.
R./N N
T
S
\

H
/O

/N\)

1§

A

Cl/Pt\i
Cc

Compound R’ Aromatic protons (R’) H23

2 e 7.38 - 7.43, m, 2H

Pd-R-L10 2.48,s,3H
18 7.38-7.43,m, 2H

B 8.23,s,1H;7.93,d(8), tH; 7.75-7.88, m, 4H; 7.64 — 7.65, m, 1H; 7.58
Pd-R-LSup 4 -
—7.60, m, 1H; 7.45 —7.49, m, 2H; 7.39, t (8), 1H; 7.34 — 7.35, m, 2H




Table 30. 'H NMR assignment for Pd;-S-L9down.

268

Part Hl H3 H4 HS5 H9 HI10 Hil HI12
4.14-421, m, 1H
parent 1.52,d(7), 3H 3.99,t(9), lH 8.01-8.12,m, IH 6.52,d(8), 1H | 6.32,t(8),1H | 6.89,t(8),IH | 7.41-7.55,m, IH
' 4.70-4.78, m, IH
Hi4 H15 and H16
H LSL/ Aromatic protons
. 2PN 1.35,d(7), 3H

16

290-3.10,m, IH

1.14,d (7), 3H

Ant

9.09,d (7), 1H; 8.15, s, 1H; 7.86 — 7.94, m, 4H; 7.65 — 7.75, m, 2H; 7.41 —7.55, m, 4H; 7.31 —
7.35, m, 1H
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I1.4 NMR study of S,N-oxazoline thiourea palladium complexes

A) Synthesis of the fdimethyl oxazoline thiourea palladium complexes

The 'H NMR spectra of the products obtained from the in situ reactions of the
palladium sources with the f-dimethyl oxazoline thiourea ligands L2up, L2down,
L3, L4, L5, L6, L7 and L11up, were found to be identical to the 'H NMR spectra of
solutions of the single crystals of their respective complexes grown for X-ray
diffraction, except for the complex with L5. The fact that this complex was only
found to crystallize as the dimer, whereas all of the others crystallized as the
monomers, leads us to assume that the original products are the mono-palladium
complexes. The *C{'H} NMR spectra of the isolated palladium complexes PdL2up,
PdL2down, PdL3, PdL4, PdLS and PdL6 were recorded in CD,Cl, and those of
PdL7, PALS, PdL11up, PdL11down and PdL13 were measured in CDCl;. The
13C{’H} NMR spectrum of a solution of the single crystals of Pd,LS was also

obtained in CDCl;. The *C{'H} NMR signals of the C=S and C=N carbons are given
in Table 31.

Table 31. The *C{'H} NMR shifts (ppm) for the C=S and C=N carbons of the

dimethyl oxazoline thiourea palladium complexes in CD,Cl; unless other noted.

Complex C=S C=N
PdL2up 164.8 168.4
PdL2down 1649 168.7
PdL3 164.6 168.8
PdL4 163.8 168.6
PdLS 161.7 167.5
PdL6 164.2 167.4
PdL7* 164.1 167.5
PdL8* 164.8 168.6
PdL11up*® 164.3 167.5
PdL11down® 163.7 166.9
PdL13* 163.4 168.2
Pd,L5° 161.8 173.2

* measured in CDCl;.
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Table 32 further confirms that the original complexes are monomers as they
show one signal for the C=S carbon are in the range of 6 161.7 — 164.9 ppm and one
C=N signal in the range of §166.9 — 168.8 ppm. The palladium dimer, Pd,L5, only
has one C=S and one C=N signal at 6 161.8 ppm and 173.2 ppm, respectively;
therefore, the dimer must contain a center of symmetry. Using this “C{'H} NMR
information, we can speculate that the palladium complekes for which we were unable
to obtain crystal structures (PdLS5, PdL8, PdL1ldown and PdL13), are also
monomers, as their C=N signals are in the rage of §166.9 — 168.8 ppm.

The '"H NMR spectrum of the in situ reaction of PA(PhCN),Cl,and LS ina 1:1
molar ratio in CDCl; after 15 minutes was shown to be identical to the spectrum of
the initial 1solated product obtained from this reaction. A comparison of the spectrum
of the in situ reaction and that of the crystals of Pd,L5 is shown in Figure 51. Thus, it
would appear that the dimer is formed during the growth of the single crystals by slow
evaporation of solvent. The conversion of PdL5 to Pd,L5 is depicted in Scheme 6.
However, we have no explanation as to exactly how the monomer is transformed to
the dimer. Clearly, Pd,;L5 must be thermodynamically more stable and/or less soluble
than PdLS. In any case, their interconversion must be relatively slow as neither

spectrum shown in Figure 51 displays even traces of the other species.

A JhL_JL A Mo i

50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06
1 (ppm)

U O W W, VY

50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06
1 (ppm)

Figure 50. The '"H NMR (500 MHz, CDCl5) spectra of the in situ reaction of 1:1
PdCI1;(PhCN), and LS (bottom) and Pd,L5 crystals (top).



M -9
O s,
—
5

Scheme 6. The conversion of PdLS5 to Pd,L5.

. 2

The 'H NMR spectra after 24 h in CDCl; of the single crystals of PdL7 grown
from CH,Cl,:DMF, shown by X-ray diffraction to be a monomer, and those grown
from CH,Cly:Et;O, shown to be a trimer (Figure 42), are displayed in Figure 51.
Surprisingly, the '"H NMR spectrum of the latter, shows additional signals, some of
which can be attributed to the monomer. The integrals of the monomer signals

increase over time, whereas those of the trimer decrease (Figure 53). We believe that

“the trimer is in dynamic equilibrium with the monomer at room temperature. Close

inspection of the 'H NMR spectrum of the trimer reveals other signals which could
not be identified. They are believed to belong to an intermediate and are marked by
asterisks. It is noteworthy that the C{'H} NMR spectrum of the C=N trimer shows
three signals at § 171.3, 171.5 and 171.6 ppm. The C=S signals could not be

observed. The conversion between PdL7 and Pd3;L7 is depicted in Scheme 7.
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Figure 51. The "H NMR (700 MHz, CDCls) spectra of the aliphatic region of PdL7

(bottom) and the Pd;L7 crystals after 24 h at room temperature (top): * =

_MQJM

PdL7.

M

L ut t=48h
V.

46 44 42 40 3.6 34 3.0 2.8 2.8 24 2.2 8 .6 14 12 10 08 06 04
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Figure 52. The 'H NMR (CDCl;) spectra of the aliphatic region of the Pd;L7 crystals

at various times; bottom (400 MHz immediately after the solution was prepared),

middle (700 MHz, after 24 h at room temperature) and top (700 MHz, after 48 h at

room temperature); M = monomer, * = intermediates.
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Scheme 7. The interconversion of PAL7 and Pd3;L7 in solution at room temperature.

B) Synthesis of the f~-monomethyl oxazoline thiourea palladium complexes

The 'H and 13C{'H} NMR spectra of the products of the reactions of the
palladium sources with the fmonomethyl oxazoline thiourea ligands R-L9up, S-
L9down, R-L10 and S-L10 were obtained in CDCl;. In addition, in situ 'H NMR
spectra for all of the above reactions were obtained shortly after mixing of the
reagents. Finally, '"H NMR spectra of the single crystals grown for X-ray diffraction
of Pd-R-L9up, Pd;-S-L9down, Pd-R-L10 were recorded in CDCl;.

All of the 'H spectra involving R-L9up are identical, appearing as a single
species, which we believe to be the mono-palladium complex Pd-R-L9up, as found
by X-ray analysis. The 'H spectra of the product of the reaction of S-L9down and its
in situ reaction, are also identical, and appear to show two species. The 'H spectrum
of the Pd,-S-L9down crystals obtained soon after the solution was prepared shows
only one species, which is present in the other two spectra. Since this species is likely
to be the dimer, we can identify the dimer peaks in the other two spectra. The other
signals are likely to originate from the monomer, which we believe to exist in
equilibrium with the dimer. Further evidence for this equilibrium comes from the
spectrum of a solution of the Pd,-S-L.9down crystals after being left to stand at room
temperature overnight. The spectrum was identical to those obtained for the product
and in situ reaction, which would appear to indicate that the dimer is now in

equilibrium with the monomer. The 'H NMR spectrum of the Pd,-S-L9down crystals
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shortly after preparation is shown in Figure 54, and that obtained on the same sample
after standing overnight is shown in Figure 55.

The *C{'H} NMR spectrum of the product of the reaction with S-L9down,
shows two signals for the C=S carbon and two for the C=N carbon (see Table 32),
which would only arise if the dimer contained a center of symmetry. The C=N signals
were assigned to the monomer and dimer using HMBC, and the C=S signals on the
basis of their intensities. The equilibrium between the Pd-S-L9down and Pd,-S-

L9down is shown in Scheme 8.
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Figure 53. The "H NMR (200 MHz, CDCl5) spectrum of a solution of the Pd,-S-
L9down crystals shortly after preparation.
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Figure 54. The '"H NMR (700 MHz, CDCl5) of the aliphatic region of Pd;-S-L9down
(D) after standing overnight (Pd-S-L9down signals marked with *).



Table 32. The C=S and C=N C{'H} signals of the S-monomethyl oxazoline thiourea
palladium complexes in CDCl; (ppm).

Complex
Compound
C=S C=
Pd-S-L9down 164.1 165.4
Pd,-S-L9down 166.3 167.5
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Scheme 8. The interconversion between dimeric Pd»-S-L9down and monomeric Pd-

S-L9down.

All of the 'H NMR spectra involving R-L10 are identical; they initially appear
to show one species, which is believed to be the monomer Pd-R-L10, as found by X-
ray diffraction analysis. This is confirmed by the BC{'H} NMR spectrum of the
product which shows single signals for C=S and C=N. However, traces of other
signals are present in all of the 'H spectra, which increase in intensity until 3 days,
when they have integrals equal to 0.4 of the original peaks. We believe that these
peaks originate from a single species which exists in a slowly established equilibrium
with the monomer. "H NMR spectra of the aliphatic region of the Pd-R-L10 crystals
after 0, 1, 2 and 3 days are shown in Figure 56. A '"H NMR spectrum of the in situ
reaction of PdCl,(PhCN), and R-L10 in a 1:2 molar ratio in CDCl; after 3 days only
showed signals for the Pd-R-L10 monomer and the R-L10 free ligand, which

indicates that the excess of free ligand is impeding the equilibrium. This observation
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is related to the catalytic activity of this ligand which will be discussed later. 'H NMR
spectra of the aliphatic region of the 1:2 in situ reaction after 3 days is shown in
Figure 57, along with those of the free ligand and the 1:1 in situ reaction, soon after

preparation, for comparison.

i L B B T T T T T [N L B A R B B ] ] L T v T
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Figure 55. "H NMR (400 MHz, CDCl3) spectra of the aliphatic region of Pd-R-L10 at

various times.
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Figure 56. '"H NMR (400 MHz, CDCIl3) spectra of the aliphatic region of R-L10
(bottom), the in situ reaction of PdCl,(PhCN), with R-L10 at 1:1 molar ratio soon
after preparation (middle) and the in situ reaction of PdCl;(PhCN), with R-L10 at 1:2

molar ratio after 3 days (top).
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The 'H NMR spectra of the product of the reaction of PdCl,(PhCN), and S-
L10, and the ir situ reaction soon after preparation are identical. Analysis of the
aliphatic region which contains the isopropy! signals, reveals three species to be
present in differing amounts. This is confirmed by their respective “C{'H} NMR
spectra which show three signals for both C=S and C=N. Their relative integrals of
the 'H NMR signals change over a period of 3 days, after which there was no further
change, leading us to conclude that the species have attained equilibrium, with a
1.8:1.8:1 ratio. The 'H NMR spectra of the aliphatic region of the in situ reaction after
0, 1, 2 and 3 days are shown in Figure 58. A 'H NMR spectrum of the in situ reaction
of PdCl,(PhCN), with S-L10 in a 1:2 molar ratio in CDCl; obtained soon after
preparation, shows signals from the same three species, but with different integrals to
those of the analogous 1:1 in situ reaction, and also signals from the free ligand,
which indicates that the excess of free ligand has an effect on the equilibrium. The 'H
NMR spectrum of the aliphatic region of the 1:2 in situ reaction soon after preparation
is shown in Figure 59, along with those of the free ligand and the 1:1 in siru reaction,

soon after preparation, for comparison.
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Figure 57. '"H NMR (400 MHz, CDCl;) spectra of the aliphatic region of the in situ
reaction of 1:1 PdCl;(PhCN),:S-L10 at various times.
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Figure 58. '"H NMR (400 MHz, CDCls) spectra of the aliphatic region of S-L10
(bottom) and the in situ reaction soon afier preparation of PACL;(PhCN), with S-L10
at 1:1 (middle) and 1:2 (top) molar ratios.

C) Preliminary studies on the synthesis of the L6 and L7 thiourea palladium
complexes using [(77°-allyl)Pd(-Cl)],

In situ NMR reactions of [( 773-allyl)Pd(,u—Cl)]2 and L6 at the following molar
ratios; 1:1.50, 1:2.0 and 1:3 in CDCL at room temperature were carried out. The 'H
NMR spectra are shown in Figure 60. Broad 'H signals were observed in all cases.
However, we observed 'H NMR signals of the free ligand when a 1:3.0 [(773-
allyl)Pd(z-Cl)],:L6 molar ratio was used. Interestingly, the signals from the free
ligand itself are also broad. The precipitated allyl palladium complexes from in situ
NMR reactions of [(773-allyl)Pd(/1-Cl)]2 to L6 at 1:1 and 1:2 molar ratios were
obtained as orange solids by adding Et;0. The elemental analyses confirm the
stoichiometric product from the reaction of [(7’-allyl)Pd(u-Cl)]> with L6 at a 1:1
molar ratio (Anal. Caled. for C3H35ClN30Pd;S: C 45.12, H 4.73; Found C 45.24, H
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4.92) but not for the 1:2 molar ratio (Anal. Caled. for Cy5sH3oCIN;OPdS: C 53.38, H
5.38 ; Found C 52.40, H 5.32).
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Figure 59. '"H NMR (400 MHz, CDCl;) spectra of L6 (bottom) and the in situ reaction
of [(7° -allyl)Pd(x-Cl)], with L6 in different molar ratios.

Similar reactions of [(773 -allyl)Pd(p-Cl)}, and L7 were carried out (1:1.5, 1:2,
1:3 and 1:6 molar ratios in CDCls) and were followed by in situ NMR spectroscopy.
The '"H NMR spectra are shown in Figure 61. We observed similar results to those of
the reaction with L6. They all show broad 'H signals but we can observe signals of
the free ligand in 1:3.0 and 1:6 [(773-allyl)Pd(y-Cl)]2:L7 molar ratio spectra. The

signals from the free ligand itself are also broad. Clearly, this suggests some dynamic

equilibria in these systems.
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Figure 60. '"H NMR (400 MHz, CDCl3) spectra of L7 (bottom) and the ir situ reaction

of [(7-allyl)Pd(x-Cl)]>» with L7 in different molar ratios.
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I1.S Testing of the oxazoline thioureas as ligands for Pd/Cu catalyzed
bis(methoxycarbonylation) of styrene
in this

bis(methoxycarbonylation) reaction of styrene both as in situ mixtures of palladium

The oxazoline thiourea ligands study were tested in the
source and ligands and, in some cases, using our pure PdL2up, PdL2down, .
PdL11up and Pd-R-L10 complexes, by Mr. B. Liang and Ms. Y. —X. Gao in the
group of Prof. Z. Yang at Peking University. A summary of the results and reaction

conditions is given in Table 33.

Table 33. Pd-catalyzed bis(methoxycarbonylation) of styrene using oxazoline

thioureas.”

[( P-allyhPd(x -CI)]; (1.5 mol%) GoOMe

©/\ Ligand (6 mol%), CuCl (20 mol%) \_-COOMe
CH40H, 20°C, CO, 0,

[-dimethyl oxazoline thioureas Smonomethyl oxazoline thioureas

Entry | Ligand | Yield (%)® | ee(%)¢ |Entry| Ligand | Yield (%)° | ee (%)€

1 L2up 96 [98]¢ | 65[58]¢ 1 R-L9up 75 18

2 L2down 96 [94] “ -57[-511¢ 2 S-L9down 95 221

3 L3 - 48 3 R-L10 571301% | 31[9}°

4 L5 - 18 4 S-L10 59 -9

5 L6 98 -51

6 L7 98 45

7 L1lup 98 [95]¢ | 76[69]°

8 | Llldown 95 -69

9 L13down 88 -65

? Reaction conditions: styrene (1.0 mmol), [( 773 -allyl)Pd(u-Ch], (0.015 mmol), ligand
(0.06 mmol), and CuCl (0.2 mmol) in CH;0H (4.0 mL) at 20 °C for 3 days under
balloon pressure of CO and O, (ca. 4:1); b Isolated yield after silica gel
chromatography; © The enantiomeric excess (ee) was determined by chiral HPLC
analysis (Daicel Chiralcel OJ-H); the minus sign refers to the opposite enantiomer; d
Yields and ee’s in brackets were obtained from the reactions using pure palladium

complexes: PdL2up, PdL2down, PdL11up and Pd-R-L10.



From the results in Table 33, we can make the following observations:

&
&

R

[BDimethyl oxazoline thioureas

Figure 61. The general structure of the f-dimethyl oxazoline thioureas.

(i) For both catalysts generated in situ or using isolated palladium complexes,
high ee’s were obtained when using L2up, L2down, L11up, L11down and L.13. The
best ee’s were obtained with L11 (both L11up, L11down gave similar magnitudes
but opposite signs of the ee) whereas LS gave the lowest ee. These results suggest that
the R’ substituent on the thiourea plays an important role in determining the
enantioselectivity of the reactions. Furthermore, the particular atropoisomer (resulting
from the ortho-substitution on the phenyl ring ii, Figure 63, vide infra) is crucially
important to the sign of the ee (‘up’ ligands give positive ee’s whereas the ‘down’
ligands lead to negative ee’s). The ee was also improved when the bulky 9-anthryl
group was introduced (69% ee with isolated PdL11up) compared to the less sterically

demanding isopropyl group (58% ee with isolated PdL2up).

e

R = -Pr (L2), Anthacene (L11)

) y,,

Figure 62. The atropoisomer oxazoline thioureas.

(i) When L13 (which also has a 9-anthryl in the ‘down’ conformation) was
employed in the reaction, it gave a slightly reduced (65% ee for L13 vs 69% for
Lildown (cf. 76% ee for L1lup)). This implies that the R substituent on the
oxazoline moiety plays a small role in the asymmetric induction. In addition, opposite

ee’s were observed for the reactions carried out using L3 and its analogue L6 (48% ee
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in L3 and -51% ee in L6, see Table 33), reflecting the opposite chiralities of the

respective phenyl and isopropyl groups on the oxazoline. The structures of L3, L6,
L11up and L13 are shown in Figure 64.

L3 L6

Figure 63. The structures of L3, L6, L11up and L13.

(i11) Interestingly, the ee’s obtained from reactions using 1solated palladium -
thiourea complexes were slightly lower than for the catalysts formed in situ (see
entries 1, 2 and 7 in Table 33).

(iv) A low ee was obtained when L5 was employed in the reactions (18%). This
is probably related to the fact that, in solution, palladium complexes of LS show
dynamic equilibria, as we were able to obtain crystals of the dimer. It is reasonable to
speculate that this may be the reason for the low ee.

(v) It should be noted that the allyl palladium chloride dimer, [(7/-allyl)Pd(z-
CD)J,, was used for the testing of bis(methoxycarbonylation) reaction of styrenes. It
was found that both yield and ee’s are slightly better when two equivalents of thiourea
ligands are employed.? Our preliminary studies of the reaction of [( 773 -ally)Pd(u-Ch}
with both L6 and L7 suggest some dynamic equilibria in these system. This implies

that the catalytic system using [(77° -allyl)Pd(u-Cl)], may be even more complicated
than with PdCL.
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Bmonomethyl oxazoline thioureas

N_ N
@ Y i L9 ; R"= 9-Anthyl, R" = H
R
e

L10; R"=H,R" =Me

Figure 64. The general structures of the f~monomethyl oxazoline thioureas.

(1) The best yields were obtained from R-L9up and S-L9down (75 and 95 %,
respectively). However, yields for the Amonomethyl oxazoline thioureas are

generally lower than for the fdimethyl oxazoline thioureas.

(11) Lower ee’s were obtained compared to the f-dimethyl oxazoline thioureas.
These results are probably related to the NMR experiments in which we observed
mixtures of palladium complexes for most of the fmonomethyl oxazoline thioureas.
Therefore, less selectivity could reasonably be expected using these ligands.

(1ii) Interestingly, a low ee was also observed in the case of R-L9up.
However, the solution NMR studies in CDCI; indicate that only the monomer Pd-R-
L9up is present even after 3 days. This.may not be the case in CH3OH, in which the -
reaction was performed. It would be useful to monitor the reaction of a Pd source with
R-L9up by NMR spectroscopy in CD;0D.

(iv) The highest ee was obtained from R-L10 via the in situ generated
catalyst (31% ee, entry 3), whereas a much lower ee was obtained using its isolated
palladium complex. The low ee in the latter case is probably related to its instability.
In the NMR spectroscopic study -of Pd-R-L10, we initially obtained a mono-
palladium complex, which in solution converted to other palladium complexes over a
period of days (see Figure 56). The high ee for the in situ mixing can be explained
from the 1:2 Pd:L ratio. Our NMR study of the 1:2 Pd:L in situ reaction showed that
the monomer complex does not decompose after several days with free ligand also
being observed (see Figure 57). It is therefore likely that the monomer remains

completely intact during the reaction, and is therefore better able to perform

enantioselective catalysis.
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II1. Conclusions

Severa] chiral S-dimethyl and fmonomethyl oxazoline thiourea ligands and
an a-isoquinoline thiourea ligand have been fully characterized by solution NMR
spectroscopy, elemental analysis and single-crystal X-ray diffraction (in some cases).
Moreover, we succeeded in the synthesis of their palladium complexes, which were
characterized by solution NMR spectroscopy, elemental analysis and single-crystal X-
ray diffraction (in some cases). The single-crystal X-ray diffraction analyses (both of
the ligands and the complexes) allows us to distinguish between the atropoisomers
and diastereomers. Most Pd complexes were shown to be monomers, although one
ligand with a cyclohexyl group formed exclusively dimers, and one formed a trimer,
as well as a monomer, depending on the solvent mixtures that the crystals were grown
from. The X-ray diffraction studies show that the ligands are bidentate through their S
and N atoms. All of the mono-palladium complexes and most of the dimers have cis-
configurations at the Pd centers; however, we also found a trans-configuration in the
trimer and the dimer of one of the palladium complex of the f-monomethyl ligands.
The structures show that the f-monomethyl oxazoline and a-isoquinoline thiourea
complexes have longer Pd-S and Pd—N bonds than the A-dimethyl ones. The
increased flexibility of the mono-methyl thioureas may be responsible for this.

The complexes for which we were unable to obtain crystal structures were
deduced to be monomeric from their >C {'"H} NMR spectra. This also showed that the
Fdimethyl ligand which forms dimers does so only on slow evaporation from solvent
mixtures. The trimeric complex and the dimeric S~-monomethyl complex were shown
by '"H NMR to be unstable in solution forming equilibrium mixtures with their
monomer complexes over 3 days. One of the f~-monomethyl complexes was shown to
be stable in the presence of excess ligand. The structure of the ligands (in particular
the ‘up’ or ‘down’ conformation of the atropoisomers) was shown to be intimately
related to their enatioselectivities in bis(methoxycarbonylation) reactions of styrene.
The p-dimethyl ligands were, in generally, found to be more selective than the (-
monomethyl ones, and the complexes with the f~-monomethyl ligands were generally

found to be less stable.



IV. Experimental

Synthesis

The thiourea ligands were prepared by the group of Prof. Z. Yang. PdCl, was
purchased from Precious Metals Online and used without further purification. The
PdCl,(CH3CN), and PACl,(PhCN), were prepared via literature procedures.>® The 1D
('H and "*C{'H}) and 2D (COSY, NOESY, HSQC and HMBC) NMR spectra were
obtained using Varian Inova 500 and 700 VNMRS spectrometers at the following
frequencies: 'H-500, 700 MHz, “C{'H}-125, 175 MHz in CDCl; or CD,Cl,. The
chemical shifts are reported in ppm and referenced to the external standard SiMe,.
Assignments of the NMR spectroscopic data for the free ligands and their palladium
complexes were based on a series of 2D NMR studies. MS analyses were performed
using a Thermo LTQFT mass spectrometer (for ES/HRMS-ESI). Elemental analyses
were performed using an Exeter Analytical CE-440 analyzer. Melting points were
obtained using a Sanyo Gallenkamp apparatus, and are uncorrected. All palladium
complexes (except that with L3) were initially prepared in NMR tubes and the

reactions were followed in situ.

L2up

'H NMR (500 MHz, CD>CL): §7.63 (d, Ju.y = 9 Hz,
17 9 12 H12), 7.57 — 7.59 (m, 2H, H23,24), 7.39 — 7.42 (m,
H22), 7.18 - 7.21 (m, 2H, H11,21), 7.08 (t, Ju.y = 8

o N Hz, H10), 6.62 (d, Jy.y = 8 Hz, H9), 4.18 — 4.22 (m,
20 (0] »

” © s N<) 3 H3), 3.95 — 3.99 (m, H3"), 3.90 — 3.94 (m, H4), 2.46

22 < —2.51 (m, H19), 2.26, 2.19 (s, 2CH;, 6H, H1,2), 1.74

Iy,

15 1\ ~ 1.81 (m, H14), 1.19, 0.98 (d, Jus = 7 Hz, 2CHs,

6 6H, H17,18), 0.94, 0.87 (d, Jiy = 7 Hz, 2CHs, 6H,

H15,16). “C{'H} NMR (100 MHz): & 172.5 (C7), 169.8 (C6), 148.7 (C25), 135.4

(C8), 134.7 (C20), 133.4 (C13), 131.0 (C24), 130.1 (C11), 128.3 (C23), 128.0 (C22),

123.6 (C10), 123.5 (C21), 113.1 (C12), 110.6 (C9), 73.5 (C4), 71.7 (C3), 63.5 (C5),

33.5 (C14), 29.3 (C19), 29.2, 26.9 (C1,2), 24.7, 24.0 (C17,18), 19.9, 19.2 (C15,16).

m.p. 125.4-126.0 °C. HRMS (EI): calcd for CpsH3 N3OS (M) 4222221, found
422.2262.
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PdL2up

To a solution of L2up (213 mg, 0.05 mmol) in
. " CH;OH (4 mL) was added PdCl, (197 mg, 0.05
17 12
& " AN mmol). The reaction mixture was heated to reflux at
8 2
2 N_ 7N 50 °C for 4 h. The solvent was removed on a rotary
24 T >\ s : ,
20 A /0  evaporator. The residue was dissolved in CH»Cl, and
23 N
2 F\,d/ 3 then Et,O was added to precipitate the product as an
2 o / $a
of 13 N orange solid which was collected by filtration,
14

46  washed with Et;0O (x3) and then dried in vacuo. The
single crystal for X-ray diffraction was grown via slow evaporation of a solution in
CH,Cl,:CH;0H (50:50). Yield: 274 mg, 92 %. '"H NMR (700 MHz, CD,Cl,): & 8.00
(d, Ju.w = 8 Hz, H12), 7.65 (t, Ju.y = 8 Hz, H23), 7.61 (t, Ju.y = 8 Hz, H24), 7.45 (,
Ju.n =8 Hz, H22), 7.37 (t, Ju.n = 8 Hz, H11), 7.31 (t, Ju.n = 8 Hz, H10), 6.93 (d, Ju.iy
= 8 Hz, H21), 6.83 (d. Ju.y = 8 Hz, H9), 4.85 — 4.88 (m, H4), 447 (t, Jy.y = 9 Hz,
H3), 4.25 (t, Ju.u =9 Hz, H3’), 3.07 - 3.12 (m, H14), 3.38, 2.55 (s, 6H, 2CH3, H1,2),
2.31-2.35 (m, H19), 1.27, 1.00 (d, Ju.x = 7 Hz, 2CH3, 6H, H17,18), 0.87, 0.75 (d, Ju.
4 = 7 Hz, 2CH3, 6H, H15,16). *C{'H} NMR (175 MHz): & 168.4 (C6), 164.8 (C7),
148.4 (C25), 135.1 (C8), 133.2 (C23), 132.7 (C13), 132.1 (C20), 129.2 (C24), 129.1
(C22), 128.6 (C21), 126.5 (C11), 126.3 (C10), 115.8 (C12), 112.6 (C9), 72.1 (C4),
70.2 (C3), 63.2 (C5), 31.5 (C14), 29.7 (C19), 29.6, 29.3 (C1,2), 24.9, 24.2 (C17,18),
19.4,15.7 (C15,16).

Altemative synthesis of PdL2up: To a solution of L2up (10.7 mg, 0.026
mmol) in CD,Cl; (1 mL) was added PdCI,(PhCN), (10.3 mg, 0.026 mmol). The
solution was transferred to an NMR tube and the reaction was shown to complete and
quantitative within 2 min at room temperature, as evidenced by 'H NMR
spectroscopy. The sample was transferred to a small round bottom flask using CH,Cl,
and the combined solution was evaporated to dryness on a rotatory evaporator. The
solid sample was then dried in vacuo for 3 h and was shown to contain 1 eq. of
benzonitrile of crystallization by elemental analysis. Anal. Calced. for
Ca5H3,Cl;N3;OPAS CgHsCN: C 54.75, H 5.17, N 7.98; Found C 54.47 , H 5.12, N 7.94
%.
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L2down

1911 'H NMR (500 MHz, CD,Cl,): §7.62 (d, Ju.y = 8 Hz,
H12), 7.52 (m, 2H, H23,24), 7.35 (m, H22), 7.13 (m,
2H, H11,21), 7.08 (t, Ju.y = 7 Hz, H10), 6.62 (d, Ju.n
=7 Hz, H9), 4.23 (t, Ju.y = 9 Hz, H3), 3.90 (m, H3,4),
2.50 (m, H19), 2.24, 2.20 (s, 2CH3, 6H, H1,2), 1.78
(m, H14), 1.18, 0.99 (d, Ju.y = 7 Hz, 2CH;, 6H,
H17,18), 0.96, 0.86 (d, Jy.x = 7 Hz, 2CHs, 6H,
H15,16). “C{'H} NMR (125 MHz): § 172.6 (C7),
169.9 (C6), 148.7 (C25), 135.4 (C8), 134.7 (C20), 133.4 (C13), 131.0 (C24), 130.2
(C11), 128.3 (C23), 128.0 (C22), 123.6 (C10), 123.5 (C21), 113.1 (C12), 110.7 (C9),
73.8 (C4), 72.0 (C3), 63.5 (C5), 33.5 (C14), 29.3 (C19), 28.2, 27.9 (C1,2), 24.6, 24.1
(C17,18), 20.1, 19.4 (C15,16). m.p. 110.0-110.7 °C. HRMS (EI): caled for
CasH3 N3OS (M¥) 422.2221, found 422.2263.

PdL2down

10___11 Compound PdL2down was synthesized by the same
procedure as was employed to synthesize PdL2up
using PACl; (197 mg, 0.05 mmol) and L2down (217
mg, 0.05 mmol). The single crystal was obtained
from evaporation of a solution in CH>Cl,:CH3;0H
(50:50). Yield: 270 mg, 90 %. 'H NMR (500 MHz,
CDyCl): 6 7.99 (d, Ju.ny = 9 Hz, H12), 7.60 - 7.66
(m, 2H, H23,24), 7.45 (t, Ju.n = 9 Hz, H22), 7.35 (t, Jy.y = 9 Hz, H11), 7.29 (t, Jy.py =
9 Hz, H10), 7.17 (d, Jy.n = 9 Hz, H21) 6.81 (d, Jy.y = 9 Hz, H9), 4.86 — 4.91 (m, H4),
4.50 (t, Ju.y = 9 Hz, H3), 4.28 (t, Jy.n = 9 Hz, H3’), 3.00 — 3.06 (m, H14), 3.37, 2.54
(s, 2CHs, 6H, H1,2), 2.26 — 2.31 (m, H19), 1.24, 0.98 (d, Ju.y = 7 Hz, 2CHj;, 6H,
H17,18), 0.92, 0.85 (d, Ji.y = 7 Hz, 2CHj3, 6H, H15,16). *C{'H} NMR (125 MHz): §
168.7 (C6), 164.9 (C7), 147.4 (C25), 135.1 (C8), 133.2 (C13), 132.8 (C24), 131.8
(C20), 129.6 (C21), 129.2 (C22), 129.1 (C23), 126.4 (C10), 126.1 (C11), 115.9 (C12),
112.4 (C9), 72.1 (C4), 70.2 (C3), 63.0 (C5), 31.3 (C14), 30.2, 29.48 (C1,2), 29.45
(C19), 25.1, 24.5 (C17,18), 19.6, 16.0 (C15,16). Anal. Calcd. for C;5H;,Cl.N;0PdS:
C50.13, H5.22, N 7.02; Found C 49.83, H 5.13, N 6.50 %.
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Alternative synthesis of PdL2down: Compound PdL2down was synthesized
by the same procedure as for PdL2up. To a solution of L2down (11.0 mg, 0.026
mmol) in CD,Cl, (1 mL) was added PdCl,(PhCN), (10.4 mg, 0.026 mmol). The
reaction was completed and conversion quantitative within 2 min at room

temperature, as evidenced by 'H NMR spectroscopy.

L3
» 'H NMR (500 MHz, CD,CL): 67.68 (d, Ju.y = 7 Hz,
12 H12), 7.58 (t, Ju.x = 8 Hz, 2H, H22), 7.50 — 7.53 (m,
L, 2 13 0 H23),742(t, Jun =7 Hz, 2H, H21), 7.31 - 7.36 (m,
@5’\7(” 3 4H, H15,16,18,19), 7.24 - 7.27 (m, H17), 7.16 (d, Jx.
2 N N/G o #=7Hz, Hll), 7.12 (d, Jun = 7 Hz, H10), 684 (d,
| 5 Jun =7 Hz, H9), 5.21 (¢, Juy = 10 Hz, H4), 4.66 (,
14 Juy=THz, H3"), 4.12 (t, Ju.y = 7 Hz, H3), 2.30, 2.27
15 (s, 2CHs3, 6H, H1,2). B“C{'H} NMR (125 MHz):
172.0 (C7), 171.5 (C6), 143.6 (Cl14), 137.1 (C20),
135.1 (C8), 133.3 (C13), 130.6 (2C, C22), 130.1 (C23), 129.7 (2C, C21), 129.6 (2C,
C16,18), 128.5 (C17), 128.8 (2C, C15,19), 128.4 (C11), 128.2 (C10), 113.1 (C12),

110.9 (C9), 76.6 (C3), 71.2 (C4), 63.6 (C5), 28.1 (C1,2). MS (ESI) m/z: 414.2
(M+H)". HRMS (EI): calcd for CosH23N30S (M+H)™ 414.1635, found 414.1631.

10
9

8

18

PdL3

10 1 Compound PdL3 was synthesized by the same procedure
9 12 as was employed to synthesize PdL2up using PdCl,
131 (22.6 mg, 0.059 mmol) and L3 (24.3 mg, 0.059 mmol).
30 ﬁr 5 The single crystal was obtained via evaporation of a
22 N/ o solution in CH,Cl,:CH3;O0H (50:50). Yield: 33.8 mg, 97

CI—Pd/ 3 %. m.p. 253.7-254.2 °C. "H NMR (500 MHz, CD,Cl,): &

Ci 14 8.04 (d, Ju.y = 7 Hz, H12), 7.69 - 7.15 (m, 10H,
H15.,16,17,18,19,21,22,23,24,.25), 7.39 - 7.44 (m, 2H,

17 H10,11), 6.98 (d, Ju.yx = 8 Hz, H9), 5.89 — 5.92 (m, H4),
490 (t, Ju.w = 9 Hz, H3), 4.52 (t, Ju.y = 9 Hz, H3), 3.42, 2.61 (s, 2CH3, 6H, H1,2).
BC{'H} NMR (125 MHz): 5168.8 (C6), 164.6 (C7), 140.0 (C14), 135.0 (C20), 134.5
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(C8), 133.3 (C13), 131.9, 131.58, 131.33, 130.3, 130.2 (2CH), 129.3, 129.0 (2CH),
128.6, 126.5, 126.4 (C10,11,15,16,17,18,19,21,22,23,24,25), 115.7 (C12), 112.6 (C9),
76.6 (C3), 70.9 (C4), 634 (C5), 29.5, 283 (Cl,2). Anal. Calcd. for
[CasH23C1:N3OPdS],-CHLCla: C 48.36, H 3.82, N 6.63; Found C 48.23, H 4.54, N
4.90 %.

Alternative synthesis of PdL3: Compound PdL3 was synthesized by the same
procedure as for PdL2up using L3 (3.1 mg, 8.22 pmol) in CD,Cl> (0.5 mL) and
PdCI(PhCN); (3.4 mg, 8.22 pmol). The reaction was complete and conversion

quantitative within 2 min at room temperature, as evidenced by 'H NMR

spectroscopy.

L4
10 __ 11 'H NMR (500 MHz, CD,ChL): §7.64 (d, Ju.yy = 8
21 9 12 Hz, H12), 7.14 (d, Jy.n = 8 Hz, H11), 7.08 (d. Jy.x
o 18 il , =8Hgz HI0),7.03 (s, 2H, H19), 6.58 (d, Jy.y = 7
\[( \sﬁ Hz, H9), 4.23 (t, Jy.y = 8 Hz, H3), 3.95 (t, Jy.1y = 8
n? O Hz, H3%),3.93 - 3.98 (m, H4), 2.35 (5, 3H, H22),
\ 3 2.25,2.20 (s, 2CHs, 6H, H1,2), 1.87 (s, 2CHs, 6H,
1 Tz\ H21), 1.80 — 1.87 (m, H14), 0.95, 0.86 (d, Jy.y= 7
16 Hz, 2CH;, 6H, H15,16). “C{'H} NMR (125
MHz): 6171.1 (C7), 169.8 (C6), 140.3 (2C, C18), 137.58 (C20), 133.66 (C8), 133.59
(C13), 132.1 (C17), 130.3 (2C, C19), 123.7 (C10), 123.6 (C11), 113.3 (C12), 110.4

(C9), 73.7 (C4), 71.9 (C3), 63.5 (C5), 33.5 (C14), 28.7, 27.5 (C1,2), 22.0 (C22), 20.0,
19.3 (C15,16), 18.4 (2C, C21). MS (EI) m/z: 421 (M").

PdL4

The PdL4 complex was synthesized by the
same procedure as for PdL2up using PdCl,
(19.7 mg, 0.05 mmol) and L4 (21.7 mg, 0.05
mmol). The single crystal was obtained from
evaporation of a solution in CH,Cl,:CH;0H
(50:50). Yield: 27.5 mg, 92 %. m.p. 273.0-
273.4 °C. 'H NMR (500 MHz, CD,Cly): &
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7.97 (d, Ju.y = 8 Hz, H12), 7.38 (d, Jy.& = 8 Hz, H11), 7.32 (d, Jy.y = 8 Hz, H10),
7.13 (s, 2H, H22,24), 6.83 (d, Ju.yx = 8 Hz, H9), 4.88 — 4.92 (m, H4), 4.50 (dd, Jy.ny =
10 Hz, Jy.y = 9 Hz, H3), 4.27 (dd, Jy.y = 10 Hz, Jy.y = 9 Hz, H3), 3.06 - 3.13 (m,
H14), 3.36, 2.55 (s, 2CH3;, 6H, H1,2), 2.41 (s, CH3, 3H, H19), 1.87, 1.85 (s, 2CH;,
6H, H17,18), 0.93, 0.84 (d, Ju.y = 7 Hz, 2CHs, 6H, H15,16). *C{'H} NMR (125
MHz): 6 168.6 (C6), 163.8 (C7), 142.4, 137.1, 136.2, 133.4, 133.2 (C8,13,21,23,25),
131.6 (C22), 131.1 (C24), 129.5 (C20), 126.6 (C10), 126.2 (C11), 115.9 (C12), 112.0
(C9), 72.2 (C4), 70.1 (C3), 62.8 (C5), 31.3 (C14), 29.8, 29.3 (C1,2), 22.0 (C19),
18.35, 18.28 (C17,18), 19.60,16.20 (C15,16). Anal. Calcd. for C,5H3,C1;N;0PdS: C
50.13,H5.22, N 7.02; Found C 50.08 , H 5.21 , N 6.94 %.

Alternative synthesis of PdL4: Compound PdL4 was synthesized by the same
procedure as for PdL2up using L4 (6.0 mg, 14.23 pmol) in CD,Cl; (0.5 mL) to which
was added Pd(PhCN),Cl, (5.5 mg, 14.23 pmol). The reaction was complete and
conversion quantitative within 2 min at room temperature, as evidenced by '"H NMR

spectroscopy.

L5
T 'H NMR (500 MHz, CD2Cl): 67.57 (d, Juy = 8 Hz,
. 12 H12), 7.49 (d, Jys = 8 Hz, HY), 7.14 (d, Jyx = 8 Hz,
=13 H11), 7.08 (d, Juy = 8 Hz, H10), 422 (t, Jyn = 8
Q/ Nﬁ/" : Hz, H3), 3.94 (t, Juy = 8 Hz, H3), 3.93 ~ 3.96 (m,
s /7 H4), 2.17, 2.12 (s, 2CHs, 6H, H1,2), 2.08 — 2.02 (m,
N\)3

(0]
% 2H, Heyeto), 1.94 — 1.97 (m, 2H, Heyero), 1.82 — 1.87
/? 16 (m, SH, H14&4Hoa,), 1.49 — 1.59 (m, 2H, Heyer),
15 1.29 — 1.38 (m, 1H, Heyepo). 0.95, 0.87 (d, Jyy = 7

Hz, 2CHj, 6H, H15,16). *C{'H} NMR (125 MHz): § 170.5 (C7), 170.1 (C6), 133.3
(C8), 132.4 (C13), 122.8 (C11), 122.6 (C10), 113.0 (C9), 111.9 (C12), 73.5 (C4), 71.9
(C3), 63.5 (C5), 56.8 (C17), 33.5 (C14), 30.3 (CHeyero), 28.6, 27.6 (C1,2), 27.15 (3C,
CHeyeto), 26.6 (CHeyeto), 20.0, 19.3 (C15,16). MS (EI) m/z: 385 (M),



%)
\O
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PdLS

The PALS complex was synthesized by similar procedure

as for PdL2up using L5 (35.1 mg, 0.09 mmol) and PdCl,
Q . (34.9 mg, 0.09 mmol). Yield: 23.2 mg, 45 %. 'H NMR
O/N 7 ng\ (500 MHz, CDCl3): §7.98 (d, Ju.y = 8 Hz, H12), 7.76 (d,
sl\ /N/s °3 Ju.y = 8 Hz, H9), 7.31 - 7.39 (m, 2H, H10,11), 4.82 —

—Pd 4

| 1 4.87 (m, H4), 4.42 (dd, Jy.» = 8 Hz, Jy.y = 1.2 Hz, H3),
“ /=\ 4.17 (dd, Jy.y = 8 Hz, Jy.y = 2.1 Hz, H3), 3.33, 2.47 (s,
2CH;, 6H, H1.,2), 3.07 — 3.15 (m, H14), 1.24 — 2.24 (m,
11H, Heyelo), 084, 0.64 (d, Jy.y = 7 Hz, 2CH, 6H, H15,16). *C{'H} NMR (125 MHz,
CD,ChL): 6 167.5 (C6), 161.6 (C7), 124.8, 124.6, 115.0, 112.6 (C9,10,11,12), 71.2,
69.2 (C3,4), 62.8, 59.1 (C5, C17), 30.7, 29.6, 29.1, 28.8, 25.8, 25.3, 18.6, 14.6
(5C¢ye0, C1,2,15,16).

Alternative synthesis of PdL5: Compound PdL5 was synthesized by the same
procedure as for PdL2up using L5 (5.0 mg, 12.97 umol) in CD,Cl; (0.5 mL) to
which was added Pd(PhCN),Cl, (4.9 mg, 12.97 umol). The reaction was complete

and conversion quantitative within 2 min at room temperature, as evidenced by 'H

NMR spectroscopy.

Pd,LS

N

“ph Pd/CI CS =

ci”\ [ cl, =N
SUN

Pd,L5 was obtained from PdLS. m.p. 243.0-243.5 °C. '"H NMR (500 MHz, CD,Cl,):
57.93 (d, Ju.y = 8 Hz, H12), 7.81 (d, Ju.py = 8 Hz, HY), 7.35 — 7.41 (m, 2H, H10,11),
4.51 — 4.55 (m, H4), 4.12 — 4.19 (m, 2H, H3,3%), 3.37 - 3.42 (m, H14), 2.93 - 3.00
(m, H17), 3.93, 2.62 (s, 2CHs, 6H, H1,2), 1.40 — 2.17 (m, 10H, Heyepo), 1.16, 1.10 (d,
Jun = 7 Hz, 2CH;, 6H, H15,16). C{'H} NMR (125 MHz): 6 173.2 (C6), 161.8
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(C7), 132.6, 131.6 (C8,13), 125.3, 124.8, 115.0, 114.1 (C9,10,11,12), 74.2 (C4), 68.7
(C3), 68.1 (C5), 61.4 (C17), 31.6, 29.9, 27.2, 26.0 (5Cyci0, C18,19,20,21,22), 31.4
(C14), 295, 278 (Cl,2), 19.7, 158 (C15,16). Anal. Caled. for
CusHeClyNgO3Pd3S;5-H,0: C 45.49, H 5.73, N 7.23; Found C 45.67, H 5.69, N 7.27
%.

L6

o 1 'H NMR (500 MHz, CDCl): 6 7.66 (d, Juy = 8 Hz,
12 H12), 7.62 (t, Jux = 8 Hz, 2H, H19), 7.55 (t, Juy = 8
. 83 1 Hz, H20), 7.44 (4, Jy.i = 8 Hz, 2H, H18), 7.19 (t, Juy
19@?&«” S, ~8HZHID, 715 (t Jus = 8 Hz, HI0), 686 (A, Jus
20 . o o =8Hz H9), 431 (t, Juy =8 Hz, H3"), 4.03 (t, Juy =
" 8 Hz, H3’), 3.39 (t, Juy = 8 Hz, H4), 2.28, 2.23 (s,
2CHs, 6H, H1,2), 1.81 — 1.88 (m, H14), 1.02, 0.93 (d,
15 16 Juw =8 Hz, 2CH;, 6H, H15,16). *C{'H} NMR (125
MHz): & 171.9 (C7), 169.8 (C6), 137.1 (C17), 135.0 (C8), 133.3 (C3), 130.5
(2CHaom, C19), 130.0 (C20), 129.7 (2CHuom, C18), 122.9 (C10,11), 112.9 (C9),
110.8 (C12), 73.5 (C4), 72.0 (C3), 63.5 (C5), 33.5 (C14), 28.4, 27.5 (C1,2), 19.9,
19.26 (C15,16). m.p. 94.6-95.2 °C. MS (EI) m/z: 380.3 (M+). HRMS (EI): calcd for

CoaHasN;08 (M+H)" 380.1791, found 380.1791.

R z
N mu.,..(\
IS
[#1]

PdL6
To a solution of L6 (100.0 mg, 0.264 mmol) in CHCl;

(4 mL) was added PdCIy(PhCN), (101.2 mg, 0.264
mmol). The reaction mixture was left to stir overnight
Y { at room temperature. The solvent was removed on a
8 S rotary evaporator. The residue was dissolved in
‘ u
ig4

8 CH,Cl; and then Et,O was added to precipitate the

product as an orange solid which was collected by

15 16 filtration, washed with Et,0O (x3) and then dried in
vacuo. Yield: 132.2 mg, 90 %. m.p. 221.0-221.4 °C. The single crystal was obtained
from evaporation of a solution in CD,Cl,. 'H NMR (700 MHz, CD,Cly): 67.96 (d, Ju.
# =8 Hz, H12), 7.60 - 7.61 (m, 3H, H19,20,21), 7.38 (d, Ju.x = 7 Hz, H22), 7.35 (4,
Jy.n=8 Hz, H11), 7.30 (t, Jy.n = 8 Hz, H10), 7.10 (d, Jy.» = 7 Hz, H18), 6.91 (d, Ju.1
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= 8 Hz, H9), 4.92 — 4.95 (m, H4), 4.46 (t, Ju.y = 8 Hz, H3’), 4.23 (t, Ju.yy = 8 Hz, H3),
3.17 — 3.21 (m, H14), 3.47, 2.55 (s, 2CHj3, 6H, H1,2), 0.88, 0.78 (d, Ju.y = 8 Hz,
2CHs, 6H, H15,16). >C{'H} NMR (125 MHz): § 167.4 (C6), 164.2 (C7), 134.2 (C8),
133.7 (C17), 132.4 (C13), 131.1 (C20), 130.88, 130.86 (C19,21), 128.8 (C22), 127.5
(C18), 125.63, 125.57 (C10,11), 114.8 (C12), 111.8 (C9), 71.3 (C4), 69.3 (C3), 62.5
(C5), 30.6 (Cl4), 292, 288 (Cl12), 18.9, 15.0 (C15,16). Anal. Caled. for

CH,sCI;N;0SPd-CH,Cly: C 43.04, H 4.24, N 6.55; Found C 42.57 , H 4.24 | N 6.38
%.

L7
'H NMR (700 MHz, CDCl;): 6 7.58 (d, Ju. = 8
. i Hz, H12), 7.34 (d, Ju.y = 8 Hz, 2H, H19), 7.29 (d,
o 18 (31 2 Ju.n = 8 Hz, 2H, H18), 7.12 (t, Jy.x = 8 Hz, H11),
/Q?NYN\Sﬁ 7.08 (t, Ju.y = 8 Hz, H10), 6.83 (d, Jy.y = 8 Hz,
21" 20 = g /o HO), 4.28 (t, Ju.i = 8 Hz, H3), 4.00 — 4.05 (m, 2H,
\//3 H3’,4), 2.43 (s, 3H, CHs, H21), 2.28, 2.24 (s,
2CH3, 6H, H1,2), 1.88 — 1.93 (m, H14), 0.98, 0.89
16 (d, Ju.y = 7 Hz, 2CH,, 6H, H15,16). *C{'H}
NMR (175 MHz): 6 171.3 (C7), 169.4 (C6), 139.3 (C20), 134.4 (C8), 133.5 (C13),
132.5 (C17), 130.5 (2C, C19), 128.5 (2C, C18), 122.9 (C12.,9), 112.1 (C10), 110.2
(C11), 72.5 (C3), 70.9 (C4), 62.7 (C5), 32.5 (C14), 27.9, 26.9 (C1,2), 21.6 (C21),

19.5, 18.5 (C15,16). m.p. 145.5-147.0 °C. MS (EI) m/z: 394.3 (M+). HRMS (EI):
caled for Ca3Hz7N30S (M+H)" 394.1948, found 394.1947.

S 4

N
14
15

PdL7

0 1M Compound PdL7 was synthesized by the same
12 procedure as for PdL6 using L7 (100.0 mg, 0.254
Q 1 mmol) and PdCl,(PhCN), (97.1 mg, 0.254 mmol).
2! Ni Yield: 106.3 mg, 73 %. The single crystal was
2 B0 \%;( obtained from slow evaporation of a solution in
_P \// DMF:Et,0. 'H NMR (700 MHz, CDCl;): & 7.95

(o]] CI: §4

N (d, Jyu = 8 Hz, H12), 7.36 — 7.38 (m, 2H, H19,21),
5 %6 735 (t, Juy = 8 Hz, HI1), 7.28 (t, Juny = 8 Hz,
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H10), 7.23 (d, Ju.y = 8 Hz, 2H, H21,19), 6.95 (d, Ju.y = 8 Hz, H9), 6.92 (d, Jy.ny = 8
Hz, 2H, H18,22), 4.88 — 4.91 (m, H4), 4.45, 4.22 (t, Ju.y = 9 Hz, 2H, H3), 3.13 - 3.16
(m, CH), 3.46, 2.54 (s, 2CHj;, 6H, H1,2), 2.45 (s, CHs, 3H, H23), 0.86, 0.76 (d, Ju.x =
7 Hz, 2CH3, 6H, H15,16). *C{'H} NMR (175 MHz): 6 167.5 (C6), 164.1 (C7), 141.5
(C17), 134.2 (C8), 132.3 (C13), 131.4 (C19.21), 131.0 (C20), 128.5 (C22), 127.1
(C18), 125.6 (C10,11), 114.8 (C12), 111.8 (C9), 71.3 (C4), 69.3 (C3), 62.4 (C5), 30.6
(C14),29.1,28.8 (C1,2), 21.6 (C23), 18.6, 15.0 (C15,16).

Pd;L7

- 'C. @Qt

cu/ \ s
AN /i

Compound Pd3;L7 was obtained from PdL7 complexes via slow evaporation of a
solution in CH,Cly:Et,O. 'H NMR (700 MHz, CDCL):* & 8.03 — 8.08 (m, 4H,
CHarom), 7.96 — 7.97 (m, 2H, CHarom), 7.46 (t, Jy.y = 8 Hz, 2H, CHayom), 7.36 — 7.42
(m, 6H, CHaom), 7.26 — 7.32 (m, 3H, CHaom), 7.21 - 7.26 (m, 4H, CHyom), 7.07 (d,
Ju- = 8 Hz, CHarom), 7.01 — 7.03 (m, 2H, CHayom), 4.54 — 4.58 (m, 1H, CH,), 4.48 —
4.54 (m, 2H, CH,), 4.29 (t, Ju.y = 9 Hz, 1H, CH3), 4.24 (t, Ju.n = 9 Hz, 1H, CH,), 4.08
—-4.12 (m, 1H, CH,), 3.89 - 3.90 (m, 1H, CH,), 3.80 (s, 3H, CH3), 3.74 — 3.78 (m, 1H,
CH), 3.72 (s, 3H, CH3), 3.40 (s, 3H, CH3), 3.36 — 3.38 (m, 1H, CH,), 3.30 — 3.38 (m,
H, CHy), 3.30 (s, 3H, CHj3), 3.12 — 3.18 (m, 1H, CHy), 3.09 (s, 3H, CH3), 3.02 (s, 3H,
CH3), 2.53-2.51 (m, 9H, 3CH3), 1.23 (t, Jy.y = 7 Hz, 3H, CH3), 1.07 (t, Ju.y = 7 Hz,
3H, CH3), 1.05 (t, Ju.w = 7 Hz, 3H, CH3), 0.97 (t, Ju.y = 7 Hz, 3H, CH3), 0.94 (t, Jy.y
= 7 Hz, 3H, CH3), 0.91 (t, Ju.y = 7 Hz, 3H, CH;). "C{'H} NMR (175 MHz):" §
171.6,171.5, 171.3 (C=N).

*'H NMR from Pd;L7 minus PdL7. ® Spectrum of a mixture containing PdL7 and
Pd3;L7; the remainder of the spectrum was too complicated to be assigned. The C=S

signals were not observed because the signals were too weak.
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LS
o 11 '"H NMR (500 MHz, CDCl; -30 °C): §8.58 (s, 1H,
. 12 CHuom), 8-11 (1, Juiy = 9 Hz, 2H, CHaom), 7.85 (d,
13 1 Jin = 8 Hz, 1H, CHaom), 7.75 (d, Juw = 9 Hz, 1H

8
A t/O/N\f(N S\ CHarom), 7.65 - 7.77 (m’ 6H’ le&SCHamm)’ 7.53
n

s /0 (@ Juwn=7Hz 2H, CHuon), 741 = 747 (m, 2H,
' \//3 CHarom), 7.26 (t, Jy.y = 7 Hz, 2H, H10,11), 7.14 (d,
N\ Ju.y = 8 Hz, H9), 4.39 (t, Ju.y = 8 Hz, H3), 4.08 -
46 415 (m, 2H, H34), 2.36, 2.34 (s, 2CH;, 6H,
H1,2), 1.95 - 1.99 (m, H14), 1.02, 0.92 (d, Ju.y = 7 Hz, 2CHj3, 6H, H15,16). *C{'H}
NMR (125 MHz, CDCl;_-30 °C): § 170.6 (C7), 169.5 (C6), 139.7 (C), 135.8 (C),
135.1 (C), 134.2 (C), 132.83 (CHarom), 132.80 (CHarom), 132.3 (C), 131.4 (C), 131.3
(C), 130.2 (C), 130.0 (C), 128.81 (CHarom), 128.75 (CHarom), 128.66 (CHarom), 128.5
(CHarom), 127.3 (2CHuom), 126.6 (CHarom), 126.0 (CHarom), 125.8 (CHarom), 125.7
(CHarom), 125.4 (CHarom), 123.3 (C10), 1232 (C11), 112.4 (C12), 110.6 (C9), 72.2
(C4), 70.9 (C3), 62.8 (C5), 32.4 (C14), 28.1, 26.9 (C1,2), 19.6, 18.3 (C15,16). m.p.
177.4-179.0 °C. MS (El) m/z: 556.4 (M+). HRMS (EI): calcd for CyH3 N3OS
(M+H)" 556.24171, found 556.24218.

PdLS8
Compound PdL8 was synthesized by the same
procedure as for PdL6 using L8 (40.0 mg, 0.072
g mmol) and PdCl,(PhCN), (27.6 mg, 0.072 mmol).
NT Yield: 50.8 mg, 96 %. 'H NMR (500 MHz,
Ant i CDCl3): 6 8.63 (s, CHarom), 8.13 — 8.16 (m, 2H,

CI—Pd \// CHarom), 7.95 (dd, Ji.yy = 8 Hz, Jy.y = 3 Hz, H12),

14 7.85 (d, Ji.yy = 8 Hz, CHarom), 7.77 — 7.79 (m, 3H,

16 H108&H11&CHgom), 7.70 (dd, Jy.iy = 8 Hz, Jupy =

3 Hz, H9), 7.67 (d, Ju.z = 9 Hz, CHarom), 7.53 — 7.59 (m, 3H, CHarom), 7.45 — 7.49 (m,
4H, CHuom), 7.21 (dd, Jy.r = 10 Hz, Jyy = 3 Hz, CHarom), 4.91 — 4.95 (m, H4), 4.54
(t, Juy = 9 Hz, 1H, H3), 4.32 (1, Juy = 9 Hz, H3’), 3.17 — 3.23 (m, H14), 3.53, 2.64
(s, 2CHs, 6H, H1,2), 0.96, 0.88 (d. Jy.y = 9 Hz, 2CH;, 6H, H15,16). *C{'"H} NMR
(125 MHz): & 168.6 (C6), 164.8 (C7), 143.1 (C), 136.0 (C), 135.4 (C), 134.83

15
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(CHarom), 134.79 (CHarom), 134.1 (C), 133.6 (C), 132.6 (C), 132.5 (C), 131.24 (C),
131.18 (C), 129.84 (CHayom), 129.79 (CHarom), 129.5 (CHarom), 128.9 (CHuom), 128.6
(CHuom), 127.7 (CHarom), 127.6 (CHarom), 127.2 (CHurom)s 126.97 (CHaom), 126.79
(CHarom), 126.74 (CHaom), 126.67 (CHarom), 126.4 (CHarom), 116.0 (C12), 112.9 (C9),
72.3(C3), 70.4 (C5), 63.6 (C4), 31.6 (C14), 29.9,29.7 (C1,2), 19.7, 15.9 (C15,16).

R-L9up
101 '"H NMR (700 MHz, CDCl3): 68.18 (s, CHarom), 8.09 (d,
Ant 12 Jit = 8 Hz, CHuom), 7.99 (d, Jy.iy = 8 Hz, CHarom), 7.92
f; ;3 H 4 (d Jin = 8 Hz, CHuom), 7.86 (d, Jis = 8 Hz, CHarom),

ﬁ/ S\'s 773 - 777 (m, 4H, CHuom), 7.34 — 7.40 (m, 3H,
S N\//? CHarom), 7.31 (t, Ji.sr = 8 Hz, CHarom), 6.77 (d, Jypy = 8
3 Hz, H12), 6.62 (t, Jy.y = 8 Hz, H11), 6.40 (d. Jy.yy = 8

Hz, H9), 6.27 (t, Ju.y = 8 Hz, H10), 6.16 (q, Ju.yy = 7 Hz,

16 H5), 4.04 (t, Ju.y = 8 Hz, H3), 3.97 (1, Jy.y = 8 Hz, H3),

3.88 — 3.91 (m, H4), 1.71 — 1.76 (m, H14), 1.14 (d, Jy.y = 7 Hz, 3H, H1), 0.90, 0.83

(d, Jt = 7 Hz, 2CHs, 6H, H15,16). PC{'H} NMR (175 MHz): 5 170.8 (C7), 164.6

(C6), 136.4 (C), 135.9 (C), 134.3 (CHarom), 131.9 (CHuom), 131.8 (C), 131.6 (C),

131.4 (2C), 130.8 (C), 130.2 2C), 129.4 (CHaon), 129.00 (CHaror), 128.99 (CHarom),

128.4 (CHarom), 127.8 (CHarom), 127.7 (CHarom), 126.2 (CHarom), 125.8 (CHarom), 125.7

(CHarom), 125.4 (CHarom), 124.8 (CHarom), 122.4 (C11), 121.4 (C10), 111.3 (C9), 109.3

(C12), 72.3 (C4), 70.7 (C3), 49.5 (C5), 32.6 (C14), 18.9, 18.1 (C15,16), 15.0 (C1).

m.p. 107.7-109.1 °C. MS (EI) m/z: 542.4 (M"). HRMS (EI): calcd for C35H;;N;0S

(M+H)" 542.2261, found 542.2268.

-
/
Ey /,,"’

15

Pd-R-L%up
10 11 Compound Pd-R-L9up was synthesized by the same
An © 12 procedure as for PdL6 using R-L9up (33.4 mg, 0.062
8 13 H 1 mmol) and PdCIy(PhCN), (23.5 mg, 0.062 mmol). The
NYN z -"“\6\\\\ single crystal was obtained from slow evaporation of a

s /~o solution in CDCl;. Yield: 32.5 mg, 73 %. m.p. 314.3-
| N
/P({/ \//3 314.8 °C. '"H NMR (700 MHz, CDCL;): & 8.23 (s, 1H,
/hx CHarom), 7.93 (d, Jy.w = 8 Hz, 1H, CHarom), 7.75 — 7.88
15
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(m, 4H, CHyron), 7.64 — 7.65 (m, 1H, CHaom), 7.58 — 7.60 (m, 1H, CHayor). 745 —
7.49 (m, 2H, CHarom), 7.39 (t, Jur = 8 Hz, 1H, CHyom), 7.34 — 7.35 (m, 2H, CHarom),
7.18 (d, Ju.iy = 8 Hz, H12), 6.97 (t, Ju.y = 8 Hz, H11), 6.79 (d, Ji.;y = 8 Hz, H9), 6.70
(t, Ju.iy = 8 Hz, H10), 6.27 — 6.30 (m, H5), 4.83 — 4.86 (m, H4), 4.43 (t, Juy = 9 Hz,
H3), 4.12 (t, Jy.w = 9 Hz, H3?), 2.59 — 2.60 (m, H14), 1.70 (d, Jy.x = 7 Hz, 3H, HI),
0.64, 0.37 (d, Ju.x = 7 Hz, 2CH3, 6H, H15,16). “C{'H} NMR (175 MHz): & 165.9
(C7), 164.2 (C6), 137.5 (C), 134.9 (CHurom), 134.1 (C), 133.0 (CHarom), 132.6 (C),
132.4 (CHarom), 131.2 (CHarom), 131.0 (C), 130.5 (CHarom), 130.2 (C), 130.0 (C), 129.8
(C), 129.7 (C), 129.3 (CHarom), 1292 (C), 129.1 (CHarom), 128.3 (CHarom), 128.0
(CHarom), 127.6 (CHarom), 127.1 (CHarom), 126.2 (CHarom), 126.0 (C11), 125.0 (C10),
124.3 (C9), 112.8 (C12), 111.6 (CHyom), 71.6 (C3), 68.3 (C4), 52.7 (C5), 29.9 (C14),
17.9, 14.9 (C15,16), 13.2 (C1).

S-L9down

10__11 'H NMR (700 MHz, CDCls): & 8.18 (s, 1H, CHaom),

o Qﬁ 8.08 (d, Ji.y = 8 Hz, 1H, CHarom), 8.00 (d, Jy.y = 8 Hz,

8/~ \13 | 1H, CHaom), 7.92 (d, Ju.y = 8 Hz, 1H, CHarom), 7.86 (d,

Q’ N\f( Jir = 8 Hz, 1H, CHarom), 7.72 = 7.77 (m, 4H, CHarom),

ant SN \/c/) 7.35 — 7.40 (m, 3H, CHaom), 7.31 (t, J.y = 8 Hz, 1H,

"3 CHarom), 6.82 (d, Juir = 8 Hz, H12), 6.62 (1, Jy.y = 8 Hz,

5 /A H11), 6.40 (d, Ju.y = 8 Hz, H9), 6.27 (t, Ju.y = 8 Hz,

16 H10), 6.15 (q, Juy = 7 Hz, H5), 4.22 (t, Ju.y = 8 Hz,

H3), 3.87 (q, Ju.y = 8 Hz, H4), 3.73 (t, Jy.y = 8 Hz, H3"), 1.65 — 1.70 (m, H14), 1.17

(d, Ju.w = 7 Hz, 3H, HI), 0.95, 0.81 (d, Jy.y = 7 Hz, 2CH3, 6H, H15,16). 3C{'H}

NMR (175 MHz): § 170.9 (C7), 164.7 (C6), 136.4 (C), 135.9 (C), 134.3 (CHarom),

131.9 (CHaom), 131.8 (C), 131.6 (C), 131.4 (C), 130.8 (C), 130.2 (C), 129.5 (C),

129.4 (C), 129.0 (3CHqom), 128.4 (CHarom), 127.8 (CHarom), 127.7 (CHarom), 126.2

(CHaom), 125.8 (CHuom), 125.7 (CHarom), 125.4 (CHarom), 124.8 (CHaom), 1222

(C11), 121.4 (C10), 111.3 (C9), 109.2 (C12), 72.7 (C4), 70.9 (C3), 49.3 (C5), 32.8

(C14), 19.5, 18.6 (C15,16), 15.1 (C1). m.p. 103.5-105.0 °C. MS (EI) m/z: 542.4 (M").
HRMS (EI): caled for C35H3 N3OS (M") 542.2261, found 542.2268.

=
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Palladium complexes of S-L9down

Palladium complexes of S-L9down were synthesized by the same procedure
as for PdL6 using S-L9down (50.0 mg, 0.09 mmol) and PdCl,(PhCN), (35 mg, 0.09
mmol). The single crystals of palladium complexes were obtained from evaporation
of a solution in CH;Cly:Et;0 (50:50). Yield: 51.9 mg (mixture). The product is a
mixture of Pd-S-L9down and Pd;-S-L9down. The single crystals of Pd,-S-L9down
were obtained from slow evaporation from CH,Cly:hexane. Pd,-S-L9down is in
equilibrium with Pd-S-L9down. 'H and "*C{'H} NMR spectra show a mixture of
products and it is difficult to assign each product. The *C{'H} NMR spectrum in
CDCl; at 175 MHz of the mixture appeared as follows: 6 167.89, 166.69, 165.75,
164.41, 138.54, 135.86, 135.69, 135.41, 134.51, 134.21, 133.20, 132.41, 131.88,
131.79, 131.70, 131.52, 131.49, 131.14, 131.09, 130.96, 130.90, 130.70, 130.59,
130.48, 129.95, 129.42, 129.38, 129.30, 128.92, 128.67, 128.27, 128.11, 128.05,
127.94, 127.77, 127.05, 126.99, 126.49, 126.45, 126.35, 125.98, 125.83, 125.66,
125.41, 125.21, 125.18, 124.93, 123.98, 123.25, 114.96, 113.30, 112.74, 110.35,
109.61, 70.86, 70.07, 69.55, 69.37, 53.33, 48.80, 31.80, 30.71, 19.24, 18.74, 18.45,
18.04, 16.77, 14.86, 1.35.

Pd-S-L9down
o '"H NMR (700 MHz, CDCls):* & 8.34 (s, 1H, CHaom),
. Q12 5.29 (q, Jisy = 7 Hz, H5), 4.69 — 4.75 (m, H4), 422 (1,
=(iz 1~ Juy=8Hz, H3),3.88 (t, Ju.n= 8 Hz, H3"), 2.80 (d, Jys
N N-LeH® =71, CH;, HI), 1.79 - 1.86 (m, H14), 0.56, -0.31 (d,
" \Is]‘/ Jun = 7 Hz, 2CHs, 6H, H15,16). *C{'H} NMR (175
"o

MHz):* §165.4 (C6), 164.1 (C7), 48.8 (C5), 30.7 (C14),
18.4, 14.8 (C15,16), 18.0 (C1).

* Aromatic protons and carbons cannot be assigned due

to the overlap of signals of Pd-S-L9down and Pd,-S-L9down.
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Pd,-S-L9down
'H NMR (200 MHz, CDCl5):* § 9.09
(d, Ji.y = 7 Hz, 1H, CHarom), 8.15 (s,

9 12
o IH, CHarom), 8.01
4
"y~ 15 = 8.12, m, HS), 7.86 — 7.94 (m, 4H,
' N\f’;/g>1"{’ 8.12, m, H5), 7.86 (m
\[( Hl s { s CHarom), 7.65 — 7.75 (m, 2H, CHgom),
g S Ci—Pd~Cl 741 — 7.55 (m, 4H, 3CHyon&H12),

c,_,l,y 7.31 —=7.35, m, 1H, CHaom), 6.89 (t, Jx.
u = 8 Hz, H11), 6.52 (d, Ju.y = 8 Hez,
H9), 6.32 (t, Ju. = 8 Hz, H10), 4.75 (m, H3), 4.16 (m, H3"), 3.99 (t, Ju.y = 9 Hz; H4),
2.90 - 3.10 (m, H14), 1.52 (d, Ju.y = 7 Hz, 3H, H1), 1.35, 1.14 (d, Jy.y = 7 Hz, 6H,
H15,16). *C{'H} NMR (175 MHz):* & 167.5 (C6), 166.3 (C7), 124.0 (C11), 123.3
(C10), 115.0 (C12), 113.3 (C9), 69.5 (C4), 69.4 (C3), 53.3 (C5), 31.8 (Cl14), 19.2
(C1), 18.7,16.8 (C15,16).
® The 'H NMR spectrum was obtained soon after Pd,-S-L9down crystals were
dissovled in CDCls.” The “C{'H} NMR spectrum was obtained after 24 h from the

same solution employed for 'H NMR. Aromatic and quaternary carbons cannot be

assigned due to overlap of signals of Pd-S-L9down and Pd,-S-L9down.

R-L10
'H NMR (700 MHz, CDCls): & 7.36 — 7.39 (m,
4H, H18,19,21,22), 7.37 (d, Ju.y = 8 Hz, HI2),
=3 7.17 (t, Juy = 8 Hz, H11), 7.13 (t, Juy = 8 Hz,

22 H

;@&N 2 NJ" H10), 6.96 (d, Juy = 8 Hz, HO), 6.43 (q, Jup = 7
5
23~ 2018 \[S( /6 o Hz HS), 415418 (m, H3), 4.02 - 4.07 (m, 2H,
19

N}//3 H3',4), 2.44 (s, 3H, H23), 1.81 (d, Juy = 7 Hz,
/\ 4 3H, HI), 1.80 — 1.82 (m, H14), 0.98, 0.89 (d, Jy.y
15 7 = 8 Hz, 2CHs, 6H, H15,16). >C{'H} NMR (175

16
MHz): 6 170.8 (C7), 164.7 (C6), 139.4 (C8), 133.7 (C17), 133.6 (C20), 130.8 (C13),

130.5 (C18,22), 128.0 (C19,21), 123.3 (C10), 123.2 (C11), 110.6, 110.3 (C9,12), 77.2
(C4), 70.9 (C3), 49.9 (C5), 32.8 (C14), 21.5 (C23), 19.0, 18.2 (C15,16), 15.8 (C1).
m.p. 135.9-137.2 °C. MS (EI) m/z: 380.4 (M"). HRMS (EI): calcd for CyHysN308
(M+H)" 380.1791, found 380.1792.
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Pd-R-L10

Compound R-PdL10 was synthesized by the same
101 procedure as for PAL6 using R-L10 (100 mg,
12
9 Q 0.264 mmol) and PdCI(PhCN); (100 mg, 0.264
8 13
y 22 2 N "."\“‘\\\\ mmol). The single crystal was obtained from
o S\e evaporation of a solution in CH,Cl;:Et,0 (50:50).
23 18
19 $ /Ng Yield : 140 mg, 96 %. m.p. 257.0-258.2 °C. 'H
Pd
cr”’ ol KK * NMR (700 MHz, CDCl3): 6 7.71 (d, Jy.; = 8 Hz,
ST H12), 7.38 — 7.43 (m, SH, H11,18,19,21.22), 7.36

(t, Ju.z = 8 Hz, H11), 7.12 (d, Ju.y = 8 Hz, H9),
6.71 — 6.79 (m, H5), 4.87 — 4.91 (m, H4), 4.57 (1, Juyy = 9 Hz, H3), 4.25 (t, Juy = 9
Hz, H3’), 2.60 — 2.63 (m, H14), 2.48 (s, 3H, H23), 2.21 (d, Ju.y = 7 Hz, 3H, H1),
1.05, 0.50 (d, Ju.y = 8 Hz, 2CH;, 6H, H15,16). *C{'H} NMR (175 MHz): 6 165.0
(C6), 164.8 (C7), 141.6 (C20), 133.9 (C8), 131.4 (C18,22), 131.2 (C17), 130.4 (C13),
126.0 (C19,21), 125.9 (C10,11), 112.6 (C12), 112.1 (C9), 71.9 (C3), 68.5 (C4), 53.5
(C5), 30.4 (C14), 21.6 (C23), 17.9, 15.0 (C15,16), 13.8 (C1). Anal. Calcd. for
C2HasClLN3OPdS: C 47.45, H 4.53, N 7.55; Found C 47.23, H 4.50, N 7.40 %.

S-L10
0 11 'H NMR (700 MHz, CDCly): 6 7.41 (d, Juy = 8
o 12 Hz, H12), 7.36 — 7.40 (m, 4H, H18,19,21,22), 7.17
8 3 H (t, Juir = 8 Hz, H11), 7.13 (t, Juiy = 8 Hz, H10),

17 _N 7 N H
/®/ T \/< 6.95 (d, Ju.y = 8 Hz, H9), 6.44 (q, Ju.y = 8 Hz,

S HS), 4.31 (t, Ju.y = 9 Hz, H3), 3.98 (t, Jy.y = 9 Hz,

4 H4), 3.87 (t, Ju.y = 9 Hz, H3"), 2.44 (s, 3H, H23),

15/& 1.83 (d, Jy.y = 8 Hz, 3H, H1), 1.78 — 1.83 (m,

16 H14), 1.05, 0.89 (d, Jy.y = 7 Hz, 2CHs, 6H,

H15,16). >C{'H} NMR (175 MHz): & 171.0.(C7), 164.9 (C6), 139.5 (C8), 133.8

(C17), 133.7 (C20), 130.8 (C13), 130.6 (C18,22), 128.1 (C19,21), 123.4 (C10), 123.3

(C11), 110.6 (C12), 110.4 (C9), 73.0 (C4), 71.2 (C3), 49.9 (C5), 33.0 (C14), 21.6

(C23), 19.7, 18.8 (C15,16), 15.7 (C1). m.p. 69.7-70.1 °C. MS (EI) m/z: 380.4 (M+).
HRMS (EI): caled for Co;H,5N;0S (M+H)* 380.1791, found 380.1792.
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Palladium complexes of S-L10

Palladium complexes of S-L10 were synthesized by the same procedure as for PdCl,-
L6 using S-L10 (100 mg, 0.263 mmol) and PdCl;(PhCN), (101 mg, 0.263 mmol).
Yield: 109.0 mg (mixture). The product is a mixture of three complexes. The 'H and
Bey 'H} NMR spectra are very complicated and it was difficult to identify resonances
for individual product. The *C{'H} NMR spectrum in CDCl; at 175 MHz of the
mixture appeared as follows: § 169.15, 166.43, 166.17, 164.14, 141.52, 140.77,
140.53, 134.76, 134.44, 133.33, 132.91, 132.50, 131.84, 131.46, 131.41, 130.75,
130.63, 130.37, 130.15, 129.50, 128.92, 128.16, 127.98, 127.18, 126.12, 125.89,
125.87,125.79, 125.63, 115.51, 114.02, 113.05, 112.73, 111.45, 110.30, 71.59, 70.89,
70.73, 70.67, 69.96, 69.38, 54.71, 52.67, 48.92, 30.77, 30.50, 29.20, 21.90, 21.69,
21.65,19.40, 19.19, 18.50, 18.13,17.98, 17.90, 16.67, 16.12, 15.47, 14.47.

L1llup
'H NMR (700 MHz, CDCls): & 8.22 (s, 1H, CHarom),
am 8.15 — 8.17 (m, 1H, CHyon), 7.84 (d, Jux = 8 Hz, 1H,
Ant 9 b 1 CHuom), 7.78 — 7.82 (m, 3H, CHarom), 7.71 — 7.75 (m,
8 :q3 2 2H, CHuom), 7.67 — 7.69 (m, 1H, CHarom), 7.32 — 7.34

\f( *\6  (m, 3H, CHuom), 7.27 — 7.29 (m, 1H, CHarom), 7.08 (d,

N__J Jin=8Hz, H12), 664 (t. Jpn = 8 Hz, HI1), 6.57 (d, Jn.

&4 7 4 =8Hz HY), 6.41 (t, Juy =8 Hz, H10), 3.90 (¢, Jy.y =

15 18\ 8 Hz, H3), 3.82 — 3.86 (m, H4), 3.76 (1, Jy.y = 8 Hz,

H3’), 1.78 — 1.83 (m, H14), 1.89, 1.76 (s, 2CHs, 6H,

H1,2), 0.92, 0.82 (d, Jiy = 7 Hz, 2CHs, 6H, H15,16). *C{'H} NMR (175 MHz):* &

171.0 (C7), 169.4 (C6), 137.3 (C), 136.1 (C), 134.5 (CHuom), 132.7 (C), 132.1

(CHarom), 131.6 (C), 131.3 (C), 131.0 (C), 130.1 (C), 130.0 (C), 129.3 (CHarom), 129.0

(CHaom), 128.9 (CHarom), 128.8 (CHarom), 127.6 (CHuom), 127.5 (CHuom), 126.5

(CHarom), 125.6 (CHarom), 125.4 (2CHarom), 124.7 (CHarom), 121.9 (C11), 121.1 (C10),

111.3 (C9), 111.1 (C12), 72.4 (C4), 70.4 (C3), 622 (C5), 32.3 (Cl4), 274, 26.5

(C1,2), 19.5, 18.3 (C15,16). mp. 96.7-98.2 °C. HRMS (ESI+): m/z cal for
C36H330N;S (M+H)" 556.2417, found 556.2420.

* One quaternary carbon signal was not observed, possibly due to overlap.
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PdL11up
0 1 Compound PdL1lup was synthesized by a similar
procedure as for PAL6, using L1lup (150 mg, 0.270

mmol) and PdCL(CH3;CN), (69 mg, 0.270 mmol) in

Ant © 12
8 13 1
NN 2 CHCI3 (10 mL). Yield: 158 mg, 80 % (crystals). m.p.
\f io 305.0-306.4 °C. '"H NMR (700 MHz, CDCl3): § 8.21 s,
pa™\_J  1H, CHyom), 8.10 (d, Jiy = 8 Hz, 1H, CHaom), 7.87 (4
o o e g Hz N, CHarom)s 7.77 — 7.83 (m, 4H, CHarom),
15\ 7.68 — 7.73 (m, 2H, CHarom), 7.57 (d, Juyy = 8 Hz, 1H,
CHarom), 7.46 (t, Juy = 8 Hz, 1H, CHarom), 7.33 — 7.34
(m, 3H, H12&2CHuom), 6.83 (t, Ju.y = 7 Hz, H11), 6.72 (d, Juy = 7 Hz, H9), 6.59 (d,
Ju.n =7 Hz, H10), 4.71 - 4.74 (m, H4), 4.25 (t, Ju.py = 8 Hz, H3), 4.14 (t, Jyy = 8 Hz,
H3°),3.19 - 3.24 (m, H14), 2.67, 2.18 (s, 2CH;, 6H, H1,2), 0.91, 0.81 (d, Jy.y = 7 Hz,
2CHs, 6H, C135,16). *C{'H} NMR (175 MHz): 6 167.5 (C6), 164.3 (C7), 137.7 (C),
134.9 (CHarom), 133.6 (C), 130.98 (C), 130.93 (C), 130.8 (C),130.15 (C), 130.01 (C),
129.8 (C), 132.3 (C), 131.2 (CHayom), 130.8 (C), 130.1 (CHarom), 128.9 (CHarom), 128.4
(CHaom)s 127.9 (CHuom), 127.6 (CHarom), 127.4 (CHuom), 126.3 (CHyom), 125.9
(CHarom) 125.8 (CHuom), 124.8 (CHaom), 124.3 (C11), 123.6 (C10), 113.3 (C12),
112.7 (C9), 71.3 (C4), 69.1 (C3), 61.3 (C5), 30.2 (C14), 29.1, 28.2 (C1,2), 19.0, 15.1
(C15,16). Anal. Caled. for C3sH33CLN3;OPdS-3CHCls: C 54.63, H 4.21, N 5.73;
Found C 54.45, H4.21,N 5.21 %.

16

Llldown
10 1 'H NMR (700 MHz, CDCl;): 6 8.21 (s, 1H, CHaom),
9 12 8.15 - 8.17 (m, 1H, CHuom), 7.84 (d, Jy.y = 8 Hz, 1H,

f:q ;3 ! CHarom), 7.78 — 7.82 (m, 3H, CHuom), 7.72 — 7.74 (m,
Q/ \[f/ 5 2H, CHarom), 7.68 — 7.70 (m, 1H, CHaom), 7.31 — 7.32
S

2
6
7 70  (m, 3H, CHuom), 7.27 (d, Jy.y = 7 Hz, 1H, CHarom), 7.08

Ant N\//
&§7 % (d.Jwn=8 Hz, H12), 6.64 (t, Ju.n =7 Hz, H11), 6.57 (4,
15 1A\ Jun =7 Hz, H9), 6.41 (t, Juy = 7 Hz, H10), 4.06 (t, Ju
16 = 8 Hz, H3), 3.87 (t, Ju.y = 8 Hz, H4), 3.70 (t, Ju.p = 8

Hz, H3%), 1.76 — 1.81 (m, H14), 1.94, 1.68 (s, 2CHs, 6H, H1,2), 0.91, 0.83 (d, Jy.y = 7
Hz, 2CHs, 6H, H15,16). >)C{'H} NMR (175 MHz): § 171.1 (C7), 169.5 (C6), 137.4
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(C), 136.1 (C), 134.6 (CHuom), 132.7 (C), 132.2 (CHuom), 131.7 (C), 131.4 (C), 131.2
(C), 1302 (C), 130.1 (C), 129.5 (CHarom), 129.05 (CHarom), 128.91 (CHuom), 128.9
(CHuom), 127.8 (CHuom), 127.6 (CHurom), 126.6 (CHuom), 125.8 (CHaom), 125.6
(CHurom)s 125.5 (CHurom), 124.8 (CHyrom), 122.1 (C11), 121.3 (C10), 110.4 (C9), 111.2
(C12), 72.4 (C4), 70.8 (C3), 62.4 (C5), 32.5 (C14), 28.3, 25.8 (C1,2), 19.5, 18.6
(C15,16). m.p. 102.5-103.3 °C. HRMS(ESI+): m/z cal for CyHy30N;S (M+H)*
556.2417, found 556.2420.

PdL11down
1011 Compound PdL11down was synthesized by the same
9 12 procedure as for PdL6 using L11down (150 mg, 0.270
il _;3 ! o mmol) and PdCIl,(PhCN), (103 mg, 0.270 mmol). Yield:
Q/ \ﬁ/ 5\ ¢ 155.9 mg, 79 %. 'H NMR (700 MHz, CDCl;): & 8.26 (s,
1H, CHarom), 8.09 (t, Jy.yw = 5 Hz, 1H, CHyom), 8.02 (d,
e’ o 4 3 Juw = 9 Hz, 1H, CHarom), 7.86 (d, Ju.y = 9 Hz, 1H,
15/14\ CHarom), 7.79 — 7.81 (m, 3H, CHyom), 7.66 (t, Jy.p = 53
16 Hz, 1H, CHarom), 7.60 (d, Ju.y = 9 Hz, 1H, CHypom), 7.55
(t, Ju.w = 9 Hz, 1H, CHarom), 7.44 (t, Ju.y = 9 Hz, 1H, CHarom), 7.41 (d, Jy.y = 8 Hz,
H12), 7.28 (d, Ju.w = 9 Hz, 1H, CHurom), 7.18 (t, Jy.y = 9 Hz, 1H, CHyrom), 7.14 (d, Jn.
# =8 Hz, H9), 7.06 (t, Ju.n = 8 Hz, H11), 7.00 (t, Ji.y = 8 Hz, H10), 4.69 — 4.71 (m,
H4), 422 (t, Ju.y = 8 Hz, H3), 4.15 (t, Jy.y = 8 Hz, H3"), 3.02 — 3.05 (m, H14), 2.36,
1.44 (s, 2CHs, 6H, H1,2), 0.83, 0.42 (d, Jy.z = 7 Hz, 2CHs, 6H, H15,16). >*C{'H}
NMR (175 MHz): 6 166.9 (C6), 163.7 (C7), 134.2 (CHaom), 134.0 (C), 13222
(CHarom), 133.6 (C), 131.7 (C), 131.3 (C), 131.2 (CHyom), 130.9 , 130.8 (C), 130.3
(C), 130.2 (CHarom), 129.8 (C), 128.6 (CHarom), 128.4 (CHarom), 127.9 (CHurom), 127.8
(CHarom), 126.8 (CHarom), 126.3 (CHarom), 126.1 (CHaom), 125.6 (CHaom), 125.3

(C11), 125.2 (CHarom), 124.7 (C10), 115.0 (C12), 113.7 (C9), 72.2 (C4), 69.0 (C3),
63.7 (C5), 30.5 (C14), 29.1, 28.7 (C1,2), 19.1, 14.3 (C15,16).
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L12
'"H NMR (700 MHz, CD,Cly): 58.68 (d, Ji.s = 6 Hz,
CHaom), 8.00 (d, Jivyy = 8 Hz, 1H, CHarom), 7.91 (d,
Jiy = 6 Hz, 1H, CHuom), 7.84 (d, Juy = 8 Hz, 1H,
/ \_-N_s_N CHaom), 7.77 (t, Jun = 8 Hz, 1H, CHaom), 7.68 (d,
N T \© Jiyr = 8 Hz, 2H, CHuom), 7.14 (d, Jiiy = 8 Hz, 2H,
CHuom), 7.62 (d, Juny = 8 Hz, 1H, CHarom), 7.54 (4,
Jirr =8 Hz, 1H, CHurom), 7.21 (¢, Ju.y = 8 Hz, 1H, CHarom), 7.15 (¢, Jy.iy = 8 Hz, H10),
7.09 (d, Jiv.yy = 8 Hz, H12), 6.79 (d, Ju.r = 8 Hz, H9). >C{'H} NMR (175 MHz): &
171.4 (C5), 148.5 (C), 142.5 (CHaom), 138.8 (2C), 135.8 (C), 134.0 (C13), 133.6
(C2), 131.5 (CHaom), 130.0 (2CHuom), 129.4 (CHuom), 128.8 (CHarom), 128.4

(2CHaom), 127.5 (CHarom), 125.6 (CHarom), 124.02 (C10), 123.95 (Cl11), 123.6
(CHarom), 110.3 (C9), 110.2 (C12). MS (EI) m/z: 354.3 (M+).

PdL12
10 _ 11 Compound PdL12 was synthesized by the same
9 12 procedure as for PdL6, using L12 (20 mg, 0.056
mmol) and PdClz(PhCN)z (21.7 mg, 0.056 mmol) in

N N
/ N \l( \© CDCl; (ca. 0.7 mL) in an NMR tube. The red crystals

/N\pd S were obtained from slow evaporation of CDCls.
c” g Yield: 20 mg, 66 %. m.p. 247.0-247.5 °C. '"H NMR

(700 MHz, CD,CL): 6 9.44 (d, Jy.;y = 7 Hz, 1H, CHarom), 8.15 (d, Ju.y = 9 Hz, 1H,
CHurom), 8.11 (d, Ji.ry = 7 Hz, 1H, CHarom), 7.97 (t, Jy.ty = 8 Hz, 1H, CHaurom), 7.73 —
7.81 (m, 4H, CHuom), 7.67 (1, Ju.yy = 9 Hz, 1H, CHaom), 7.66 (d, Ju.y = 8 Hz, 1H,
CHarom), 7.62 (d, Ji.iy = 9 Hz, 1H, CHarom), 7.56 (t, Ju.y = 9 Hz, H11), 7.47 (d, Jun =
9 Hz, H10), 7.43 (d, Jy.y = 7 Hz, H12), 6.90 (d, Ji = 9 Hz, H9). 3C{'H} NMR (125
MHz): 6 164.9 (C), 146.6 (CHazom), 145.7 (C), 140.2 (C), 134.9 (CHuom), 134.6 (C),
133.9 (C), 132.2 (C), 131.0 (CHarom); 132.1 (2CHarom), 131.0 (CHarom), 130.1 (CHarom),
128.28 (C11), 128.25 (2CHurom), 127.5 (C10), 126.0 (CHaom), 125.7 (CHarom), 122.4
(C), 114.3 (C9), 113.9 (C12). Anal. Calcd. for 6(CaH;sCl,N3PdS)-8(CDCls) : C
40.54, H 2.58, N 6.08; Found C 40.63, H 2.48, N 6.27 %.
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L13down
'"H NMR (700 MHz, CDCl3): 6 8.21 (s, 1H, CHuom),
8.15 — 8.17 (m, 1H, CHyom), 7.81 — 7.84 (m, 2H,

10___ 11

8/ \3 |1 CHarom), 7.77 — 7.80 (m, 2H, CHauom), 7.72 — 7.75 (m,
Q/N\((" A i 2H, CHuom), 7.68 — 7.69 (m, 1H, CHyom), 7.31 = 7.33
at S 7O (m, 3H, CHaom), 7.27 (t, Ju.sy = 7 Hz, 1H, CHarom), 7.09
\/’3 (d, Ju.z= 8 Hz, H12), 6.65 (t, Ju.y = 8 Hz, H11), 6.59 (d,
¢ Ju.r =8 Hz, H9), 6.42 (t, Ju.y = 8 Hz, H10), 4.09 (q, Js-x
=9 Hz, H3), 3.98 (q, Ju.# =9 Hz, H3"), 3.76 — 3.84 (m, 2H, H4), 1.93, 1.68 (s, 2CH;,
6H, H1,2). "C{'H} NMR (175 MHz): 6 170.9 (C7), 170.7 (C6), 137.3 (C), 136.0 (C),
134.5 (CHarom), 132.6 (C), 132.1 (CHgom), 131.5 (C), 131.2 (2C), 131.0 (C), 130.1
(C), 130.0 (C), 129.4 (CHyom), 129.0 (CHarom), 128.9 (CHarom), 128.8 (CHarom), 127.6
(CHarom), 127.5 (CHarom), 126.4 (CHaom), 125.6 (CHarom), 125.42 (CHarom), 125.38
(CHarom), 124.7 (CHarom), 122.1 (C11), 121.2 (C10), 111.4 (C9), 111.1 (C12), 68.4
(C4), 62.0 (C5), 54.6 (C3), 27.7, 25.8 (C1,2). m.p. 89.7-91.3 °C. HRMS(ESI+): m/z

cal for C33H,7,0N;S (M+H)" 514.1948, found 514.1946.

PdL13down

1 ! Compound PdL13down was synthesized by the same
9 12 procedure as for PAL6, using L13down (40.2 mg, 0.078
i‘ ;3 ! , mmol) and PdCI(PhCN), (30.0 mg, 0.078 mmol). Yield:
Q/ \T( 5\ 6 48 mg, 90 %. m.p. 327.0-327.5 °C. '"H NMR (700 MHz,
Ant P?d/N\//? CDCls): 6 8.26 (s, 1H, CHarom), 8.10 (d, Jy.y = 9 Hz, 1H,
o’ o s 2 CHarom), 7.90 (d, Jy.y = 8 Hz, 1H, CHarom), 7.84 (t, Jyy =
8 Hz, 1H, CHyom), 7.71 = 7.79 (m, 5H, CHyom), 7.52 -

7.54 (m, 2H, CHgyom), 7.43 (d, Ju.y = 8 Hz, H12), 7.23 (t, Ju.y = 8 Hz, 1H, CHaom),
7.15 (t, Ju.n = 8 Hz, 1H, CHarom), 7.00 (d, Ju.y = 8 Hz, H9), 6.97 (t, Jyu.y = 8 Hz, H11),
6.87 (t, Ju.n = 8 Hz, H10), 4.29 — 4.33 (m, H3), 4.20 — 4.25 (m, H4), 3.80 (q, Ju.y =9
Hz, H3’), 3.64 — 3.68 (m, H4"), 2.80, 2.16 (s, 2CHs, 6H, H1,2). “C{'H} NMR (175
MHz): 6 168.2 (C6), 163.4 (C7), 137.6 (C), 134.9 (CHarom), 133.8 (C), 132.8 (C),
131.4 (C), 131.3 (CHarom), 131.1 (C), 131.0 (CHarom), 130.87 (C), 130.6 (2C), 130.3
(CHarom), 130.1 (C), 129.8 (CHarom), 128.9 (CHarom), 128.6 (CHarom), 127.8 (CHarom),
127.7 (CHarom), 126.8 (CHarom), 126.4 (CHarom), 125.6 (CHarom), 125.2 (CHarom), 124.9
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(C11), 124.1 (C10), 113.8 (C12), 113.0 (C9), 69.3 (C3), 61.5 (C5), 55.3 (C4), 28.3,
27.9(C1,2).
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Chapter 5

Phosphine Sulfides and Their Palladium

Complexes



Abbreviations

AIM
dmpmS
dppmS
dppmS,;
dppeS
dppeS;
dppbS
dppbS;
dcpeS
dcpeS;
dppttS,
dppfS
dppfS,
dppp
‘Bu

Cy

Et

Fc
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Atoms in Molecules
1,1-Bis(dimethylphosphino)methane monosulfide
1,1-Bis(diphenylphosphino)methane monosulfide
1,1-Bis(diphenylphosphino)methane disulfide
1,2-Bis(diphenylphosphino)ethane monosulfide
1,2-Bis(diphenylphosphino)ethane disulfide .
1,4-Bis(diphenylphosphino)butane monosulfide
1,4-Bis(diphenylphosphino)butane disulfide
1,2-Bis(dicyclohexylphosphino)ethane monosulfide
1,2-Bis(dicyclohexylphosphino)ethane disulfide
3,5-Bis(diphenylphosphinothioyl)toluene
1,1’-Bis(diphenylphosphino)ferrocene monosulfide
1,1°-Bis(diphenylphosphino)ferrocene disulfide
1,4-Bis(diphenylphosphino)propane

tert-Butyl

Cyclohexyl

Ethyl

Ferrocenyl

Methyl

Pentamethylcyclopentadienyl

Phenyl

iso-Propyl

Tolyl

Trifluoromethanesulfonyl
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I. Literature Review
I.1 Introduction

Phosphine compounds are well known organic ligands for homogenous catalysis
in organometallic reaction. Other phosphine derivatives are also used (e.g. phosphine
oxides).' Much less attention has been paid to phosphine sulfides compared to
phosphines, as there are less than 200 hits for complexes of phosphine sulfides in the
CSD (2007).% Part of this lack of attention on phosphine sulfides may be the lack of
quantitative information on the PS bond and how it is perturbed upon coordination.
However, the high stability of phosphine sulfides to oxidation and their easy preparation
make them potentially attractive ligands for a wide range of processes, for example, as
ligands in metal catalyzed processes, vide infra. To the best of our knowledge, there is no
review concerning the properties of coordinated phosphine sulfides. This review will
concentrate on the coordination of phosphine sulfides to a va:iéty of metals; the structures
and dimensions derived from the X-ray crystallographic study of a large number of
phosphine sulfide complexes will be emphasized in order to understand the bonding in such

complexes. The synthesis of phosphine sulfides, their complexes and their applications in

catalysis will also be discussed.

1.2 Synthesis of phosphine sulfides ligands

The simplest route to phosphine sulfides is the reaction of sulfur with a phosphine
in a suitable solvent (e.g., CH,Cl,). One equivalent of elemental sulfur will lead to the
oxidation of the phosphorus (Scheme 1).> For bis(phosphine) compounds, mixtures of
bis(phosphine) monosulfides and disulfides are usually obtained even if one equivalent of
elemental sulfur is used. However, the mixtures can be separated using column
chromatography. Phosphine sulfides can be converted back to phosphines by treatment

with lithium aluminium hydride in refluxing THF.*

R3P + 1I8 Sg —_— R3PS

Scheme 1. The synthesis of phosphine sulfides from the reaction of phosphines with
sulfur.
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The other efficient method for phosphine sulfides is the conversion of phosphine
oxide using the Lawesson reagent (Scheme 2).5

0

Nc—NHMe
S
s\\ —~NHMe \\C/NHME
A0 ¢
Ph, — +
S Ph, Ph;
IS .
H;CO PCP OCH;
S

Lawesson reagent

Scheme 2. The synthesis of phosphine sulfides using the Lawesson reagent.

Recently, acyclic phosphine sulfides were prepared from the reaction of a cyclic
phosphine with a Grignard reagent, followed by the addition of nucleophilic reagents,

such as sodium alkoxide or thiolate (Scheme 3).°

Me P Me 4 BrMg(CH,);(CH,),MgBr Q
| > R~ )n
P 2.RENa(E=0, S) g\

ER
3.H,0

Scheme 3. Synthesis of acyclic phosphine sulfides.®

The interconversion of phosphine sulfide and phosphine selenide can be achieved

(Scheme 4).” These conversions are stereoselective and proceed with retention >90 % of

configuration at the phosphorus center.
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CF,SO;Me ® ©
R4P=S >  R;PSMe CF,SO,
NaSH NaSeH
@ © CF,SO;Me
R;PSeMe CF;S0; - RsP=Se

Scheme 4. Interconversion of SPR; and SePR;.’

Unsymmetric phosphine sulfides were first reported by Seyferth and Welch as
shown in Scheme 5.5 ° Triphenylphosphine sulfide was reacted with an alkyllithium
reagent to form a diphenyl-alkyl phosphine sulfide. The reaction proceeded by the
exchange-metalation mechanism which can be proved by quenching of pheny! lithium

with D,O which yields Ph-D.

Ph;PS + RCH,Li —» Ph,P(S)CH,R + PhLi

S
PhLi + D,0 —» PhD + OD
R=HorCH,

Scheme 5. The synthesis of unsymmetric phosphine sulfides developed by Seyferth.®?

I.3 Synthesis of metal-phosphine sulfide complexes

Ligand substitution (exchange) reactions are common processes for the synthesis
of organometallic and coordiantion compounds. The ligand exchange process is
important as it may be necessary to replace a ligand in a metal complex to adjust the
reactivity of a coordinated substrate. ' Metal-phosphine sulfide complexes can be

synthesized by this procedure (Scheme 6).
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(€)
(A) Z
z
_~S=PR; _~S=PRy S=PR, X s 4 f wlll’
M or M\ - M\ d !
(B) z=C,P
> p
Y Il
S
Y=N, P, P@S

Scheme 6. Preparation of phosphine sulfide complexes.

In route A, the innocent neutral or anionic monodentate ligands can be simply
exchanged with phosphine sulfide to form the metal-phosphine sulfide complexes. The
ratio of metal to phosphine sulfide ligand can be varied to obtain the desired product.
Route B involves the bidentate phosphine sulfides /(—Z—S, Y (Y =N, S, P, P), whereas
route C employs the tridentate phosphine sulfides ©°-S, Z, S (Z =S, C", P™). In routes B
and C, anionic phosphine sulfides can be prepared by treatment of neutral ligands with
strong base (e.g., methyl lithium or butyl lithium). Examples of metal-phosphine sulfide

x-S, C7,Sand =S, P, S complexes are shown in Schemes 7 and 8, respectively.

Ph
Cp.. s=pL
Ph_ P _Ph 2 MelLi Ph_ }9\ Ph [ZrCp,Cl,] ‘\Zr/ 7 Ph
— —_— —————— e R k \
g e P e SN ¥
S S \
Ph

Scheme 7. A bis(diphenyl phosphino)zirconium(IV) carbene disulfide complex and its

molecular structure.!! .
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Ph._~_-Ph
Ph ~Ph Ph ~Ph |
| "BuLi | [Mn(CO)sBr]  Ph_ A_ _pn
Ph_ A Ph —— Ph CALY — = P P PSPh
p Z —P” ~pPZ “P-Ph I I
P P—Ph Ph
Ph™) I I [ S S
s s S S M Et
Et oc” | ~co
co

Scheme 8. The synthesis of a k°-S, P, S—(diphenylphosphine)phosphinine disulfide

manganese tricarbonyl complex.'?

Cyclometallated metal-phosphine sulfide complexes can be achieved via the
ligand exchange process which is shown in Scheme 9. The carbon next to the phosphorus
atom in a rodium-phosphine sulfide complex can be deprotonated by NaN(SiMe;),. After

that, the carbanion exchanged with the amine ligand to afford the cyclometallated product
(Scheme 9)."

- Pr - Pr s
- Pr\ - Pr\ \ Pr

(cod)Rh
1/, [RhCl{cod P—i
V2 RnClicod); Rh(°°d) NaN(SiMey); Pr
NMez NMez O’ NMe,
Scheme 9. Synthesis of cyclometallation rhodium phosphine sulfide."
Cyclometalled x-S, C”, S ruthenium phosphine sulfide complexes (Scheme 10)
were prepared by the reaction of the dppmS, dianion with one equivalent of

[RuCl>(PPh;)s] at room temperature. Subsequent heating in toluene at 120 °C for 15 h

results in metallation of one phenyl group and formal protonation at the carbene carbon

(Scheme 10)."
/Ph
_120°C /, P
toluene

Ph3P PPh3

Ph, 28 _Ph [RUCI,(PPh;),]

Scheme 10. A cyclometalled phosphine sulfide ruthenium complex.'*
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Metal phosphine sulfide complexes can also be synthesized from phosphine
complexes by reaction with elemental sulfur. A zirconaindene phosphine sulfide (Scheme
11" and a tetracarbonyl chromium phosphine sulfide (Scheme 12)'¢ are examples of

complexes which were prepared by this procedure.

Cfg"’w &
Zl‘\s

SO, L OO0.

Scheme 11. The synthesis of a zirconaindene phosphine sulfide complex.

Ph
" ph—pPh
Ph—p; PP ®
1/g Sg
P—=Cr(CO
P—>Cr(C0)4 B (CO)s
—p=S§
Ph—P=§ Ph—F
l Ph
Ph

Scheme 12. The synthesis of a tetracarbonyl chromium phosphine sulfide complex.'®

Cis- and trans- isomeric phoshine sulfide metal complexes are known. Thus
reaction of PtCly(cod) or PdCls(cod) with the monoxidized sulfur or selenium derivative
of bis(diphenylphosphino)amine, Ph,P(E)NPPh; (E = S, Se), gave a mixture of cis- and
trans- products (Figure 1).!” Due to their different solubilities, cis-/trans-
[Pt{Ph,P(E)NPPh,}]Cl, and cis-/trans- [Pd{Ph,P(E)NPPh,}]Cl, were successfully
separated and characterized by single-crystal X-ray diffraction. The 3]P{IH} NMR
spectrum showed the ratio of cis-/trans-[Pt{Ph,P(E)NPPh,}]Cl, to be 2:1 whereas for cis-
/trans- [Pd{Ph,P(E)NPPh,}]Cl, the ratio was 1:5. No further investigations regarding

dynamic equilibrium of these complexes were reported.
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H H
N\ 2+ N\ 2+
Pphz< |I|)Ph2 28I Pth/ lTth 2CI
/P ({/S /P d/s
Ph,R S S \
\ I _PPh,
H
cis-[Pd(Ph,P(E)NPPh,),]Cl, trans-[Pd(Ph,P(E)NPPh,),]Cl,

Figure 1. Cis- and trans- [Pd{Ph,P(E)NPPh,}]Cl,."”

Examples of dynamic equilibria were observed for the palladium complexes of
tris[2-(diphenylphosphino)ethyl]phosphine disulfides and diselenides. They both showed
rapid geometrical equilibria between the five coordinate [PdCl(pp3E2)]Cl (E = S, Se)
species with two bound phosphine chalcogenide group and four-coordinate [PdCl(ppsE,)]
species with two pendant P=E arms (Scheme 13).'® The equilibrium constant obtained
from 31P{]H} NMR studies at 298 K of the sulfide and selenide derivatives are 3.7 x 10°

and 5.4 x 10° mol™, respectively.

— E

p /.,P r!,l

' \\\\\\E/ n - [ . P/E

p—pd._ P T CF = /N \)

~E P P

‘ oy

Ci Cl -~ \CI
[PdCl(pp3E2)]Cl [PACl(pp;E2)]

Scheme 13. The dynamic equilibrium of [PdCl(x*-ppsE»)]CI (X = S, Se) with [PAClLy(K*-
pp3E2)].

From the observation of the dynamic equilibrium in Scheme 13, we can conclude

that phosphine sulfide ligands are labile.
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I.4 Properties of phosphine sulfides and their metal complexes
I.4.1 Bond properties

Phosphine oxides are well known derivatives of phosphines. The structure can be
written as A, B, C or D in Figure 2. A indicates only ¢ donor bond and three lone pairs
on the oxygen atom. B and C show the structures where the d orbitals on the phosphorus
atom form double and triple bonds, respectively with the oxygen atom. Another structure,
D recognizes the polarity of the P-O bond. The multiple P-O bond structures indicate
oxygen-phosphorus p-d overlap, leading to donation of the oxygen lone pairs back to the
phosphorus d levels. This concept has been discussed by Gilheany'® via, one ¢ bond and
two m back-bonds (negative hyperconjugation); E, one o bond and three n back-bonds; or

F, three Q bonds (banana bonds); G.

R R R
\ oo . \ "
Rymmeses P—>.0. ° Ry P__—_O . R P=0 :
/ /
R R R
A B C
R
\e @
R"“";P—O
R
D

Figure 2. The resonance structures of phosphine oxide.

With respect to phosphine oxides, three models of bonding in phosphine sulfides
are shown in Scheme 14. Analysis of the chemical bonding of SPR; (R = H, Me) was
undertaken by using the Atoms in Molecules Theory (AIM). The results showed that the

model I with a polarized ¢ bond, is the most appropriate description.?’
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Scheme 14. The resonance structures of phosphine sulfide.

DFT calculations on the Ag(I) and Cu(l) tetramethyldiphosphine disulfide
(S2P2Me,) complexes were carried out and compared with X-ray structural data.?! The
free ligands show P=S m bonding, in contrast to the previous interpretation for SPR;.
Clearly, this issue remains unresolved. Experimental and calculated results agree that the
length of the P=S bond is barely affected by coordination, indicating that © bonding is not
important in binding to Cu or Ag. This result contrasts with the studies of the palladium
complexes of phosphine sulfides reported by Aizawa et al.** Those authors suggested that
the P=S n bonding orbital is not very stabilized and consequently, the unoccupied n*

orbital is moderately low in energy and can accept electrons from Pd° to stabilize the low

oxidation state.

I.4.2 Spectroscopic studies: IR and 31P{IH} NMR spectroscopy

In IR spectroscopy, certain groups of atoms give rise to bands which permit the
chemist to obtain useful structural information. This technique has been used to
characterize phosphine sulfides and their compliexes. The P=S bond stretches in free
phosphine sulfides are in the range of 565 — 675 cm™ (Table 1). When phenyl groups are
present in the phosphine sulfides, P=S bonds absorb at higher frequencies (stronger
bonds). However, the P=S bond in SPPh; is much weaker than the P=0O bond in OPPh;
(ie, 1200 cm'l).23 The P=S bonds in SPPh; complexes of Cr,24 W,24 Au,25 Hg,25 show
absorptions in the range of 585 — 628 cm™. This suggests that the P=S bonds are slightly

weaker upon coordination.

Table 1. P=S stretching of phosphine sulfides.

Compound SPMe;™* | SPMe,Ph™ | SPPhs** | SP(p-tol);™ | SP(Mes);™ | dppmS?’ | dppmS,Z

v(P=S)/cm’’ 565 590 637 675 626 597 628,616




320

The 13C{IH} and 3 'P{'H} NMR resonances of phosphine oxides, phosphine
sulfides and related compounds were also studied.”® The *C{'H}, >'P{'"H} NMR shifts
and *C-"'P coupling constants of OPPhs, SPPhs, OP("Bu); and SP("Bu); are given in
Table 2. The *'P{'H} signals for SPPh; (43.2 ppm) is shifted 13.9 ppm downfield
compared to OPPh; (29.3 ppm).”® The 'P{'H} signal of SP("Bu); (46.9 ppm) is shifted
only 1.2 ppm downfield compared to that in OP("Bu); (48.1 ppm). When the substituent
at the phosphorus atom was changed from Ph to "Bu, the *'P{'H} signals of OP("Bu),
and SP("Bu); are shifted by 17.6 and 4.9 ppm downfield from OPPh; and SPPh;
respectively. This effect was attributed to the phosphorus center becoming more
positively charged or more electronegative when alkyl groups are replaced by phenyl
moieties.’® From Table 2, it can be seen that the BC{'H} signal of the carbon in position
1 (Cipso), in OPPh; and SPPhj, appears at higher field than the carbon in position 2 (ortho-
) and becomes more shielded in positions 3 (meta-) and 4 (para-). A similar trend was
also observed in both OP("Bu); and SP("Bu)s;. The highest coupling constant is 'Jp.c
(103.5 Hz, 85.0 Hz, 65.1 Hz and 50.5 Hz for OPPh;, SPPh;, OP("Bu); and SP("Bu);,
respectively). Interestingly, 3pcis larger than %Jp.c; for example, 3Jp.c=17.7 Hz and *Jp.

¢ =9.8 Hz on OPPhs.

Table 2. The *C{'H} and *'P{'H} NMR shifts and '*C-*'P coupling constants of EPR;
(E=0, S; R = Ph, "Bus).

“P{'H} “C{'H} (ppm)
Compound
(ppm) 1 2 3 4
(- 293 132.8 132.1 128.5 131.8
"“/r'm\@“ " 1(d,J=103.5Hz) | (d,J=9.8Hz) | (d,J=17.7Hz) | (d,J=2.4 Hz)
I A 43 133.0 132.2 128.5 1315
Ve J.
oh F‘m\@** (d,/=85.0Hz) | (d,/=10.6Hz) | (d,J=12.7Hz) | (d, J=2.8 Hz)
fi 24| 460 27.9 23.9 24.3 13.7
"B N N .
"l 13 (d,J=65.1Hz) | (d,J=39Hz) | (d,J=13.9Hz) (s)
] 30.8 24.5 23.9 13.6
AAS 48.1
el 7S ' (d,J=50.5Hz) | (d,J=3.8Hz) | (d,J=15.4Hz) (s)

The “J” alternation has been noted for phosphorus as well and was discussed in terms of a

“W? relationship.31




1.4.3 Crystal structure studies

Before understanding the coordination of phosphine sulfides, it is useful to
discuss the properties of the phosphine sulfide free ligand. The P=S bond lengths, from
single X-ray diffraction studies of phosphine sulfides with variation of the substituent at
the para-position at the phenyl (-F, —Cl, —Br, ~CHj3) and tricyclohexylphosphine sulfides
are given in Table 3. The mean P=S bond length of the phosphine sulfides from the X-ray
structures in Table 3 are 1.95 A which is significantly longer than the P-O bonds in
triphenyl phosphine oxide (1.483(2) A).>? The average P=S (1.955 A (av) from CSD
2007)* bond length shows more single bond character than P-O; the P—O bond order was
deemed to be greater than 2 and the P=S bond order somewhat less than 2.>?> However,
the P=S bond lengths of phosphine sulfide ligands are dependent on the nature of the
substituents on the P atom. Cyclohexy! substituents on the P atom lengthen the P=S bond
(1.966(2) A in SPCy; vs. 1.9503) A in SPPh;). Interestingly, increasing the
electronegativity of the atom at the para-position (-Br, —Cl, -F) on the phenyl groups

does not change the P=S bond length.

Table 3. P=S bond lengths of phosphine sulfides.

P=S bond lengths and the M-S—P bond angle upon coordination should reveal
important information about bonding. If a lone pair on the S atom was used to form a
bond, a bent geometry at the S atom (angle <109°) in the phosphine sulfide would be
expected. However, if the © electrons are used for bonding, a lengthening of the P=S
bond should be observed.

With this information in mind, the X-ray crystal structures of all phosphine sulfide
complexes reported in the CSD (2007)> were investigated. The P=S bond lengths and
M-S-P bond angles are listed in Table C3 in Appendix C. Summaries of the M-S, P=S
bond lengths and M—-S-P bond angles in mono-, bi-, and tridentate complexes are given

in Tables 4 — 11.

SPPh; | SP(p-FCHa)s | SP(p-C1CsHy); | SP(p-BrCsHa); | SP(0-CH;CgHa)s | SPCys
P=S (A) | 1.950(3)*" | 1.9540(9)* 1.949(2)% 1.950(3)* 1.947(4)" 1.966(2)




322

Table 4. Bond lengths and angles of monodentate metal-phosphine sulfide complexes.

M-S-P M-S-P
Metal | M-S (A) | P=S(A) Metal | M-S (A) | P=S(A)
(deg) (deg)
Nb*® | 2.577(3) | 2.028(5) | 116.6(2) | Au® 2.286 2.016 105.62
Nb™ | 2.5734) | 2.026(6) | 115.5(2) | Au™ | 2277(2) | 2.023(3) | 103.27(12)
Cr” | 2.5102) | 1.9903) | 112.5(]) 1 | 2.753(2) | 1.998(2) | 108.78(7)
Mo™ | 2.460(1) | 2.041(1) | 111.31(4) | I® | 2.656(1) | 2.007(1) | 107.63(5)
W | 2.6009(7) | 2.004(1) | 113.24(4) | I¥ | 2.705(3) | 2.014(4) 103.63
Fe'’ 2.361 2.005 109.5 I | 2.809(2) | 1.990(3) | 98.44(10)
2.316 2.014 2.787(5 1.984(5 100.4(3
Fe* 108.0 I ©) ©) ©)
2.321 2.017 2.792(6) | 1.997(6) | 102.9(2)
n | 241403) 1.998 115.7 “
Ru’ I 2.7670(12) | 2.0015(14) | 109.71(5)
2.426(3) 2.012 116.1
g | 230705 .
Rh 2.036(9) | 104.19(5) | Al 2.797(2) | 2.028(2) | 109.62(8)
2.036(9)
Pd> | 2.453(1) 2.009 105.39 AP | 2.506(3) | 1.989(2) | 108.4(1)
N ] 2.630(3 2.003(2 109.2(1
Pd> 2.334 2.014 112.04 In’® ©) @ ()
2.663(3) | 2.014(3) | 117.7(1)
2.643(3 1.998(2 110.6(1
Pd>7 | 2.326(1) | 2.013(13) | 103.7(1) | In% ©) @ (1)
2.653(3) | 2.010(3) | 113.2(1)
2.6910(12) | 1.9994(16) | 105.69(6)
P® | 2.300(4) | 2.026(6) | 105.7(2) | Te* (12) (
2.7560(6) | 2.0062(17) | 111.69(6)
Pt | 23053) | 2.018(4) |104.05(13) ] Te®™ | 2.752(1) | 2.008(1) | 102.78(4)
2.253(5) | 1.96667(7) | 104.3(3
*Cu®! ) ) G) Te® | 2.772(2) | 2.012(2) | 110.27(9)
2.264(5) | 2.009(7) | 110.3(3)
o 2.290 1.975 109.9 .
Cu Te 2.787 2.058 101.1
2290 | 1.992 115.6
Cu® |2.3444(13) | 1.9880(1) | 111.28(6) | Te®® | 2.785(2) | 1.999(2) | 103.16(17)
2264(1) | 2.0242) | 103.88(6) |
*Cu® () @ ©) Te®® | 2.753(1) | 2.008(1) 105.29
2267(2) | 2.026(1) | 104.72(5)

* Only the lowest and highest values are presented for disordered structures and/or cases in which there are more

than one independent molecule in the asymmetric unit.




323

Table 5. Bond lengths and angles of x*-C,S bidentate metal-phosphine sulfide complexes.

M-S-P M-S-P
Metal | M-S (A) | P=S(A) Metal | M-S (A) | P=S (A)
(deg) (deg)
Zr® | 2.797(1) | 2.005(1) | 85.4(4)* | Ni® | 2.284(2) | 1.9993) | 80.0°
Mn® | 2.404 1.993 100.0° | Ni¥ 2.194 2.004 99.0°
Mn® | 2.410(1) | 1.996(1) | 99.64(3)® | Pd®¥ | 2.284(3) | 2.012(4) | 106.7(1)"
2.361(13) | 1.972(13
Mn® | 2.412(1) | 1.993(2) | 99.59(6)® | Au™ (15) 81.67(5)*
2.361(13) | 2.031(11)
Rh" | 2.3811(7) | 2.01127(8) | 81.41(3)®* | Sn"' 2.872 1.976 91.89°
Ir'”” | 2.3653(8) | 2.019(1) | 82.63(4)*

2 four-membered ring complexes, ° five-membered ring complexes.
3

Table 6. Bond lengths and angles of «*-N,S bidentate metal-phosphine sulfide

complexes.”

Metal M-S (A) P=S (A) M-S-P (deg)
Pd” | 2.3796(14) | 2.0084(18) 94.04
b 2.3159(13) | 2.0306(17) 100.26

2.3228(13) | 2.0187(18) 101.06

Pd” | 2.3070(8) 2.026(1) 104.43
pd”™ 2.3877(5) 2.0090(6) 98.99
Pd” 2.307(2) 1.991(2) 94.23(8)
In" 2.780(1) 1.986(1) - 96.7(4)

* All complex contain five-membered rings.
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Table 7. Bond lengths and angles of x*-P, S bidentate metal-phosphine sulfide complexes.

M-S-P M-S-P
Metal | M-S (A) | P=S(A) Metal | M-S (A) | P=S(A)
(deg) (deg)
Cr'® ]2.5056(10) | 2.0184(12) | 108.45(4) | Pd”" | 2.3112(9) | 2.0220(12) | 116.26(4)
W® | 2566(3) | 1.9904) | 102.9(2) | Pd™ | 2.412(2) | 2.001(3) | 101.49(9)
W' | 2.602(3) | 2.0152) |104.97(10)] Pd” | 2314(2) | 1.991(3) |105.49(11)
2.483(2 2.019(3 106.9(1
we ) ) ) Pd” | 2.388(2) | 1.994(3) | 104.64(9)
2.451(2) | 2.027(3) | 108.3(1)
Ru” |2.4615(13) ] 2.0130(17) | 105.0 Pd”® | 2.388(2) | 2.003(2) | 106.17(8)
Ru® 2.421 2.016 105.4 Pd” |2.3904(12) | 1.995(2) | 104.74(6)
N 2.387 1.973 103.9 w
Ru Pd 2.299(1) | 2.002(1) | 116.8(1)
2.451 1.977 104.9
85 2 84 - 2.266(3) a
Ru 2.4239(5) | 2.0283(7) 101.4 Pd 1.984(5) | 97.4(1)
2.468(3)
N w | 2308(3)
Rh 2.403(2) | 2.0053) | 986(1)* | Pd 1.999(5) | 96.9(1)*
2.445(3)
REY | 2.402(3) | 2.008(3) 117.1 Pd™ | 2.324(1) | 2.017(1) | 93.1(5)
Rh* | 2.357(2) | 2.027(2) 106.5 Pd® | 2481(1) | 1.987(2) | 92.4(1)
Rh™ | 23492) | 2.026(3) | 1052(4) | Pd® | 2.3371(6) | 2.0288(8) | 105.04
2.3187(10) | 2.0092(12) | 101.85(5
Ir* | 2.4194(9) | 2.0126(13) | 105.4 pd® ( ®)
2.3530(10) | 2.0077(13) | 104.43(4)
Ir” |2.4182(13)] 2.0138 102.25 Pd” | 2.3432(4) | 2.027(2) | 108.19(7)
Ir” | 2.416(2) | 2.009(3) 105.7 pd™* 2.286 2.018 103.65
2.392(3 1.975(3) 98.96
I’ | 2.324(3) | 2.034(5) | 10722) | cu® ©) (
2.398(3) | 1.981(3) 99.62
Pd™® | 2331(2) | 2.007(3) | 101.3(1) | Ag” | 2.4574(9) | 1.9920(10) | 99.03(4)
Pd” 2.350 2.013 107.6 Hg” | 2.760(4) | 1.968(6) | 99.3(2)

* five-membered ring complexes.
{=




Table 8. Bond lengths and angles of x*-S,S bidentate metal-phosphine sulfide complexes.

P=S (A)

Metal | M-S(A) | P=S(A) | M-S-P(deg) | Metal | M-S (A) M-S—P (deg)
100 2.440 1.995(1) 106.23 g0 2.140(5) 1.985(5) 100.8(2)
1 u
2.461 1.987(1) 106.97 2.144(5) 2.001(4) 105.5(2)
2.231(4 1.990(3 117.5(2)
Mn'® 2.410 1.996 99.2 Cu'® *) ©) (
2.235(2) 1.995(4) 117.8(1)
2.287(4) 73.7(1)
e | 2:3972) 1.996(2) 101.06(9) 105 1.976(5)
Rh Cu 2.376(4) 106.8(2)
2.402(3) 1.999(2) 105.10(8) 1.991(5)
2.459(4) 110.1(2)
2.403(5 2.001(6 102.4(2 1.971(2 99.56(10
RK1% (5) (6) (2) cu® | 22962 () (10)
2.417(5) 1.994(6) 106.6(2) 1.972(3) 100.1(1)
2.389(2 1.998(2 112.3(1
Ir'”’ ) @) () Cu'® | 2307(1) 1.999(1) 102.47(5)
2.408(2) | 2.003(2) 117.3(1)
00 o 2.583 1.960 96.06
Ni 2.197(2) | 2.001(3) 105.4(1) Ag
2.635 1.977 101.16
| 90.13
. i 2.501 1.677
Pd 2.364(1) | 2.005(1) 99.6 *Ag 100.77
2.770 1.975
105.57
bl 2.3858(14) | 2.0026(18) 100.2 Al 2.5919(12) 1.967 99.94
2.4069(13) | 2.0064(17) 105.8 8 2.6012(11) 1.971 106.36
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Table 8 (continued)

Metal | M-S(A) | P=S(A) | M-S-P(deg) | Metal | M-S (A) P=S(A) | M-S-P (deg)
1.972(2) 103.95(9)
L, | 2:3878(10) | 1.9994(14) 108.3 e | 2.530(2)
Pd *Ag 1.997(2) 106.01(9)
2.3960(10) | 1.9966(14) 109.5 2.801(2)
107.74
Pd'"” | 2.490(2) 1.996(2) 108.6(1) Hg™ 2.760(4) 1.968(6) 99.3(2)
2.552(2 1.990(4 104.79(11
pd''e 2.314 2.017 102.50 Hg'" @ *) ()
2.678(2) 1.999(3) 108.96(11)
o 1.946 108.04 s 2.011
Cu 2.294 In 2.532 111.11
1.957 106.77
2.885(12 1.973(13 117.44
Cu'" | 2.5263(13) | 1.9630(13) 103.52 Pb'? (12) (13)
3.151(9) 118.05
o 2.259(2) 1.970(2) 91.52(8) o 2.633(4) 1.984(4) 109.3(2)
u €
2.321(2) 1.974(3) 95.68(8) 2.891(3) 1.950(4) 111.7(2)
o' 2.247 1.980 102.15 i 2.5311(8) | 1.9719(10) 94.19(4)
u [
2.259 1.985 106.37 2.9372(12) | 2.0604(10) 111.7(2)
oyl 2.304 1.969 98.75 ¥ 2.6759(16) | 2.0134(16) 97.85(6)
u €
2.426 1.968 104.27 2.6851(12) | 2.0061(16) 97.03(6)
2.303(3 106.57(11
Cu'® ©) 1.985(3) ()
2.305(3) 109.88(10)
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* Only the lowest and highest values are presented for disordered structures and/or cases in which there are more than one independent molecule in the
asymmetric unit.




Table 9. Bond lengths and angles of x*-S,P,S tridentate metal-phosphine sulfide complexes.

Metal | M-S(A) | P=S(A) | M-S-P(deg) | Metal | M~S(A) | P=S (&) M-S—P (deg)
b 126 2.3197(6) | 2.0219(7) | 101.34(3) by 2.3250(8) | 2.029(1) 101.81
2.3213(6) | 2.0235(8) | 107.73(3) 2.3275(8) | 2.033(1) 104.62
2.5040(8) | 2.0135(8 101.33(3 2.313(1 101.89
Rh'* ®) ®) ©) Pq'? ) 2.033(2)
2.4193(7) | 2.025(1) 106.94(3) 2.328(1) 102.93
2.374(2 2.041(3 103.1(1 2.317(1 104.64
Rh'?® @ % ) Pd'¥ () 2.036(1)
2.442(2) | 2.016(3) 107.9(1) 2.3277(8) 106.51
2.3641(8) | 2.017(1) 2.3172) | 2.031(4) 101.82
Rh'? 108.26(4) | Pd'3®
2.4462(8) | 2.041(1) 2.321(2) | 2.0337%(7) 104.84
2.438(3 2.001(4 100.2(1 2.355 100.56
Ir’° ©) @) ) *Cu”! 2.003
2.574(3) | 1.977(4) 105.0(1) 2.388 102.43
| 2.4717(6) | 2.0127(8) 112.3 N
Ir Cu 2.3621(6) | 2.0072(8) 94.31
2.4514(5) | 2.0140(8) 117.3
152 2.397(4) | 2.030(6) 97.6 o 2.4119(9) | 1.9987(9) 99.77(4)
r u
2.405(5) | 2.033(6) 103.9 2.4280(13) | 2.0052(11) 102.09(3)
2.185(1 2.039(2 104.3 2.3694(5 102.03
Ni'? () @ Cu’! ©) 2.0021(6)
2.194(1) | 2.045(2) 106.7 2.4321(6) 103.87
byl 2.310(1) | 2.1018(2) 94.24 ! 2.5919(12) 1.967 99.94
u
2.353(1) | 2.039(2) 108.19 2.6012(11) 1.971 106.36
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Table 10. Bond lengths and angles of x*-S,C,S tridentate metal-phosphine sulfide complexes.

Metal | M-S (A) | P=S(A) | M-S-P(deg) | Metal | M-S (A) | P=S (A) | M—S—P (deg)
2.019(1 2.299(5) | 1.996(7 97.5(3
Ze'' | 2.7499(6) ) 81 py! 3 ©) ) ©)
2.010(8) 2.307(5) | 2.002(7) 99.3(3)
S 2.6813(8) | 2.025(1) » ey 2.2816(2) | 2.034 79.34
2.6912(8) | 2.020(1) 2.851(2) | 2.042 81.66
S 2.6813(8) | 2.025(1) N vy 1 2.891(1) | 2.019 80.38
2.6912(8) | 2.020(1) 2.922(11) | 2.020 81.60
2.4739(5) | 2.0269(7 2.788(2 2.028 79.12
Ru'¥ ) ) 79.0 Tm'3 )
2.4843(5) | 2.0206(6) 2.747(2) | 2.037 80.30
. 2.620 1.986 72.3 - 2.777(1) | 2.024(2) 80.16
2.504 1.996 90.0 2.822(1) | 2.030(2) 80.62
- 2.3741(6) | 2.0424(8) 78.58
2.3677(6) | 2.0451(7) 79.10
pgl® 2.312(4) | 1.955(5) 97.9(2)
2.321(4) | 2.007(5) 98.8(2)
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* Only the Jowest and highest values are presented for disordered structures and/or cases in which there are more than one independent molecule in

the asymmetric unit.; * [5,5] bicyclic complexes whereas others are [4,4].
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Table 11. Bond lengths and angles of other tridentate metal-phosphine sulfide

complexes.

Chelate type Metal M-S (A) | P=S(A) | M-S-P (deg)
©-N,S,N Mo'® | 2.6242(14) | 1.973(2) 85.43(5)
©-C,C.,S Co' 2.350 1.980 93.0
K-0,C,S Sn'® ¥l | 2.6295(9) | 2.006(1) 96.38

- 2.402(1) | 1.980(2) 103.3

PSS 2.481(1) | 1.981(2) 101.6
o4 2.514(1) | 1.989(2) 98.72

2.503(1) | 1.992(2) 99.20

Pd-S bond lengths and Pd-S—P bond angles in phosphine sulfide complexes

of palladium are given in Table 12.

Table 12. Pd-S bond lengths and Pd—S-P bond angles in phosphine

sulfide palladium complexes.

Chelate types Pd-S (A) Pd-S—P (deg)
K-S 2.33-245 103.7 -112.0
K-C.S 2.28 106.7
K-N,S 2.31-2.39 94.0 -104.4
K-P.S 2.26-2.48* 92.4-116.8
K-S,S 2.31-2.36 99.6 — 105.8
-S,P.S 2.31 —2.32 94.2 - 108.2
©-S,C,S 2.30 —2.37 78.6 —98.8

* Long bond length in a disordered structure.
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From Tables 4 — 12, we can make following general observations, with
exceptions in some cases which will be discussed later:

1. Surprisingly, the P=S bond lengths in all phosphine sulfide complexes
(monodentate, bidentate and tridentate) are in the narrow range of 1.97 — 2.05 A (in
free ligands 1.95 A (av)), which means that the P=S bond order is slightly smaller in
the complexes than in the free ligands and is also relatively independent of the metal
center.

il. If restricted to the palladium complexes, the Pd—S bond lengths in the
phosphine sulfide complexes fall in a relatively narrow range of 2.30 — 2.39 A. The
monocarbonyl phosphine sulfide palladium complex shown in Figure 3 has a
significantly longer Pd-S bond (2.45 A) than in other complexes, but this may be

caused by the trans-influence of the o-carbon ligand trawns- to the S=P bond.

Figure 3. A phosphine sulfide monocarbony! palladium complex.’

iii. The M-S-P bond angles vary from 72.3 — 117.2° (120.5° including
lanthanides). These suggest that the geometries of the sulfur atoms are flexible. The
complexes which show a small M-S—P bond angle are normally found in the
cyclometalled metal phosphine sulfides with small ring sizes (four membered rings
72.3 — 85.4°%). The smallest M—S—-P angle for a transition metal complex was found in

the four membered ring of the cyclometallated bis(thiophosphinoyl)methylene

ruthenium complex (Figure 4)"*

and the widest was found in the seven membered
ring complex [RhCI(Cp*)(o-Ph.PNHCH,P(S)Phy—P,S]CIO, (Figure 4).*7 For the
phosphine sulfide complexes of lanthanides, the widest M—S—P bond angles was

observed in cerium complexes of bis(diphenylphosphinine sulfide), being 120.5°
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(Figure 5)."** Small ring [4,4] and [5,5] bicyclic products of the 773—S,C,S phosphine
sulfide type show small M—S—P angles of 72.3 — 99.3°.

Figure 4. Bis(thiophosphinoyl)methylene ruthenium (left),"** and [RhCI(Cp*)(0
Ph,PNHC¢H,P(S)Ph,—P,S]CIO, (right).*’

Figure 5. Tris(1-methyl-3,5-diphenyl-2,6-bis(diphenylphosphine sulfide)-14-

phosphinine)-cerium(III). Phenyl rings are omitted for clarity.'**

In monodentate phosphine sulfide complexes, the smallest M—S—P angle was
found to be 98.44(10)° in the 1,3-diphosphapropene sulfide iodine adduct (Figure 6)*

but, in general, the angles are not far from the tetrahedral angle of ca. 109°.
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P=s

1

Figure 6. 1,3-Diphosphapropene sulfide iodine adduct.*®

Small M-S-P angles were observed in the complexes of x*-C,S bidentate
phosphine sulfides (81 — 106.7°) and x*-N,S bidentate phosphine sulfides (94 — 105°).
However, these small angles no doubt result from the small ring size in these
complexes (four- or five-membered rings). In five-membered ring complexes, the
M-S-P angles were found to range from 85.43(5)° to 117.3° The smallest angles
observed were in the five-membered ring in Mo(CO)4(SPPh(py):-£*-N,S,N)'*
(Figure 7). In this molecule, the Mo—N bond lengths are 2.274 and 2.281 A. They

may increase ring strain which then causes the Mo—S-P angle to be as small as in

four-membered ring complexes.

Figure 7. Molecular structure of [Mo(CO)4(SPPh(py),-x>-N,S,N)].'*

The palladium complexes of 4,5-bi§(diphenylthiophosphinoyl)-1,2,3-triazole
in the (x°-methallyl)-palladium complex” and the related bis(chelate) complex show
a significant difference in M-S—P angles (94.04° in the (rg-methallyl)-palladium
complex, and 100.26° and 101.06° in the bis(chelate) (Figure 8).



Figure 8. 4,5-Bis(diphenylthiophosphinoyl)-1,2,3-triazole( x’-methallyl)-palladium
(left)” and bis(4,5-bis(diphenylthiophosphinoyl)-1,2,3-triazole)-palladium (right).”

In six-membered ring complexes, it was surprising that some show small
M-S-P angles. For example, the M—S—P angle in the palladium chloride complex of
3,4-dimethyl-1-phenylphosphole is only 93.1(5)° (Figure 9).58

Figure 9. (3,4-Dimethyl-1-phenylphosphole)palladium dichloride.*®

The M-S—-P angle can also be influenced by the nature of halogen atoms in
the complexes. For example, the Cu—S—P angles in the six membered rings of
CuCl(dppmS,)"*' are 91.52(8)° and 95.68(8)°, whereas in Cul(dppmS,), the angles are

102.15° and 106.37°.'% The structures of CuCl(dppmS,) and Cul(dppmS,) are shown
in Figure 10.
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Figure 10. CuCl(dppmS,)'?' (left) and Cul(dppmS$;) (right).'?

iv. Metal complexes of phosphinine and bis(diphenylphosphinine sulfide)
(£-S.P,S) ligands (Figure 11) show slightly longer P-S bond lengths (2.00 — 2.05 A).
The delocalization of electrons may be responsible for the lengthening of the P-S
bonds without affecting the M—S—P bond angles. These types of ligands are reported
to be highly flexible as they allow any potential geometry at the metal centers to be
stabilized (square planar, octahedral, ezc.).'* However, there are two complexes which

show significantly smaller M—S—P angles than observed for other ligands in this type

‘(see Figure 12).

Figure 11. Phosphinine (left), bis(diphenylphosphinine sulfide) (middle) and

resonance structure (right).
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Figure 12. Bis(diphenylphosphinine sulfide) palladium’®’ and copper complexes.”

In order to classify the properties of phosphine sulfides by using the M—S-P
bond angle, it may be worth comparing them with M—O-P bond angles. Phosphine
oxide complexes show a wide range of M—O-P bond angles (ca. 140-180°), with only
two exceptions (134 and 123°).°% This range is in complete contrast to the range of
M-S-P bond angles in phosphine sulfides, which are substantially smaller (72.3 -
117°). Furthermore, the P=S bond lengths in phosphine sulfide complexes are only
slightly lenghthened on coordination, suggesting little change in P=S bonding.

1.5 Applications of phosphine sulfide complexes

Phosphine sulfides are used as ligands for catalysis in organic synthesis as

MeOOQ} COOMe

Ph

Bis(methoxy)
B0 o A carbonylation 1
reactions Ar N~ N
EtO,C E
Pauson-Khand\ / Heck-Mizoroki

b reactions
reaction Phosphine sulfide 8 :
metal compilexes

li/ x
R H
\/W ArlArR

(o)

; Suzuki-Miyaura
Hydroformylation/methanol -
carbonylation reactions reactions

summarized in Scheme 15.

Scheme 15. Applications of phosphine sulfide metal complexes.
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Hashimoto er al. demonstrated that using PdCl, with SPPh; for the palladium-
catalyzed bis-(methoxycarbonylation) of olefins gave the products in yields as high as
90 %. (Scheme 16)."** They found that no reaction occurred when PPh; was used as
the ligand, but 16, 80 and 36 % yields were obtained using SePPh;, OPPhs or no

ligand, respectively.

PdCl, (10 mol%), SPPh; (20 mol%) R
R AN — COOMe

CuCt, CO/0,, MeOH COOMe

R = Aryl, alkyl or silyl

Scheme 16. Bis(methoxycarbonylation) reaction using SPPh; ligand as ligand.'*

Various phosphine sulfides were also used as additives in the cobalt-catalyzed
Pauson-Khand reaction (Scheme 17).'*® Yields obtained were 48, 55, 72 and 79%
using a 1:4 ratio of Co,(CO);s to ligand where ligands are OPPhs;, SPPh;, SPBu; and
SP(NMe);, repectively. Furthermore, up to 90% yield was obtained using a 1:6 ratio
of Co2(CO)g to SPBu;.

EtO,C / R3PS / Co,(CO)g Et02c>Gi>:
- o
EtO,C \ CeHg, 70°C  EtOL

co

Scheme 17. Cobalt-catalyzed Pauson-Khand reaction using a phosphine sulfide as

ligand.'*

Backer and co-workers found that the methanol carbonylation reaction is eight
times faster than the classic Monsanto catalyst when the reaction was catalyzed by
complexes of phosphine sulfides with rhodium.” The reaction also works well when

the iridium complex was used (Scheme 18).

Mel, CO
CH,OH - CH,COlI
[RhCI(CO),],, dppeS

Scheme 18. Methanol! carbonylation catalyzed by a dppeS rhodium complex.”
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Platinum phosphine sulfide complexes, for example, dppmS, dppeS and
dpppS were used as catalyst precursors for the hydroformylation of 1-octene (Scheme
19) in the presence of five equivalents of SnCl,2H,O as co-catalyst, in methyl

isobutyl ketone as solvent. The best selectivity (n-nonanal/total aldehyde) is 89% at

- . 4
52% conversion. '’

[PtCI(CH3){cod)] : L (1:1)

CeH
H,, €O, SnCl,.2H,0 Can\/\n/H o
CeHian A -

o)
methyl isobutyl ketone o H

L = dppeS, dppb$S

Scheme 19. The hydroformylation of 1-octene with platinum phosphine sulfide

complexes.'?’

The Suzuki-Miyaura reaction of iodobenzene and phenyl boronic acid in DMF
and K>COj3 with a palladium tris(phosphine) disulfide dichloride complex to give the

cross-coupling product was demonstrated by Aizawa and co-workers (Scheme 20). 18

Suzuki-Miyaura reaction '
@—I + (HO)ZB—Q g Q O

Ph.__Ph
s
S
Ph\P/\/P\/\g,Ph
|
Ph Ph

Scheme 20. The Suzuki-Miyaura reaction with a palladium tris(phosphine) disulfide

complex as catalyst.

Recently, palladacyclic complexes containing phosphine sulfides (Figure 13)
were shown to give quantitative yields of cross-coupled products in the Suzuki-
Miyaura reaction of aryl bromides with phenylboronic acid in the presence of K3PO4

and BuNBr in DMF, using catalyst loadings of 0.1 — 3 mol %.’
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PhHNC|=| ; ITPhZ PhHZCHNclzl’ ; ‘|||>|=h2
S-——Pld——s S—Pld—s
cl cl

Figure 13. Palladacyclic pincer complexes of phosphine sulfides used in the Suzuki-
Miyaura reactions.’

148

In a Heck-Mizoroki reaction (Scheme 21), ™ iodobenzene and styrene reacted

in DMF and NEt; in the presence of [Pd(dppeS;)](BFa): to give the stilbene coupling

product which was identified by the proton signal in the ortho-position.

Heck-Mirozoki

reaction O
O O rmmmnin O
4 [Pd(dppeS,)],(BF,),

Scheme 21. The Heck-Mizoroki reaction with palladium catalysts and dppeS, as

ligand.

Asymmetric synthesis using chiral phosphine sulfide ligands has also been
reported. Thus, palladium complexes of the mono-sulfide of the chiral BINAP ligand
show a high degree of selectivity for the branched regioisomer in allylic alkylations

giving 80% ee (Scheme 22).!%

OAc
OAc Ph/\/kph
/\/3\ [(n3-C3Hs)Pd (S)-BINAP(S)ISbF
Ph Ph NaCH(COZMe)z o %H(COZME)Z
Ph/\/\Ph

OO :
PPh,
oo

Scheme 22. Allylic alkylations using a chiral P,S ligand.'®

(S)-BINAP(S) =
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Moreover, palladium complexes of phosphine sulfides also reported good

catalytic activity in the copolymerization of ethylene and carbon monoxide.'*

Recently, a phosphine sulfide underwent asymmetric deprotonation using
BuLi and a catalytic amount of (-)-sparteine to give, after treatment with PhMe,SiCl,
the P-stereogenic product. Yields of asymmetric product up to 90% and 89% ee with
1.1 equivalent of n-BuLi and 0.05 equivalent of (-)-sparteine in toluene were

obtained (Scheme 23)."!

ﬁ 1. 1.1 eq n-Bul.i, (-)-sparteine ﬁ
toluene, -78 °C, 3 h .
t-Bu“\I-'T\Me - t-Bu\\n"T\/slMezPh
Me 2. PhMe,SiCl Me
(S)-isomer

89% ee
(-)-sparteine =

Scheme 23. The asymmetric lithiation-silylation of a phosphine sulfide.”’

Triisobutyl phosphine sulfides, as functional side chains in polymers (Figure
14), were found to bind Au(Ill) and Pd(Il) selectively which may be developed to aid

the recovery of precious metals.'>

CH,~O(CHCH,);—P('Bu),

Iy
CHz—SCHZC HZ_O(CH2CH2)3_P('BU)2

Figure 14. Polymer supported with phosphine sulfide side chain.'**

Recently, new fluorescent molecular sensors for ng.+ based on phosphine
sulfide derivatives, which exhibit high sensitivity and selectivity have been reported

(Figure 15).!%
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( )= K= )
EtO,C(CH,);—O = R P = O—(CH,);-CO,Et
\ /.

Hg?*

Figure 15. Fluorescent molecular sensor for Hg**.!>?

To date, several complexes of phosphine mono- and disulfides have been
synthesized, but there are only a limited number of studies in the literature related to
palladium complexes. Due to their high stability to oxidation, easy preparation, as
well as a potentially wide range of applications, it became apparent to us that the
coordination chemistry of phosphine sulfides would be a fruitful investigation.

In this study, we will restrict ourselves to the case of bis(phosphines). The
ligands are based on  bis(diphenylphosphino)methane  (dppm), 1,2-
bis(diphenylphosphino)ethane (dppe), 1,2-bis(cyclohexylphosphino)ethane (dcpe),
1,4-bis(diphenylphosphino)butane (dppb) and 1,1°-bis(diphenylphosphino)ferrocene
(dppf). We chose these ligands as they show; (i) variation in the alkyl chain length:
PPhy(CHy),PPh, (n = 1, 2, 4 for dppm, dppe and dppb, respectively) and dppf
(contains a ferrocene backbone); (ii) variation in the substituents on the phosphorus
atoms: cyclohexyl (Cy) moieties in dcpe and phenyl (Ph) ones in the other
bis(phosphine).

The objectives of this study are:
1. synthesis of the bis(phosphine) monosulfide and disulfide ligands

including full characterization,;

synthesis of the palladium complexes of bis(phosphine) monosulfides and

[\

disulfides, both neutral and cationic, with full characterization and

investigation of their properties;

I

investigation of their catalytic activity in the oxidative homo-coupling of

phenylacetylene.
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I1. Results and Discussion

I1.1 Synthesis and characterization of ligands

The bis(diphenylphosphino) monosulfide ligands
bis(diphenylphosphino)methane monosulfide dppmS, 1,2-
bis(diphenylphosphino)ethane monosulfide dppeS, 1,4-
bis(diphenylphosphino)butane monosulfide dppbS and 1,1°-

bis(diphenylphosphino)ferrocene monosulfide dppfS were prepared from the reaction
of one equivalent of the respective bis(phosphine) ligand with one equivalent of
elemental] sulfur in CHCl; under an inert atmosphere at room temperature (Scheme
24). This resulted in mixtures of the appropriate bis(phosphine) monosulfides,
bis(phosphine) disulfides and bis(phosphine) starting materials, which were separated
by column chromatography to yield the monosulfides as pure products, along with the
other components. The ratio of bis(phosphine) to bis(phosphine) monosulfide to
bis(phosphine) disulfide was 1:2:1 in all cases.

1/8 eq. Sg
Ph,P PPh > Ph,P PPh, *+ P PPh
2 2 CHCly, it N, 2 | thn |
S s
16 h

Scheme 24. The synthesis of the bis(phosphine) monosulfides and disulfides.

The *'P{'H} NMR signal of the P(S) atoms in the bis(phosphine)
monosulfides are shifted to significantly lower fields than the P atoms in the
bis(phosphines) (Figure 16). The signals for dppmS and dppeS appeared as AB spin
systems with shifts of & = -27.07 and &s = 41.29 ppm for dppmS and & = -11.89
and dps = 45.36 ppm for dppeS and Jp.p coupling constants of 76 Hz for dppmS and
50 Hz for dppeS. The Jp.p coupling constants are strongly related to the distance

between the two phosphorus nuclei. No coupling was observed in dppbS and dppfS,

which have well-separated P atoms.
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41.29 43.57 -16.59
45.36 ~(CH), @—PPh
PhP” PP, /N Ph,P “pph, :

Ph,P ﬁ’th I Fe

-27.07 s ] -15.04
11.89 s s

Jp.p= 76 Hz Jp.p= 50 Hz Ph; 40.99
dppmS dppeS dppbS dppfS

Figure 16. The *'P{'"H} NMR chemical shifts of the bis(phosphine) monosulfides.

The bis(diphenylphosphino) disulfide ligands
bis(diphenyl(phosphino)methane disulfide dppmsS,, 1,2-
bis(diphenylphosphino)ethane disulfide dppeS;, 1,4-bis(diphenylphosphino)butane
disulfide ~dppbS,, 1,2-bis(dicyclohexylphosphino)ethane dcpeS; and 1,1°-
bis(diphenylphosphino)ferrocene disulfide dppfS, were also prepared from the
reaction of the appropriate bis(phosphine) with two equivalents of elemental sulfur at
room temperature in CHCl; under an inert atmosphere. The air-stable bis(phosphine)

disulfides were obtained in quantitative yields (Scheme 25).

I IR
S S

1/4 eq. Sy R
R\m /R .

R PSR CHCly, 1t, N, R
16 h

~
e

R = Ph (dppmS,, dppeS,, dppb$S,, dppfS,)
= Cy (dcpeS,)

Scheme 25. The synthesis of the bis(phosphine) disulfides.

The effect of different backbone lengths on the *'P{'H} chemical shifts is
very similar to that of the bis(phosphine) monosulfides (Figure 17). The P(S) sighal
of dppmS; (s = 36.41 ppm) occurs at a higher field than that of dppeS; (Sps =
45.42 ppm). The chemical shifts of the P(S) atoms in dppbS; (&s = 43.47) and
dppfS: (dps = 41.08 ppm) are only slightly different than those in the monosulfides,
whereas the *'P{'H} signals of depeSa (dps = 62.52 ppm) appeared at 17 ppm lower
field than for the other disulfides. The influence on the >'P{'H} shifts of the
subtitutents on the P atom is apparent in comparing them to those of SPPh; (5§43.2
ppm)*’ and SP("Bu); (& 48.1 ppm).> Other examples of the influence of the
substituents occur in OPPh; and OP("Bu)s, which show *'P{'H} signals at § 29.3 ppm
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and 6 46.9 ppm, re:spectively.29 Various studies'** have revealed that P becomes more
positively charged, hence, more electronegative when alkyl substituents are replaced
by phenyl ones. However, explanations of the factors influencing *'P{'H} and

13 C{'H} shifts and the Jp.c couplings are likely to be quite complex.29

Ph,P Ph,  Ph,P ITth Cy,P PCy,
I

S S [
36.41 45.42 62.52

dppmsS; dppeS, dcpeS;

~(CH), @—p =s
Ph,P ~pp Ph,

I Fe
1 ISI 41.08

43.47 Phy

dpprz dppfS,

Figure 17. The >'P{'H} NMR chemical shifts of the bis(phosphine) disulfides.

X-ray structures of licands

Single crystals of dppmS, dppeS, dppfS, dcpeS; and dppb$; suitable for X-
ray diffraction were grown from slow evaporation of solutions in CH,Cl,:EtOH
mixtures. dppmS, depeS; and dppbS; were found to crystallize in the triclinic space
group P-1 (with two independent molecules in the asymmetric unit for dppmS but
only one for both depeS; and dppbS;). dppeS crystallizes in the triclinic space group
Pl with Z = 2 and two independent molecules in the asymmetric unit and dppfS
crystallizes in the monoclinic space group 2/a with Z = 4 with 0.5 molecules in the
asymmetric unit. The molecular structures of dppmS, dppeS, dppfS, dppbS; and
dcpeS; are depicted in Figures 18, 19, 20, 21 and 22, respectively. The structures of
dppmS,,'"’ dppeS,*® # % and dppfS,'*® are known in the literature. The two
independent molecules in dppmS and dppeS are labeled I and I’ (Figures 18 and 19)
with all differences in bond lengths and angles within experimental error. Molecule I’
of dppmS is disordered between two positions which differ only in the positions of
the S atoms. The minor position has an occupancy of only 3%. The
diphenylphosphino unit of molecule I' in dppeS is disordered between two positions

with a 2:1 occupancy ratio. In dppfS, the S atom is disordered between two positions
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related via a crystallographic inversion center with necessarily equal occupancies.
Crystallographic data for all of the structures are given in Table 13 and selected bond
lengths and angles of dppmS, dppeS and dppfS are listed in Table 14. Table 15 lists
selected bond lengths and angles of dppbS; and dcpeS; as well as dppmS,, dppeS;

and dppfS;, for comparison.

Figure 18. The molecular structure of dppmS (minor disordered position shown with

open bonds).

Figure 19. The molecular structure of dppeS (minor disordered position shown with

open bonds).
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Figure 20. The molecular structure of dppfS (one disordered position shown with

open bonds).

Figure 22. The molecular structure of depeS,.



Table 13. Crystallographic data for dppmS, dppeS, dppfS, dcpeS; and dppbS,.
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Compound dppmS dppeS dppfS dcpeS; dppbS,
Formula CysHz,P,S CysH24P5S C;4H;5FeP,S CaHusP,S, CysHy5P5S,
FW 416.43 430.45 586.41 486.70 490.56
T (K) 12002) 120(2) 120(2) 120(2) 120(2)
Crystal system Triclinic Triclinic Monoclinic Triclinic Triclinic
Space group P-1 Pl 2/a P-1 P-1
a(h) 9.7045(11) 9.2241(14) 11.714(3) 9.7968(12) 6.5090(7)
bA) 12.1870(15) 10.0841(16) 10.7792) 12.1426(16) 8.6599(10)
c(A) 20.009(2) 12.4364(19) 22.448(5) 13.2461(17) 12.4248(14)
o (°) 105.37(2) 88.07(1) 90.00 108.77(2) 72.17Q2)
B (°) 91.30(2) 76.19(1) 99.30(1) 95.44(2) 76.13(2)
Y(°) 108.22(2) 78.53(1) 90.00 111.51(2) 73.36(2)
U (A% 2152.9(4) 1121.1(3) 2797(1) 1346.9(3) 629.86(12)
V4 4 2 4 2 1
D, (Mg cm™) 1.285 1.275 1.393 1.200 1.293
p (mm™) 0.307 0.297 0.751 0.329 0.353
Refls measured 25544 13414 17629 11287 8722
Independent reflections 11287 10488 3911 7101 3316
Data/restraints/parameters 11287/0/509 10488/3/527 3911/0/178 7101/0/463 3316/0/201

Final R indices [ > 26

R1=0.0431, WR2=0.0923

R1=0.0326, WR2=0.0832

R1=0.0530, WR2=0.1193

R1=0.0287, WR2=0.0739

R1=0.0460, WR2=0.1261

R indices (all data)

R1=0.0668, WR2=0.1009

R1=0.0332, WR2=0.0838

R1=0.0816, WR2=0.1334

R1=0.0337, WR2=0.0771

R1=0.0531, WR2=0.1303
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Table 14. Selected bond lengths and angles of dppmS, dppeS and dppfS.

Bond (A) dppm$S dppeS dppfS
P=S 1.9515(7) | 1.9517(8) | 1.9541(6) | 1.9548(8) | 1.8241(7)°
P(S)-CH,* 1.8116(19) | 1.8134(19) 1.8209(17) 1.817(2) 1.793(3)
P-CH, " 1.8632(18) | 1.8591(18) | 1.8504(17) | 1.855(3) | 1.793(3)
PEC, 1.8105(19) | 1.8142(18) | 1.8209(18) | 1.8128(18) | 1.817(3)
1pso 1.8171(19) | 1.8192(19) 1.8194(18) | 1.8227(18) | 1.821(2)
o 1.8307(19) | 1.8326(18) | 1.8276(19) | 1.838(2) | 1.817(3)
pso 1.833(2) 1.837(2) 1.8329(18) | 1.8522(19) | 1.821(2)
Angle (deg)
S-P-CH,* 113.56(7) 113.96(7) 113.27(6) 113.41(7) | 116.32(10)
SpC 112.90(7) | 112.71(7) | 113.48(6) | 112.80(7) | 111.88(13)
pso 114.44(6) 113.31(6) 112.42(6) 112.95(7) | 115.73(10)
CHPS)-C | 105400) | 105.09(9) | 103.62(8) | 104.50(8) | 104 37(13)
PO 104.94(9) 105.09(8) 104.58(8) 106.25(9) | 103.84(12)
CHp.c b | 10L738) | 10247(8) | 101.71(8) | 101.01(12) | 103.84(12)
- Ps0 97.75(8) 99.09(8) 99.93(8) 99.28(12) | 104.37(13)

* P-C(sp®) for dppfS, ° C(sp®)-P-Cipso for dppfS, ¢S atom is disordered between two

positions.

Table 15. Selected bond lengths and angles of the bis(phosphine) disulfides.

Bond (A) dppmS,° | dppeS,™ dcpeS; dppbS; | dppfS,”’
N 1.948(1) 1.9682(7) )
P=S 1.941(1) 1.9526(5) 1.9521(6) 1.9333(8) | 1.938(2)
. 1.827(3) 1.8303(13) -

P-CH, 1.831(3) 1.8135(12) 1.8302(12) 1.823(2) 1.796(3)
1.808(3) 1.8348(11)

b 1.8193) | 1.8159(12) | 1.8357(11) | 1.8232) | 1.815(4)

pso 1.814(3) 1.8245(13) 1.8341(12) 1.817(2) 1.818(3)
1.806(3) 1.8354(12)

Angle (deg)

. | 113.9(D) 113.08(5)

S-P-CH, 115.3(1) 112.91(4) 113.62(5) 113.89(7) | 113.4(1)
111.22(9) 111.01(4)

sp.c b | 37D | 11400¢4) | 11347(5) | 11283(7) | 1143(2)

ipso 1153(1) | 111.98(4) | 112394) | 112.79(7) | 112.2(1)
113.3(1) 113.38(4)
104.8(1) 106.67(6)

CHLp.c ¢ | 1035(1) | 10623(5) | 10423(5) | 105.53(9) | 1053(2)

Mo 103.4(1) | 106.15(6) | 107.50(6) | 106.42(9) | 106.1(2)
106.5(1) 103.58(5)

* P-C(sp®) dppfS,, " P-CH for dcpeS;, ¢ C(sp®)-P-Cips, for dppfS..
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' Single-crystal X-ray structures of the monosulfides show the geometries of the
P(S) atoms in all of the ligands to be distorted tetrahedra with S—P—C bond angles
larger than the C~P-C ones. The P=S bond lengths and S—P-C bond angles of the
monosulfides and disulfides (except dppfS) are comparable to those reported in the
literature for SPPh; and its related phosphine sulfides (1.947(4)°" — 1.966(2)> A see
Table 3 in the introduction and 1.955 A (av) from CSD 2007).2 A very short P=S
bond length (1.8241(17) A) was observed in dppfS. However, this is probably related
to the disorder, as it is remarkably shorter than that observed in dppfS, (1.938(2) A),
in which the other bond lengths and angles are similar. In the monosulfide structures,
the P(S)-CH, bond lengths are ca. 0.02 — 0.05 A shorter than the P-CH, ones. In
dcpeS;, the cyclohexyl rings adopt chair conformations. The P=S bond lengths in
dcpeS; are slightly longer (1.9521(6) and 1.9682(7) A), compared to the other
ligands.

The molecular packing of the monosulfides and disulfides show several close
intermolecular S....H contacts which are less than the sum of the van der Waals radii
(S...H, 2.91 A)."® In the case of dppfS, a short intermolecular S...S contact is
observed (3.133 A); (this may be a function of the disorder of the S atom) which is
shorter than the sum of the van der Waals radii (3.60 A)."*® Furthermore, close
intermolecular P...H contacts are also observed in the case of dppmS and dppeS
(2.968 and 2.911 A, respectively). A summary of the close intermolecular contact

distances and angles for all of the structures is given in Table 16.

Table 16. Intermolecular contact distances in the monpsulﬁdes and disulfides.

Compound X..Y X....Y (A) W-H---Y (deg)
S”....H(25) 2.754 1222
dppmS
P(2)....H(36) 2.968 131.5
S(2)....H(24) 2.765 154.2
dppeS S(2).....H(23) 2.911 171.4
P(4).... H(65) 2.873 172.9
S....HQ3) 2.836 151.1
dppfS
S....S 3.133 -
dppbS, S....H(72) 2.677 171.6
dcpeS; S(2).....H(33) 2.889 144.5
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The close intermolecular contacts of dppmS, dppfS, dppbS; and dcpeS,are
depicted with dashed lines in Figures 23, 24, 25 and 26, respectively.

Figure 24. Close intermolecular contacts in dppfS (both disordered position of S atom

are shown).

Figure 25. Close int'ermolecular contacts in dppbS,.
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Figure 26. Close intermolecular contact in depeS,.

Close inspection of the molecular packing of the two independent molecules
in the asymmetric unit of dppeS reveals different close S....H contacts found in
molecules [ and I’. In molecule I, a close S....H contact between the S atoms and the
H atom in the para-position of the phenyl ring is observed (Figure 27). In molecule
I’, the same intermolecular contact is observed, as well as a close contact between the
P atom and the mera-H (Figure 28). This may be the reason for the disorder in

molecule I’.

Figure 28. Close intermolecular contacts in molecule I’of dppeS.
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Attempts to grow single crystals of dppbS by slow evaporation from a
solution in CH,Cl,:EtOH in an inert atmosphere glovebox failed. After a considerable
amount of time, single crystals were obtained in the solution. Two different molecular
structures were obtained from different crystals, which both have the same space
group P-1 but with different cell parameters. Both structures have one molecule in the
asymmetric unit, which was revealed to contain 67 % of PPh,P(S)(CH,)4sP(O)PPh,
dppbSO, which was disordered over two positions with equal occupancies, differing
only in the positions of the S and O atoms. The remaining dppbS is disordered in a
similar way. The other structure was found to contain 25% of dppbSO.
Crystallographic data are given in Table C1 and selected bond lengths and angles are
listed in Table C2 in the Appendix). Monitoring of the *'P{'H} NMR signals of
dppbS in CDC; solution in air was carried out by Mr. T. Turner'’ in our group. The
amount of the P(O) signal at 2 d, 6 d, 6 weeks and 10 weeks was 3%, 10%, 23% and
33%, respectively, which suggests that the oxidation of dppbS$ in air is very slow. We

have no explanation of how oxidation occurred under an inert atmosphere.

Ch3a) cuzal .‘
Q
o D cu

\}
v
o Jons

& ©
C(C‘:‘S’

Figure 29. The molecular structures of dppbS:dppbSO (0.33:0.67) (left)
dppbS:dppbSO (0.75:0.25) (right) (dppbSO is shown with dashed bonds).

IL.2 Synthesis and characterization of palladium complexes
I1.2.1 Palladium complexes obtained from reaction of Pd with L in a 1:1 molar

ratio

The 1:1] reactions of PACI,(PhCN), with bis(phosphine) monosulfides

The monomeric palladium complexes PdCl-dppmS Pd(dppmS), PdCl,-
dppeS Pd(dppeS) and PdCl,-dppfS Pd(dppfS), were prepared from the reaction of
one equivalent of the appropriate monosulfide ligand with one equivalent of

PdCL(PhCN); in an inert atmosphere at room temperature to obtain the products
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(Figure 30) in quantitative yields. The reaction occurs by the displacement of two
benzonitrile ligands from the initial complex. The palladium complexes were
characterized by 'H, *C{'H}, 31P{IH} NMR spectroscopy, elemental analysis and
single-crystal X-ray diffraction. Surprisingly, use of the same procedure with dppb$S
gave the dimeric complex Pd,Cli-(dppbS); Pda(dppbS) (see crystal structure
section). This route appears to be specific and formation of mixtures of products is

not observed as confirmed by the *'P{ 'H} NMR spectra of in situ reactions.

cl
| thP——ll’d S=RPh,
Ph,P PPh; (|;|
/Pd/s (CHy), ci (CHz),
C” e

Ph,P—8——Pd—FP
M & P
Ph,P llTth = dppmS, Pd(dppmS)
Pd bS
S dppe$S, Pd(dppeS) 2(dppbS)

dppfS, Pd(dppfS)

Figure 30. The bis(phosphine) monosulfide palladium complex products.

Single crystals suitable for X-ray diffraction of Pd(dppmS) and Pd(dppfS)
were grown from the slow evaporation of solutions in CH3;CN:MeOH and
CHCls:hexane mixtures, respectively. For Pd(dppeS) and Pd,(dppbS), single
crystals deposited in the NMR tubes (with CDCl; as the NMR solvent). Pd(dppmS)
and Pd(dppeS) crystallize in the monoclinic space group P2;/n with Z=4 and Z = 8,
respectively. Pd(dppfS) and Pd;(dppbS) crystallize in the triclinic space group P-1
with Z =2 and Z = 1, respectively. Pd(dppm$) and Pd(dppfS) have one molecule in
the asymmetric unit, whereas those of Pd(dppeS) and Pd,(dppbS) have two and 0.5
molecules, respectively. The asymmetric unit of Pd(dppmS) contains one molecule
of CH3CN solvate, whereas Pd(dppeS) contains four molecules of CDCl; solvate.
Pd(dppfS) and Pd(dppbS) both contain three molecules of CHCl; in their
asymmetric unit. The methyl group of the CH3CN molecule in the structure of
Pd(dppmS) is disordered over two rotationally-related positions with equal
occupancies. The molecular structures of the palladium complexes of the
monosulfides are shown in Figure 31. Their crystallographic data are summarized in

Table 17. Selected bond lengths and angles are given in Table 18.
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Pd(dppfS)

Pd,(dppbS) (CDCl; solvate molecules omitted)

Figure 31. The molecular structures of the bis(phosphine) monosulfide palladium complexes.




Table 17. Crystallographic data for Pd(dppmS), Pd(dppeS), Pd(dppfS) and Pd(dppbS).

Compound Pd(dppmS)-CH;CN Pd(dppeS)-2CDCl, Pd(dppfS)-3CHCl, Pd,(dppbS)-6CHCl,
Formula CasH2Cl,PoPdS-C,H3N | Cy6Hu4CLP,PdS-2(CDCly) Cy4H3CLFeP,PdS-3(CHCl;) | CssHssClyP4Pd,S,-6(CHCl,)
Fw 634.78 848.50 1121.82 1987.82
T.K 120(2) 120(2) 120(2) 120(2)
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group P2\/n P2i/n P-1 P-1
a(A) 8.9419(4) 18.7177(16) 11.5912(10) 11.6534(14)
b(A) 16.1765(8) 14.2401(12) 13.6942(12) 12.5742(16)
c(A) 19.1835(9) 25.718(2) 16.1661(1) 14.7937(19)
« () 90.00 90.00 109.90(1) 111.865(10)
B(®) 95.27(2) 95.63(2) 90.73(1) 93.532(11)
Y () 90.00 90.00 114.06(1) 99.035(11)
U (A 2763.1(2) 6821.9(10) 2168.6(3) 1969.7(4)
z 4 8 2 1
D, (Mg cm™) 1.526 1.652 1.718 1.676
p (mm™") 1.073 1.346 1.577 1.375
Refls measured 64823 89068 25623 18024
Independent reflections 11815 19529 11391 10690
Data/restraints/parameters 11815/0/307 19529/0/721 11391/15/496 10690/0/415

Final R indices | > 2o

R1=0.0300, WR2=0.0768

R1=0.0387, R2=0.0749

R1=0.0477, WR2=0.0841

R1=0.0271, WR2=0.0631

R indices (all data)

R1=0.0373, WR2=0.0824

R1=0.0743, WR2=0.0850

R1=0.0877, WR2=0.0946

R1=0.0336, WR2=0.0665
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Table 18. Bond lengths and angles of the bis(phosphine) monosulfide palladium complexes.

Pd(dppmS) Pd(dppeS) (Z'=2) Pd(dppfS) Pd,(dppbS)
Pd-Cl(trans-S) 2.3188(4) 2.3173(7) 2.3291(7) 2.3035(10) 2.3086(5)
Pd-Cl(trans-P) 2.3713(4) 2.3790(8) 2.3755(7) 2.3596(9) 2.3043(5) "
Pd-S 2.2874(4) 2.3053(7) 2.3088(7) 2.3267(10) 2.4253(6)
Pd-P 2.2282(4) 2.2315(8) 2.2232(8) 2.2701(10) 2.2486(6)
S-P 2.0150(5) 2.0083(9) 2.0100(9) 2.0151(13) 2.0005(6)
P(S)-CH," 1.8097(14) 1.818(3) 1.814(4) 1.774(4) 1.8087(17)
P-CH," 1.8444(14) 1.828(3) 1.829(3) 1.805(3) 1.8291(18)
PS)-C, 1.7886(14) 1.799(3) 1.799(3) 1.802(4) 1.8069(18)
Ipso 1.7937(15) 1.805(3) 1.803(3) 1.808(4) 1.8102(18)
pC 1.8073(14) 1.814(3) 1.807(3) 1.818(4) 1.8115(18)
ipso 1.8094(14) 1.824(3) 1.816(3) 1.822(4) 1.8161(18)
S-Pd-P 93.052(14) 96.07(3) 95.59(3) 95.88(4) 178.609(17)
P(S)-S-Pd 104.099(19) 107.03(3) 108.21(3) 110.59(5) 97.29(2)
S-Pd.Cl 85.059(15) 85.39(3) 86.39(3) 87.97(4) 90.566(19)
178.253(14) 175.10(3) 176.14(3) 172.04(3) 91.09(2)
p_PdCl 88.536(15) 88.14(3) 87.85(3) 86.44(4) 88.76(2)
177.959(14) 173.86(3) 172.90(3) 174.88(3) 89.72(2)
CI-Pd-Cl 93.363(15) 90.69(3) 90.40(3) 89.31(4) 173.483(18)
S-P(S)-CH," 106.56(5) 112.11(9) 112.76(10) 115.65(12) 114.12(6)
S-P(S)-C, 108.64(6) 105.34(9) 106.10(9) 107.39(12) 109.88(6)
ipso 113.36(5) 112.76(10) | 112.97(10) 113.44(12) 113.75(6)
CPES)-C 107.44(6) 108.47(13) | 107.26(13) 106.13(16) 105.35(8)
ipso 111.12(7) 109.04(13) | 109.23(13) 106.12(16) 107.13(8)
CPC. 105.34(6) 100.60(12) 99.20(12) 99.84(16) 101.95(8)
ipso 105.89(6) 106.27(12) | 106.34(12) 99.84(16) 104.53(8)
PAp-C. 113.52(5) 111.90(9) 111.29(9) 110.30(12) 112.03(6)
ipso 114.63(5) 115.01(9) 114.52(9) 115.13(12) 115.55(6)

*Pd-Cl trans to Cl, * P-C(sp®) for Pd(dppfS).
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The structures show slightly distorted square planar coordination at the Pd
centres with the chelating ligand bound through the P and S atoms. Pd(dppmS),
Pd(dppeS) and Pd(dppfS) have cis-configurations whereas Pd,(dppbS) is a trans-
dimeric complex. All of the complexes have slight tetrahedral distortions at the Pd
centres with the largest dihedral angle between the S—-Pd-P and Cl(1)-Pd-Cl(2)
planes being 8.3° in Pd(dppfS). In Pd(dppmsS), the Pd, S, P, CI(1) and CI(2) atoms
are almost coplanar. The two independent molecules of Pd(dppeS) show the Cl
(trans-S) to deviate by +0.102 and +0.072 A from the S—Pd-P plane, whereas the
other Cl (trans-P) deviates by -0.248 and -0.283 A. The Cl (trans-S) and Cl (trans-P)
atoms of Pd(dppfS) deviate from the S—Pd—P plane by +0.306 and +0.139 A. Finally,
the C1(2) atom in Pdy(dppbS) deviates from the Pd—S—P—Cl(1) plane by 0.254 A.

In Pd(dppmS), the dppmS ligand forms a five-membered chelating ring,
which has a twisted conformation, so that the P(S) atom lies out of the coordination
plane S-Pd-P by 0.41 A. The Pd(dppmS) structure in this study is similar to that
reported for Pdl,-dppmS.°¢ Pd(dppeS) forms a six-membered ring with a twisted boat
conformation. The two independent molecules in the asymmetric unit show almost the
same bond lengths and angles. The Pd(dppfS) bond lengths and angles are almost the
same as reported in PdCl,{Fe( 775-C5Me4(S)PPh2( 17°-CsMesPPhy)} 1> Interestingly, the
S—Pd-P bite angle and Cl-Pd~Cl angles (95.88(4)° and 89.31(4)°, respectively) of
Pd(dppfS) are significantly larger than the analogous angles in PdCl,{Fe(7’-
CsMesP(S)(77°-PPhy)} (89.41(3)° and 85.75(2)°). The Cp rings in Pd(dppfS) are
twisted from the eclipsed conformation by 7.1° (cf. 4.6° in PdCl,{Fe(r’-
CsMe4P(S)(77°-PPhy)}). The bond lengths and bond angles of all these structures will
be discussed in detail later.

The molecular packings of the: monosulfide complexes show close
intermolecular S....H, Cl... H, Cl...D, S....S and Cl....Cl contacts which are less than
the sum of the van der Waals radii (2.91, 2.88, 2.88, 3.60 and 3.50 A, respectively).'*®

A summary of the intermolecular contact distances and angles is given in Table 19.
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Table 19. Intermolecular contact distances in monosulfide complexes.

Compounds X..Y X...Y (A) W-H(D)......Y (deg)
Pd(dppmS) H3...CI(1) 2.776 1563
Hi..... CI(1) 2.807 1542
D...CI(1)" 2.810 1433
Pd(dppeS)
D....Cl1(2)* 2.429 164.0
D...CI(2)* 2.698 138.8
H...Cl* 2.733 131.0
Pd(dppfS) H._.CI 2.716 118.9
H(33)...S 2755 171.7
Pd;(dppbsS) ClL..CI® 3311 i

*H, D or Cl atoms of the solvate.

The formation of palladium complexes can also be identified by *'P{'H}
NMR spectroscopy. A summary of > 'P{'H} NMR signals of the bis(phosphine)
monosulfide palladium complexes and the free ligands is given in Table 20. Upon
coordination, the > 'P{'H} NMR signals of the phosphine are significantly shifted to
lower field, whereas the P(S) signals are only slightly changed. The largest changes in
the chemical shifts are observed in Pd(dppmS) (AS (P) = 58.70 ppm and AS (P(S)) =
15.08 ppm). The AS (P) and A (P(S)) values in the other palladium complexes
(Pd(dppeS), Pd(dppfS) and Pd;(dppbS)) are very similar (33.11 — 40.19 ppm and
3.11 - 4.42 ppm for AS (P) and A& (P(S)), respectively). Furthermore, the Jp.p
couplings of Pd(dppmS) (Jp.p = 37 Hz) and Pd(dppeS) (Jp.» = 15 Hz) are much less
than those in the free ligands, for which Jp.p = 76 Hz and Jp.» = 50 Hz, respectively.
The *'P{'H} chemical shift observed for the phosphino P atom in Pd(dppmS) (& =

31.63 ppm) can be explained via the chelate ring size effect.'*
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Table 20. The *'P{'H} (202 MHz) NMR chemical shifts and Jp.c couplings of

bis(phosphine) monosulfide palladium complexes and the free ligands.®

&P) ppm &PS) ppm Jp.p Hz"

Pd(dppmS) | 31.63 [-27.07, A= 58.70] | 56.37 [41.29, A=15.08] | d, 37 Hz [d, 76 Hz]

Pd(dppeS) | 23.22[-11.89,A=35.11] | 42.25[45.36,A=3.11] | d, 15 Hz [d, 50 Hz]

Pd(dppfS) | 22.88 [-16.59, A=39.47] | 45.41[40.99, A = 4.42] -

Pdy(dppbS) | 25.15[-15.04, A=40.19] | 47.45[43.57, A= 3.88] -

* [X, A=Y] where X = *'P{'H} resonance of the free ligand, and Y the difference in
the chemical shifts between the palladium complex and the free ligand, ® Values in

square brackets are for the free ligands.

Reactions of PdCI, with bis(phosphine) disulfides in 1.1 molar ratios
Using the palladium source, PdC1,(PhCN),, and the bis(phosphine) disulfides,

we attempted to synthesize palladium complexes. However, we were unable to
characterize the products. The in situ reactions of one equivalent of PdCl,(PhCN),
with one equivalent of the bis(phosphine) disulfides dppmS,, dppeS;, dcpeS; and
dppbS; in CDCl; was followed by * 'P{'H} NMR spectroscopy. Orange precipitates
were immediately observed, as well as the disappearance of the ligand signals in the
S'P{'"H} NMR spectra, indicating that all the ligands had been consumed. The
precipitated products had limited solubility. They were soluble in dmso-dg but showed
the 'P{'H} signals only from the ligands. Furthermore, the elemental analyses are not
correct for a 1:1 ratio of Pd to ligand. The solid state *'P{'H} NMR spectra of the
complexes obtained from dppmS; and dppbS; showed the signals at §31.43, 33.98,
36.24, 38.95 ppm and & 43.93, 46.04 ppm respectively (see Figures C1 and C2 in the
Appendix for the solid state *'P{'H} NMR spectra of the complexes obtained from
dppmS; and dppbS,, respectively).

Use of a different palladium source, PdCl,, enabled the bis(phosphine)
disulfide palladium complexes PdCl(dppmS;) Pd(dppmS:), PdCly(dppeS;)
Pd(dppeS:) and PdCly(dcpeS,) Pd(dcpeS,) (Figure 32) to be prepared by refluxing in
acetonitrile for 3 h, giving moderate yields (35 — 40%) of deep red crystals from

acetonitrile, except for Pd(dcpeS;) which was obtained in 83% yield as an orange
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solid by adding Et;O. Pd(dppeS;) has been prepared using this method, but no
31pyg 'H} NMR data were reported.'’” The 31pyg 'H} signals of the palladium complexes
are only slightly shifted compared to those of the free ligands and are summarized in
Table 21.

~p PL_ R=Ph =dppms,, Pd(dppmS,)
R™| IR
s s dppeS,, Pd(dppeS,)
\Pd/
CI/ \CI R=Cy =dcpeS,, Pd(dcpeS,)

Figure 32. The bis(phosphine) disulfide palladium complexes.

Table 21. The *'P{'H} chemical shifts of the bis(phosphine) disulfide palladium

complexes.”

Pd(dppmS,) Pd(dppeS,) Pd(dcpeS,)

5(PS) | 37.87[36.41,A=146] | 4577 [45.42,A=0.35] | 70.29 [62.52, A=7.77]

*[X, A=Y] where X = 1P{IH} resonances of the free ligand, and Y is the difference
in chemical shift between the *'P{'H} signals of the palladium complex and the
appropriate free ligand.

Single crystals of Pd(dppmS:) and Pd(dcpeS,) suitable for diffraction
analysis were obtained by crystallization from acetonitrile and by the slow
evaporation of a solution in CH,Cl:Et;0O, respectively. Both Pd(dppmS;) and
Pd(dcpeS,) were subjected to X-ray structure analysis. They were found to crystallize
in the orthorhombic space group Fdd2 with Z = 8, and the monoclinic space group
P2y/c with Z = 4, respectively. Pd(dppmS) contains 0.5 molecules in the asymmetric
unit whereas Pd(dcpeS;) has one molecule. The latter also contains three molecules
of CH,Cl, solvate. The molecular structures of Pd(dppmS;) and Pd(dcpeS,) are
depicted in Figures 33 and 34, respectively, whereas the molecular structure of
Pd(dppeS:) is known in the literature and the molecular structure is depicted in
Figure 35 for comparison.'"” Their crystallographic data are given in Table 22 and

their selected bond lengths and angles are summarized in Table 23.




Figure 35. The molecular structure of Pd(dppeS,).'"’
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Table 22. Crystallogaphic data for Pd(dppmS;) and Pd(dcpeS,).

Compound Pd(dppmS;) Pd(dcpeS,)-2CH,Cl,
Formula C,5sH»Cl,P,PdS, C16HasCLP,PdS,-3(CH,Cl,)
Fw 625.79 918.78
T (K) 120(2) 120(2)
Crystal system Orthorhombic Monoclinic
Space group Fdd2 P2\/n
a(A) 18.4575(10) 25.255(11)
b(A) 28.5897(16) 9.4707(4)
CA) 9.1394(5) 17.4385(8)
o (%) 90.00 90.00
B(°) 90.00 107.53(2)
¥ (®) 90.00 90.00
U (A% 4822 8(5) 3977.3(3)
z 8 4
D, (g cm™) 1.724 1.534
g (mm™) 1.311 1.201
Refls measured 16264 48576
Independent reflections 3515 10534
Data/restraints/parameters 3515/1/146 10534/0/376

Final R indices [ > 2o

R1=0.0189, WR2=0.0401

R1=0.0465, WR2=0.1310

R indices (all data)

R1=0.0220, WR2=0.0412

R1=0.0534, WR2=0.1373
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Table 23. Bond lengths and angles of Pd(dppmS,), Pd(dppeS:) and Pd(dcpeS,).

Pd(dppmS,) Pd(dppeS,)'"’ Pd(dcpeS,)
PA-CI(1) 2.3161(15) 2.3202(3)
Pd-CI(2) 2.3216(5) 2.3347(14) 2.3330(7)
Pd-S(1) 2.3005(14) 2.3214(7)
Pd-S(1) 2.296105) 2.3018(13) 2.3119(7)
P=S(1) 2.0181(18) 2.0214(9)
P=3(2) 2.0151(7) 2.0089(18) 2.0103(9)
] 1.808(5) 1.814(3)
P-CH, 1.8242(15) 1.832(5) 1.820(2)
1.803(5) 1.817Q2)
b 1.8001(19) 1.804(5) 1.810Q2)
o 1.8011(19) 1.799(6) 1.834(2)
1.802(5) 1.821(3)
SPA-S 97.28(2) 97.76(5) 100.932)
o 113.54(7) 117.99(3)
P=S-Pd 109.86(2) 105.11(7) 106.57(4)
S Pacl 86.551(16) 88.06(5) 83.32(2)
86.547(16) 83.19(5) 86.22(2)
CLPd.Cl 89.92(3) 91.17(5) 90.36(2)
R 114.34(19) 115.58(9)
S-P-CH, 113.43(6) 112.00(19) 110.54(8)

* P-CH for Pd(dcpeS,).

The palladium centers are bonded to the two S atoms of the chelating ligands
forming a six-membered ring in Pd(dppmS,), and seven-membered rings in both
Pd(dppeS;) and Pd(dcpeS;). The cyclohexyl rings in Pd(dcpeS,) adopt chair
conformations. The structures show slightly distorted square planar coordinations at
the Pd atoms, which all have cis-configurations. All of the complexes have slight
tetrahedral distortions at the Pd centers with the dihedral angles between the S—Pd-P
and Cl(1)-Pd~Cl(2) planes being 5.7°, 7.2° and 9.6° for Pd(dppmS,), Pd(dppeS;)
and Pd(dcpeS,), respectively.

The structure of Pd(dppmS;) shows the S, Pd, S and CI(2) atoms to be almost
coplanar whereas CI(1) deviates from them by 0.289 A. The Pd(dppeS,) structure
shows the CI(1) and Ci(2) atoms to deviate by +0.162 and -0.162 A from the S—Pd-S
plane, whereas that of Pd(dcpeS;) shows CI(1) and CI(2) to deviate by +0.224 and -
0.322 A, respectively. The bond lengths and bond angles of these three complexes

will be discussed in detail later.




The crystal packing of Pd(dppmS;) shows short intermolecular Cl....H
contacts (2.906 A) involving protons on the phenyl rings. Unlike the packing of
Pd(dppmS,), the close intermolecular contacts in Pd(depeS;) (Cl....H7, 2.711 A and
Cl....H8, 2.734 A) involve protons in the ethylene backbone. Interestingly, no close
intermolecular contacts were observed in Pd(dppeS;). The close intermolecular
contacts in the structures of Pd(dppmS;) and Pd(dcpeS,) are shown in Figures 36

and 37 as dashed lines, respectively.

Figure 37. Close intermolecular contacts in the structure of Pd(dcpeS,).
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I1.2.2 Palladium complexes obtained from reactions of Pd with L in a 1:2 molar

ratio

Reactions of PACL,(PhCN), with bis(phosphine) monosulfides in 1:2 molar ratios

The reactions of the bis(phosphine) monosulfides dppmS, dppeS, dppbS and
dppfS, with 0.5 equivalents of PACl;(PhCN), in CH,Cl, at room temperature gave
different forms of products. The product from the reaction of dppfS gave PdCl,-
(dppfS), Pd(dppfS),. It shows >'P{'H} NMR signals for P and P(S) of § 15.65 and
41.92 ppm, respectively. Suitable single crystals for X-ray diffraction of Pd(dppfS):
were obtained from slow evaporation of a solution in CH,Cl,:Et,0. It crystallizes in
the orthorhombic space group Pna2, with one molecule in the asymmetric unit. The
molecular structure reveals a frans geometry at the Pd center and coordination only
from the phosphines and not the phosphine sulfides (selected bond lengths and angles

in Figure 38).

@-Ph’ ci @—;lizs
AN Ph,
Pd Fe
Fe CI/ AN _@
P
S=P—© Ph,

15.65

PdCl,-(dppfS)h

Figure 38. The molecular structure of Pd(dppfS),; selected bond lengths (A) and
angles (deg); Pd-CI(1) 2.2980(7), Pd-CI(2) 2.2993(7), Pd-P(1) 2.3383(8), Pd—P(2)
2.3462(8), P(3)-S(1) 1.953(11), P(4)-S(2) 1.9527(11), P(1)-CH 1.808(3), P(2)-CH
1.793(3), P(1)-Pd-P(2) 179.02(3)°, Cl(1)-Pd-CI(2) 179.22(3)°.

The 31P{ lH} NMR spectrum of the product from the reaction of a 1:2 molar
ratio of PAC1,(PhCN) and dppeS shows signals which we believe to originate from
cis-PdCh-(dppeS), cis-Pd(dppeS), and trans-PdCl,-(dppeS), trans-Pd(dppeS)..
which coordinate to the Pd center only through the phosphorus atoms Pd(dppfS),
(Figure 39). The doublets at § = 28.2 and 44.1 ppm [Jp.r = 56 Hz] were assigned to
the P and P(S) atoms of the cis-isomer, whereas the triplet signals at 5= 18.8 and 44.5

ppm [Jp.p = 28 Hz] were assigned to the P and P(S) atoms of the trans-isomer.
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Figure 39. The *'P{'H} NMR spectrum (202 MHz) in CD,Cl, of the products of the
1:2 molar ratio reaction of PdCl;(PhCN), with dppeS.

A solution NMR study of cis-Pd(dppeS); and trans-Pd(dppeS); in a range of
solvents was undertaken by Mr. T. Turner."”’ It was found that the ratio between
these species is dependent on solvent polarity. The cis- form, which has a dipole
moment, is favoured in strongly polar solvents (e.g. CD;0D) whereas the trans- form
is favoured in less polar solvents (e.g. C¢Ds). The rate of isomerization was found to
be 0.13 (x0.005) s, at 25 °C in CD,CL."” Single crystals suitable for X-ray
diffraction were obtained from a solution of the mixture in CDCls. The trans- isomer
was found to crystallize selectively in the monoclinic space group P2i/n with Z =2
and 0.5 molecules of the complex and two molecules of CDCl; solvate in the
asymmetric unit. The molecular structure of Pd(dppeS); and selected bond lengths
and angles are given in Figure 40, whereas the crystallographic data are given in
Table 24. The structure was revealed to be that of the trans- isomer. The Pd—P bond
length is 2.3182(4) A which is significantly longer than the Pd—P bond lengths (2.23 -
2.25 A) observed in the chelating palladium bis(phosphine) monosulfide complexes
(see Table 18).
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Figure 40. The molecular structure of Pd(dppeS), (solvate molecules are omitted for
clarity); Pd-Cl 2.3079(5), Pd-P(2) 2.3182(4), P(1)-S 1.9605(6), P(1)-C(1)
1.8188(14), P(1)-C(11) 1.8124(15), P(1)-C(21) 1.8133(15), P(2)~C(2) 1.8383(14),
P(2)-C(31) 1.8166(15), P(2)-C(41) 1.8165(14). P(2A)-Pd-P(2) 180.000(1)°, CI(1)-
Pd-CI(1A) 179.998(13)°, P(2A)-Pd-Cl(1) 86.068(18)°.

Interestingly, a 31P{lH} NMR spectrum of the single crystals of the rrans-
isomer in CD,Cl, showed mixed signals from both the cis- and trans- 1somers,

consistent with the equilibrium discussed above.

Unlike the other 1:2 molar ratio reactions of PdCI,(PhCN),:L, the reaction
with dppmS gave the cationic palladium complex salt [Pd(dppmS),]Cl, Pd(dppmS),.
Suitable single crystals of Pd(dppmS), were obtained from slow evaporation of a
solution in CHCI3:Et;O and CD,Cl,:Et,0. Pd(dppmS), was found to crystallize in
two different polymorphs, both in the triclinic space group P-1 with 0.5 molecules and
two half molecules, respectively, in the asymmetric unit. The first polymorph also
contains one CD,Cl, solvate molecule, and the second two CHCl; molecules in their
asymmetric units. The CD,Cl, molecule is slightly disordered: one of the Cl atoms is
disordered among three positions with occupancies of 0.9, 0.06 and 0.04, and the
other over two positions with occupancies of 0.9 and 0.1. The disorder of the CHCl;
molecules could not be satisfactorily rationalized, so they were given occupancies of
0.9, and the remaining electron density was approximated by arbitrary atomic
positions with occupancies of 0.07 — 0.10. Another polymorph of trans-Pd(dppmS);

has been reported in the literature, and was also found to crystallize in the triclinic



367

space group P-1 with Z = 1 and to contain one CH,C}, molecule and 0.5 molecules in
the asymmetric unit.”® The molecular structures of Pd(dppmS)g-CD2C12 and
Pd(dppmS),-4CHCl; are shown in Figures 41 and 42, respectively. Crystallographic
data are given in Table 24 and selected bond lengths and bond angles are given in
Table 25.

2Cr

Figure 41. The molecular structure of Pd(dppmS),-2CD,Cl; (Cl counter anions and

solvate molecules omitted for clarity).

Figure 42. The molecular structure of Pd(dppmS),-4CHC]; (solvate molecules and Cl

counter anions omitted for clarity).




Table 24. Crystallographic data for Pd(dppmS); and Pd(dppeS),.

Compound Pd(dppmS),-2CD,Cl, Pd(dppmS),-4CHCl, Pd(dppeS),-4CD,Cl,
Formula CsoH4aC1,P,PdS,-2(CCI,D,) CsoHaaCl:P4PdS,-4(CCLH) | Cs;Ha3CLP4PdS,-4(CClLD5)
FwW 1184.03 1487.62 1519.70
T (K) 129(2) 120(2) 129(2)
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P2,/n
a(A) 10.241(1) 11.1225(16) 9.2057(9)
b(A) 11.498(1) 14.199(2) 21.475(2)
CA) 11.783(1) 20.830(3) 16.1111(16)
o (°) 30.61(1) 85.69(3) 90.00
B () 82.58(1) 87.44(2) 92.85(1)
¥ (°) 83.40(1) 89.99(3) 90.00
U (A% 1351.1(2) 3277.0(8) 3181.1(6)
z 1 2 2
D, (Mg cm™) 1.455 1.508 1.587
u(mm™) 0.870 1.050 1.083
Refls measured 18368 39092 38892
Independent reflections 7831 17257 9101
Data/restraints/parameters 7831/4/307 17257/0/691 9101/0/361

Final R indices | > 2o

R1=0.0266, WR2=0.0661

R1=0.0370, WR2=0.0877

R1=0.0259, WR2=0.0610

R indices (all data)

R1=0.0309, WR2=0.0688

R1=0.0666, WR2=0.1013

R1=0.0315, WR2=0.0634
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Table 25. Selected bond lengths and angles of Pd(dppmS),;-2CD,Cl, and
Pd(dppmS),-4CHCls.

Bond (A) Pd(dppmS);-2CD,Cl, Pd(dppm$),-4CHCI,
Pd-S 23277(4) 23361(8) | 2.3305(8)
) 23197(7
Pd-P 2.3195(4) 2.3174(7) 2.31988
= 2.0209(6) 2.0197(10) | 2.0216(10)
P(S)-CH, 1.7914(14) 1.8042) | 1.805(2)
P-CH, 1.8349(14) 1.843(2) 1.838(2)
b©-C 1.7917(14) 1.797(2) 1.791(2)
ipso 1.8001(16) 1.800(2) 1.800(2)
e 1.8108(15) 1.808(2) 1.80703)
ipso 1.8113(14) 1.809(3) 1.812(3)
Angle (deg)
- 88.1303) 88.0003)
S-Pd-P 91.536(15) o870 02,0003
P(S)-S-Pd 99.527(19) 97.96(4) 98.63(4)
S-P(S)-CH, 107.85(5) 107.52(9) 107.53(9)
Pd-P-CH, 110.51(5) 109.99(8) 109.94(3)
PP 111.48(5) 111.01(8) 111.45(9)
ipso 115.34(5) 116.74(9) 115.84(9)
107.67(5) 109.93(9) 110.11(9)
S-P(8)-Cipso 112.50(6) 111.79(9) 111.76(9)

The Pd centers have trans- square planar structures which are slightly distorted
from perfect square planarity (S-Pd-S 92.0° (av), see Table 25) but with no
tetrahedral distortions (angle between S(1)-Pd-P(1) and S(0A)-Pd-P(1A) planes for
both structures are 0°). The bond lengths and angles will be discussed in detail later.

The crystal packing of Pd(dppmS),2CD,Cl, features close Cl....H
intermolecular contacts between the chloride counter anions and the aromatic protons
(2.837 A), whereas no close intermolecular contacts were observed in
Pd(dppmS);-4CHCl;. The crystal packing of Pd(dppmS),-CD,Cl,, with close

intermolecular contacts shown as dashed lines, is depicted in Figure 43.
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Figure 43. Close intermolecular contacts in the structure of Pd(dppmS),-2CD,Cls.

Pd(dppmS), has limited solubility; however, a * 1P{lH} NMR spectrum was
obtained from a saturated solution in CD,Cl, (Figure 44) which consists of three sets
of peaks: doublets at & = -28.42 and 39.94 ppm [*Jp.» = 78 Hz] which correspond to
the signals from P and P(S) of the free ligand (see Figure 16); doublets at 6 = 33.64
and 55.55 ppm [*Jp.p = 36 Hz] which are the P and P(S) signals of Pd(dppmS) (see
Table 20); and broad signals at 6= 27.55, 35.28, 47.02 and 54.26 ppm, assigned to the
two P and two P(S) atoms bound to the Pd center of Pd(dppmS),. As cis- and trans-
isomers of very similar complexes of both palladium'” and platinum'®! are known in
the literature, it is likely that Pd(dppmS), exists as cis- and trans- isomers in solution
which would explain the four *'P{'H} NMR signals. The spectrum suggests that
Pd(dppmS); is partially dissociated in solution, as evidenced by signals from the free
ligand and Pd(dppmS). Due to the limited solubility of Pd(dppmS),, no dynamic
NMR studies have been carried out. The >'P{ 'H} NMR signals of Pd(dppmS); in
dmso-ds were reported to be 37.6 ppm for P and 49.6 ppm for P(S) [*Jp.p = 23 Hz] %
Interestingly, there is no report of any dissociation. We then obtained a *'P{'H} NMR
spectrum of Pd(dppmS); from a freshly prepared solution in dmso-dg and another
spectrum after 18 h. At t = 15 min (Figure 45), we observed two doublets at 38.12
ppm and 50.00 ppm [*Jpp = 26 Hz] as well as the signal for free ligand and
Pd(dppmS). Furthermore, we also observed broad signals at 28.93 and 57.44 ppm.
We believe that the signal at 38.12 ppm and 50.00 ppm [*Jp.» = 26 Hz] are those of P
and P(S) of cis-Pd(dppmS),, respectively, and that the broad signals at 28.93 and
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57.44 ppm are P and P(S) of trans-Pd(dppmS),. At t = 18 h, the integration of all
peaks are almost the same as that observed at t = 15 min. It would appear that, in
dmso-dg, Pd(dppmS); dissociates to give free ligand and Pd(dppmS) and isomerizes
to trans-Pd(dppmS),, but at a slow rate. We conclude that the Pd(dppmS), solution
3 lP{lH} NMR spectrum in CD,Cl, (Figure 44) already represents the system at
equilibrium. A summary of the dissociation equilibria of Pd(dppmS), is shown in
Scheme 26.
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Figure 44. The 'P{'H} NMR spectrum (202 MHz) of Pd(dppmS), in CD,Cl,.

®w©e o ow oNo b
sas 23 88 33 § an
- S a Www YwY © S8
oL ©Be - I T b

~W % ~ | Y4

30 25 2 6 1] -5 -0 15 20 -25

0 156 10
1 (ppm)

-30

38N 337 85 3 S b S8
86 oo e @ 9 P N
[T T 0 < < << - Lar ] o~
~ N ~SEo V%
1
J t= 15 min
H) ]
. . i ' A . - n
- 1 ru| y - - ?
-] o Bl o
— T = T . e T T T . r T ; ——r —S—
60 55 S0 45 40 35 30 25 20 15 10 5 0 5 -0 15 20 25 -30
1 (ppm)

Figure 45. The *'P{'H} NMR spectrum (161 MHz) of Pd(dppmS); in dmso-ds at t =
15 minand 18 h.
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Scheme 26. The equilibria of Pd(dppmS); in CD,Cl, solution.

Reaction of [Pd(CH3;CN)4](BFy), with bis(phosphine) disulfides in a 1:2 molar ratio
The cationic palladium salts [Pd(dppmS;);](BFs); Pd(dppmS,),,

[Pd(dppeS;),](BF4), Pd(dppeS,) and [Pd(dppfS;);](BFa). Pd(dppfS;), (Figure 46)

were prepared via reaction of the appropriate bis(phosphine) disulfide ligand with 0.5

equivalents of [Pd(CH3CN),4](BF4),'*® in CH,Cl, at room temperature. The products
were obtained in quantitative yields. The * 1P{IH} NMR resonances of the palladium
complexes differ only slightly from those of the free ligands. An in situ NMR reaction
of two equivalents of dppbS; with one equivalent of [Pd(CH3CN)4])(BF,), showed a
mixture of palladium complexes as well as the signals of dppbS; (see Figure C3 in
Appendix C for the *'P{'"H} NMR spectrum).
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Ph,P PPh, = dppmS,, Pd(dppmS,),
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dppfS,, Pd(dppfS,),
Figure 46. The palladium complex products from the 1:2 molar ratio reaction of

[PA(CH;CN)4](BF4)2:L (L = bis(phosphine) disulfides).

Suitable single crystals for X-ray diffraction of Pd(dppmS;); and Pd(dppfS.),
were obtained from slow evaporation of solutions in CH,Cl>:Et,O and Pd(dppeS,),
from a solution in CHCls:hexane. They were found to crystallize in the following
space groups: Pd(dppmsS;); in the monoclinic space group P2/n with Z =
Pd(dppeS:),; and Pd(dppfS,); in the triclinic space group P-1 with Z=1 and Z = 2,
respectively. Pd(dppmS;),; and Pd(dppesS;); contain 0.5 molecules in the asymmetric
unit, whereas Pd(dppfS;); has one molecule. Another polymorph of Pd(dppeS.), has
been reported in the literature,'*® in the monoclinic space group P2,/n with Z = 4, but
it shows similar bond lengths and angles to those in our structure. The molecular
structures of Pd(dppmS;),, Pd(dppeS,), and Pd(dppfS;); are shown in Figures 47,
48 and 49, respectively. Crystallographic data for these complexes are given in Table
26 and selected bond lengths and angles are given in Table 27.

Figure 47. The molecular structure of Pd(dppmS;), (BF4 counter anions omitted for

clarity).
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Figure 48. The molecular structure of Pd(dppeS,): (BF; counter anions omitted for
clarity).

Figure 49. The molecular structure of Pd(dppfS,), (BF, counter anions omitted for
clarity).




Table 26. Crystallographic data for Pd(dppmS.),, Pd(dppeS;); and Pd(dppfS;)..

Compound Pd(dppmS;), Pd(dppeS;), 2CHCl; Pd(dppfS),
Formula CsoHasPsPdSs™', 2(BF,") | CsyHasPsPdSs*",2(BF,")-2(CHCL;) | CesHsgPsPdS > 2(BF,")-4(CHCI,)
FW 1176.99 144378 1994 44
T(K) 1202) 120(2) 230(2)
Crystal system Monoclinic Triclinic Triclinic
Space group P2\/n P-1 P-1
a(A) 10.8321(12) 10.3040(12) 12.5884(17)
b(A) 14.9990(17) 12.1295(12) 13.3026(11)
c(A) 15.4466(18) 13.3630(13) 13.7109(19)
o (%) 90.00 86.110 84.571(6)
B(°) 91.097(20) 74.106(12) 76.625(4)
7 (®) 90.00 70.059(12) 68.449(6)
U (A% 2509.2(5) 1509.4(3) 2077.4(6)
z 2 | 1
D, (Mg cm™) 1.558 1.588 1.594
1 (mm™) 0.730 0.879 [.181
Refls measured 25461 35263 14855
Independent reflections 5746 12659 9167
Data/restraints/parameters 5746/0/313 12659/3/370 9167/0/479

Final R indices | > 2o

R1=0.0351, WR2=0.0644

R1=0.0344, WR2=0.0861

R1=0.0711, WR2=0.1802

R indices (all data)

R1=0.0547, WR2=0.0697

R1=0.0416, WR2=0.0901

R1=0.1127, WR2=0.0205
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Table 27. Bond lengths and angles of Pd(dppmsS,),, Pd(dppeS,); and Pd(dppfS;),.

Bond (A) Pd(dppmS,), Pd(dppeS,), Pd(dppfS;)
Pd-S 2.3256(6) 2.3339(4) 2.3484(13)
2.3357(7) 2.3403(5) 2.3597(13)
P-S 2.0107(9) 2.0177(6) 2.0161(19)
2.0145(8) 2.0216(5) 2.013(2)
P-CH," 1.814(2) 1.7972(13) 1.774(5)
1.829(2) 1.8339(13) 1.773(6)
P-Cipso 1.798(2) 1.7946(13) 1.803(5)
1.802(2) 1.7993(13) 1.807(5)
1.798(2) 1.7893(14) 1.809(5)
1.800(2) 1.8084(14) 1.800(6)
Angle (deg)
S-Pd-S 82.57(2) 82.584(14) 87.85(5)
97.43(2) 97.417(14) 92.15(15)
P-S-Pd 98.60(3) 100.33(2) 112.23(7)
110.60(3) 113.642(19) 112.56(7)
S-P-CH,* 111.37(8) 110.56(5) 114.70(17)
113.40(8) 114.93(5) 114.6(2)
S-P-Cipso 106.54(8) 115.84(5) 116.87(19)
114.41(9) 107.77(5) 104.18(19)
106.75(9) 114.22(5) 117.1(2)
112.84(8) 105.14(5) 107.5(2)

* P-C(sp°) for Pd(dppfS,)..

The palladium (II) centers are bound to four S atoms from two ligands to form
six-membered rings in Pd(dppmsS:); and seven-membered ones in Pd(dppeS:);. The
Pd centers have no tetrahedral distortion but are slightly distorted from square planar
(S-Pd-S 95.7° (av)).

The close S...H and F...H intermolecular contacts of 2.803 A and 2.488 A,
respectively, which are shorter than the sum of van der Waals radii'>® (2.91 and 2.54
A, respectively) were observed in Pd(dppeS:): and Pd(dppfS;),, respectively, but no
close contacts were observed in Pd(dppmS;),. The close intermolecular contacts are

shown as dashed lines in Figures 50 and 51.
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Figure 51. Close intermolecular contacts in the structure of Pd(dppfS,)..




I1.3 Discussion of the crystal structures of the palladium complexes

Pertinent bond lengths and angles for all of the chelate complexes in this study
are presented in Figure 52. Both bond lengths and angles for Pd(dppeS) and
Pd(dppmS); are the average values (from the two independent molecules in the
asymmetric unit and three molecules (from two polymorphs) for Pd(dppeS) and
Pd(dppmS),, respectively). To investigate the influence of the addition of sulfur
atoms to the ligands on the structures of the resulting Pd complexes, comparisons of
the bond lengths and bond angles in the palladium complexes with dppm, dppe, dppp,
dppf and dcpe will be made, with the reference to the reported structures of
PdCly(dppm) Pd(dppm), PdCly(dppe) Pd(dppe),'® PdCly(dppp) Pd(dppp),'®
PdCly(dcpe) Pd(dcpe),'® PdCl,(dppf)-CHCl; Pd(dppf)-CHCl;,'*
PdCly(dppf)-CH,Cl, Pd(dppf)-CH,CL,'®> and [Pd(dppe),]Cl> Pd(dppe).'®® Selected

bond lengths and angles for all of these reported structures are given in Table 28.
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Figure 52. Comparison of the geometries about the Pd atoms in the related palladium complexes.
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Table 28. Bond lengths and angles of the structures of Pd(dppm), Pd(dppe), Pd(dppp), Pd(dcpe), Pd(dppf)-CHCl;, Pd(dppf)-CH,Cl, and

[Pd(dppe)2|Cl.
Bond (A) | Pd(dppm)'® | Pd(dppe)'® | Pd(dppp)'® | Pd(dcpe)’™ | Pd(dppf)-CHCL'™ | Pd(dppf)-CH,CL,™ | [Pd(dppe)z]Cly'™
Pd-CI(1) 2.236(1) 2.361(2) 2.351(1) 2.369(1) 2.347(1) 2.340(1) -
Pd-CI(2) 2.352(1) 2.357(2) 2.358(2) 2.376(1) 2.348(1) 2.358(1) -
Pd-P(1) 2.234(1) 2.233(2) 2.244(1) 2.232(1) 2.283(1) 2.289(1) 2.3469(10)
Pd-P(2) 2.250(1) 2.226(2) 2.249(2) 2.233(1) 2.301(1) 2.278(1) 2.3348(10)
Angle (deg)

CI(1)-Pd-CI(2) |  93.63(3) 94.19(7) 90.78(5) 94.85(5) 87.8(1) 89.97(4) -

P(1)-Pd-P2) | 72.68(3) 85.82(7) 90.58(5) 87.05(5) 99.07(5) 97.98(4) 82.66(4)
Pd-P(1)-CH, 94.7(1) 108.5(7) 115.9(2) 109.30 115.97 113.49 105.0
Pd-P(2)-CH, 94.3(1) 107.9(2) 115.5(2) 109.10 124.10 123.07 109.4
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From analysis of all of the structures we can make the following observations:

1. Upon coordination, the S-P-C bond angles become wider and the C-P-C
angles become ismaller than in the free ligands which suggest that the geometries at P
and P(S) become more tetrahedral on coordination.

2. The Pd-Cl (trans-S) bond lengths range from 2.3035(10) A in Pd(dppfS) to
2.3291(7) A in one of the molecules in Pd(dppeS), whereas those of the Pd—Cl
(trans-P) range from 2.3596(9) A in Pd(dppfS) to 2.3790(8) A in Pd(dppeS). This
implies that phosphorus has a stronger trans-influence and is apparently a stronger o-
donor than sulfur as the Pd—Cl bond lengths trans to phosphorus are slightly
lengthened compared with those trans to sulfur.

3. The bis(phosphine) monosulfides are more likely to form P-bound
complexes than S-bound complexes, (Pd(dppeS), and Pd(dppfS);). This suggests
that the phosphine sulfide groups are more labile than the phosphine groups.

4. The P=S bond lengths in all of the palladium complexes in which S is
coordinated to Pd are in the range 2.00 — 2.03 A, which is in the range reported in the
literature for phosphine sulfide complexes (1.97 — 2.05 A) and are longer than the P=S
bond lengths (1.955 A (av)) for the free phosphine sulfides reported in the CSD
(2007).2

5. Pd(dppmS), Pd(dppeS) and Pd(dppfS) which have increasingly longer
backbones, show essentially no difference in the Pd-P bond lengths from
Pd(dppmS), to Pd(dppeS) (2.2282(4) and 2.227 (av) A, respectively), but Pd-P is
slightly longer in Pd(dppfS) (2.270 A), whereas the Pd-S bonds become longer
(2.2874(4), 2.307 (av), 2.3267(10) A, respectively. The bite angles are found to be
93.1°, 95.3° (av) and 95.9° in Pd(dppmS), Pd(dppeS) and Pd(dppfS), respectively.

6. In Pd,(dppbS), the Pd—P bond length is 2.2486(6) A, similar to the other
bis(phosphine) monosulfide complexes discussed previously, but the Pd-S bond
length (2.4253(6) A) is significantly longer than those in the other complexes. This
can be attributed to the greater frans- influenced of the P atom compared to that of Cl.

7. When comparing the five-membered ring complexes Pd(dppmS) and
Pd(dppmS), (Figure 53), the palladium bite angle is slightly smaller (91.8° (av) vs
93.1°) in Pd(dppmS);), whereas both Pd-P and Pd-S bond lengths are longer in
Pd(dppmS).
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Figure 53. Comparison of the geometries of the Pd(dppmS) and Pd(dppmS),

structures.

8. As expected, the bite angles become larger when the ring size is increased.
The following structures have the following bite angles; Pd(dppm), Pd(dppmS) and
Pd(dppmS;) (72.7°, 93.1° and 97.3° respectively) (see Figure 54); Pd(dppe),
Pd(dppeS) and Pd(dppeS.) (85.8°, 95.3° and 97.8°, respectively) (see Figure 55); and
Pd(dcpe) and Pd(dcpeS;) (87.1° and 100.9°, respectively) (see Figure 56). It should
be noted that the bite angles are markedly increased in going from the bis(phosphine)
to the bis(phosphine) monosulfide complexes, but only slightly increased from the
bis(phosphine) monosulfide to the bis(phosphine) disulfide complexes. However, this
trend was not observed in the case of Pd(dppf) and Pd(dppfS). The bite angle in
Pd(dppfS) is 95.9°, substantially smaller than that in Pd(dppf) (99.6° (av)). The
Cl-Pd-Cl bond angles generally decrease going from the bis(phosphine) to the
bis(phosphine) monosulfide and bis(phosphine) disulfide complexes.

Ph Ph Ph Ph
Ph Ph ' \ \
) Ph—P3 1101 1065P1+—Ph Ph—P7 1146 1146 P;—Ph
Ph——P2843 947 Py—FPh 2.22 H 2.015 H2.015 H 2.015
104.1 109.9
Z.ZSWZM 93, S ng\ S
Pd PY 2.287 2.2 97.3 >2.296
2.362_<93.6:\2.352 2.319 Pd
Cl1/ Cl, Cly \S’}A : Z-W.szz
P ) 2.371Cl, Cl4 Cly
m
i Pd(dppmS) Pd(dppmS,)

Figure 54. Comparison of the geometries of the Pd(dppm), Pd(dppmS) and
Pd(dppmS;) structures.
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Ph Ph h Ph
© Ph Ph /j \

Im , Ph—P; 1139 1121 H%—Ph Ph——Trnz.o 118.4 ﬁ1—Ph
07.6

Ph——P3 1078 108.5P,——Ph 2.22 2.009 2.009 2.018
2226\ 85.8 ~2.233 53 Ss S, 105.1 135 g,

Pd P4~ 2.307
2.361 <94.2°\2.357 2323 2. 2.3M%o1
Cly Cl; Cly 2377 /\91)\2.335

Cli" 2318 Cl,
Pd(dppeS;)

Pd(dppe) Pd(dppeS)

Figure 55. Comparison of the geometries of the Pd(dppe), Pd(dppeS) and
Pd(dppeS;) structures.
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Figure 56. Comparison of the geometries of the Pd(dcpe) and Pd(dcpeS,) structures.
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Figure 57. Comparison of the geometries of the Pd(dppf)-CHCl;, Pd(dppfS)-CH,Cl>
and Pd(dppfS) structures.

9. The Pd-S-P angles vary from ca. 97° in Pd2(dppbS) to 118° in Pd(dcpeS,).
The latter is larger than in any of the palladium complexes of phosphine sulfides
reported previously (78.6° — 116.8°). Pd,(dppbS), with its 16-membered ring, has

small Pd—S—P angles (97°), comparable to those observed in the five-membered ring
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palladium phosphine sulfide complexes (78.6 — 98.8°). This implies that the

geometries at the S atoms are flexible and depend on the nature of the complexes.

10. Interestingly, the internal X~P—CH, (X = Pd or S) bond angles increase from

the bis(phosphine) complexes to bis(phosphine) monosulfide complexes (94.5° (av) vs
110.1° in Pd(dppm) and Pd(dppmS) and 108.2° vs 113.9° in Pd(dppe) and
Pd(dppeS), respectively). One of the internal S—P—CH, bond angles in Pd(dcpeS;) is

larger (115.6°) and one smaller (110.5°) than the equivalent angles in Pd(dppmS,)

and Pd(dppeS;) (112.0 — 114.6°).

11. Pd(dppeS;) and Pd(dcpeS;) have P atoms which deviate from the
Cl(1)-Pd-Cl(2) planes by +1.07 and -1.07 A vs +1.52 and -0.22 A, respectively.

When comparing the mono- and bicyclic palladium complexes, we can make

the following observations:

Pd(dppmS:) and Pd(dppmS,),

Ph

114.6 l

;
| 2015

2.296 \97.2

Pd
2.322 go.9
cn,}/\/

Ph

PN

1146 P+—Ph
H 2.015
1099'g
2.296

2.322
Cl

Pd(dppmS,)

Ph Ph
1134 ‘ 2.015 ) ,
Ph——P,=——=85,3 335 S2—P2—Ph
/98.6
97.4Pd
2.011 @”?ﬁ )
Ph PZ:SZZ 326 S1 _P1 —Ph
111.4, .
Ph  Pd(dppms;), P

_

2+
2BF,

I. The bite angles in both complexes are almost the same (97.28(2)° vs 97.43(2)°).

2. The Pd-S bond lengths in Pd(dppmS;) are shorter than in Pd(dppmS,): (2.296

Avs 2331 A (av)).

3. One of Pd—S-P angles in Pd(dppmS;), is wider than the equivalent angle in

Pd(dppmS;), whereas the other angle is smaller, 98.6° and 113.5° in Pd(dppmS,),
and 109.9° Pd(dppmsSy).

4. The S-P-CH; bond angles in both complexes are quite similar (111.4 — 114.6°%).
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Pd(dppeS;) and Pd(dppeS,),

Ph Ph — Ph Ph — 2
110.6 l 2.018 2BF.-
Ph——P3112.0 11448 P,—Ph Ph——Py—="515340 ,S;'=—P,—Ph 4
” 2.009 “ 2.018 100.3
§,105.1 135 g, 97.4 Pd
< 2302597.8°72.301 2.022 /@/.6\113.5
Pd Ph_—PZ_—-sz S1'_P1'__Ph
/@}\2.335 1149 l 2.334 ‘
Cliz 318 Cl, b L
Pd(dppeS,) Pd(dppeS;), |

1. The bite angles in both complexes are quite similar (97.76(5)° vs 97.417(14)° in
Pd(dppeS;) and Pd(dppe_Sz)z, respectively).

2. The Pd-S bond lengths in Pd(dppeS;) are shorter compared to those in
Pd(dppeS;); (2.302 A vs 2.337 A (av)). This suggests that the S has a slightly
stronger frans- influence than the Cl atom.

3. Two Pd-S-P bond angles in Pd(dppeS,) are significantly different (105.1° and
113.5°). The difference between these angles is even more pronounced in
Pd(dppeS;): (100.3° and 113.6°).

4. The S—P~CH, bond angles in both complexes are quite similar (110.6 — 114.9°).

When considering the palladium complexes with the same ring sizes, we can

make the following observations:

Five-membered rings: Pd(dppe) and Pd(dppmS)

Ph Ph
Ph '
eh Ph—P3 1101 106.T’1‘“Ph
—_— — 2.22 2.015
Ph——p7 1073 1085 P,——Ph 1oa.14
2.228< 85.8 >"2.233 ’;9/
Pd Py 2287
2.361 94, 2.357 2.319
: CI1/\/2,\C|2 cly 934
Pd(dppe) 2.371C|2
Pd{dppmS)

1. The bite angle is larger for Pd(dppmS) (93.052(14)°) than for Pd(dppe)
(85.82(7)°).
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2. The Pd-P bond lengths are very similar (2.230 A (av) in Pd(dppe) vs 2.2282(4)
A in Pd(dppmS)), but the Pd—Cl (trans-P) bond length is longer in Pd(dppmS) than
Pd(dppe) (2.359 A (av)).

3. The structure of Pd(dppmS) is less planar than Pd(dppe). In Pd(dppmS), P(1)
1s coplanar with the CI(1)-Pd-Cl(2) plane but P(2) deviates by 0.42 A, whereas the

two P atoms in Pd(dppe) deviate only slightly from CI(1)-Pd—Cl(2) (+0.09 and -0.07
A).

Six-membered rings: Pd(dppp), Pd(dppeS) and Pd(dppmS)

Ph Ph Ph Ph
Ph (CHy)s Ph ‘
Ph—p3 1155 1158 P,—Ph Ph—P3 1139 1124 Py—Ph Ph '|’|1 1148 1145 Py—Ph
: . 2.015 H
2.24W2A4 2.22 = W_Jl 2.009 I sy, 2015
P Pd™ 2.307 2.298<87.3 >% 296
2.351 908\ 2.358 2323 o
Ci; cl, cly 232 \8@%_322
Pd{(dppp) 2.377¢y, ci >

Pd(dppeS) , Pd(dppmS,)

1. The bite angle becomes successively larger in the series Pd(dppp),
Pd(dppeS), Pd(dppmsS,) (90.6°, 95.3° and 97.3°, respectively).

2. The X-P-CH, (X = S or Pd) angles in three complexes are quite similar.

3. By comparing Pd(dppp) with Pd(dppeS), the Pd-P bond length becomes
shorter (2.247 A (av) vs 2.227 A) whereas Pd—Cl (trans- P) becomes longer (2.355 A
(av) vs 2.377 A).

4. In Pd(dppeS) and Pd(dppmS;), both Pd—S and Pd—Cl (¢rans-S) bond lengths
are very similar. The Pd—S bond lengths are 2.307 A vs 2.296 A and the Pd—Cl (irans-
S) bond lengths are almost identical (2.323 A (av) vs 2.322 A for Pd(dppeS) and
Pd(dppmS), respectively). The P=S bond lengths and P-S—Pd angles are slightly
decreased in Pd(dppeS).
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Seven-membered rings: Pd(dppeS.) and Pd(dcpeS,)

Ph Ph Cy Cy
Ph—P3112.0 1144 P,—Ph Cy—P,110.5 1156 P,—Cy
||Zz.oos || 2018 || 2010 | 2.021
52105.1 1135 51 1066
97. oo z 321
2.302 2.301 23123
Pd
_<91.2~2.335 /go \2 329
Cli 2.3?}\% C'z e
Pd(dppeS;) Pd(dcpeS,)

1. The bite angle in Pd(dcpeS;) is 100.9°, which is wider than in Pd(dppeS,)

(97.8°).

2. The average bond lengths of Pd-S and Pd—Cl in Pd(dcpeS;) are longer than in
Pd(dppeS,) (Pd-S; 2.317 (av) vs 2.301 (av) A and Pd—Cl; 2.331 (av) vs 2.326 (av)

A).

3. The two Pd-S—P angles in Pd(dcpeS,) (106.6° and 118.0°) are wider than the
equivalent ones in Pd(dppeS.) (105.1° and 113.5°).

Bicyclic complexes: Pd(dppe),, Pd(dppeS;): and Pd(dppmS,),

Ph Ph
J — 2+ — Ph Ph 2+
1050 2Cr 11os 2.018 28BF4
P,’—Ph 4
2 347 2 P1——s1 2 340 52 :Pz"—Ph
100.3
82.7 Pd 4Pd
/{3>\ 2, ozz 113-6
2.335 =N _Ph Ph—P,— 1—P1'-—Ph
114.9
109 4 * \ 2 334 |

i Ph Ph i N Ph Ph N

Pd(dppe), Pd(dppeS,);

Ph Ph
113.4 l 2.015 ]2+
Ph P1:S1 2.336 SZ :PZ Ph ZBF[
6
g7.4Pd >
2.011 \3@\ noe .
Ph—"Pz__—szz 126 S$y—P,;—Ph
111.4 I :
Ph Ph
L Pd(dppmS,), -

1. The bite angle of Pd(dppeS;), is wider than in Pd(dppe). (97.4° vs 82.7°).
2. Two X-P—CH; (X = Pd or S) bond angles in Pd(dppe); (105.0° and 109.4°%)
are significantly smaller than in Pd(dppeS;); (110.6° and 114.94°).
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3. Interestingly, the bite angle in Pd(dppeS,), is the same as in Pd(dppmS:,),
(97.4°%). Furthermore, the Pd—S and P=S bond lengths and S—-P-CH,; bond angles are
quite similar (Pd-S 2.337 (av) A vs 2.331 (av) A, S-P-CH, 112.8° vs 112.4° (av) in
Pd(dppeS;); and Pd(dppmS3),, respectively). |

Torsion angles in palladium complexes

1. The S-P(1)-C-P(2) torsion angles in Pd(dppmS) and Pd(dppmS,) are -46.6°
and -36.5° respectively, whereas the P(1)-C(1)-C(2)-P(2) angles in Pd(dppeS) and
Pd(dppeS:) are -46.8° (av) and -78.0°, respectively. The largest P(1)-C(1)-C(2)-P(2)
torsion angle was observed in Pd(dcpeS;) (-102.3%). Views along the central bonds in

the torsion angles discussed above are shown in Figure 58.
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Pd(dppmS) Pd(dppmS), Pd(dppmS;),

Pd(dppeS) Pd(dcpeS,) Pd(dppeS,) Pd(dppeS:);

Figure 58. Views along the central bonds in the torsion angles in the palladium complexes (the atoms at the rear are shown with open bonds).
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2. Views perpendicular to the Cp rings in Pd(dppf) and Pd(dppfS) showing
the twist in the ferrocene units are given in Figure 59. It can be seen that the Cp rings
in Pd(dppf) are twisted from the ecliped conformation by an averange of ca. 35°,
whereas the twist in Pd(dppfS) 64.5°.

Figure 59. Views perpendicular to the Cp rings in Pd(dppf) (left) and Pd(dppfS)
(right).

I1.4 Activity of palladium complexes in homo-coupling reaction

The catalytic activity of the bis(phosphine) mono- and disulfide palladium
complexes were tested in the oxidative homo-coupling reaction of phenylacetylene.
Reactions were conducted in NEt;:CH,Cl, (1:1 v/v) using 1 mol% of the palladium
complexes and 2 mol% of Cul with an oxygen balloon. The initially orange solutions
turned brown when phenylacetylene was added. The reaction was followed to
completion by GC-MS. At the end, brown solutions with black precipitates were
observed. It is worth noting that a pale yellow solution was observed when
PdCl,(PPhs), was used as a catalyst. Surprisingly, this suggests that the PPh; may
remain bound to the palladium without being oxidised. Palladium mirrors were not
observed under any conditions. The results are summarized in Table 29. As can be
seen, the conversions are good, although longer reaction times are needed to achieve
complete conversion with Pd(dppeS;); and Pd(dcpeS;) (entries 7 and 10). Palladium
complexes of both monosulfides and disulfides seem to work well for the reaction. So

far, no efforts have been made to optimise these reactions.
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Table 29. Isolated yields for the homo-coupling of phenylacetylene using palladium

complexes of bis(phosphine) monosulfides and disulfides.

( > 1 % Pd(PPh,),Cl,, 2 % Cul Q O
NEts:DCM (1:1 VIV), 02

Entry Catalysts Time [d] Isolated yield [%]
1 PdCl, 1 86
2 PdCl,(PPh;), 1 90
3 Pd(dppmS) 1 87
4 Pd(dppmS,) 1 90
5 Pd(dppmS,), 1 90
6 Pd(dppeS,) 1 95
7 Pd(dppeSz)z 2 90
8 Pd(dppfS) 1 93
9 Pd(dppeS,), 1 92
10 Pd(dcpeS,) 2 92
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II1. Conclusions

Several bis(phosphine) monosulfides and disulfide ligands have been
synthesized and fully characterized by NMR Spectroscopy, mass spectrometry,
elemental analysis and single-crystal X-ray diffraction. The palladium complexes of
the bis(phosphine) monosulfides and disulfides have also been obtained and fully
characterized by NMR, elemental analysis and X-ray diffraction. The reaction with
1:1 molar ratios of Pd source to ligand were found to produce monomeric palladium
complexes with  chelating ligands, apart from the reaction with
bis(diphenylphosphino)butane dppbS which was found to result in a dimer being
formed. The reactions with 1:2 molar ratio of Pd source to monosulfide ligands gave
complexes which were bound only through the phosphine groups, except for
bis(diphenylphosphino)methane dppmS which formed cationic palladium complexes
with two chelating ligands. Analogous reactions with the disulfide ligands and the Pd
source [Pd(CH3CN)4](BF,), also resulted in cationic Pd complexes incorporating two
chelating ligands. In some cases, in solution, the complexes showed dynamic
equilibria between cis- and frans- isomers.

Comparison of the structures with those of analogous bis(phosphine)
complexes reveals that the bite angles are substantially increased for the monosulfide
complexes, except for the complexes of bis(diphenylphosphino)ferrocene dppfS.
From the palladium complexes of bis(phosphine) monosulfides and disulfides and
their related bis(phosphine) complexes, it is interesting that the Pd-S-P angles are
variable whereas the P=S bond lengths are all in a narrow range. However, since there
are no Pd-S—P angles less than 90°, it is unlikely that there is any r°—m bonding
involving the P=S bond.

Preliminary results show that the activities of phosphine sulfide palladium
complexes in the homo-coupling of phenylacetylene are comparable to that of the

commonly used catalyst, PACl,(PPh;),.




IV. Experimental

Tetrakis(acetonitrile)palladium(Il)  tetrafluoroborate  [Pd(CH3CN),][BF.]s,
from Aldrich, whereas [PdCly(PhCN),] and [PdCl(CH3CN),] were prepared via

literature procedure.'®’

All the bis(phosphine) ligands were purchased from
commercial suppliers and used without further purification except dppf which was
synthesized via the literature procedure.'®® The 'H, l3C{'H} and 3IP{]H} NMR
spectra were obtained in CDCl3 unless otherwise indicated using Varian Mercury 400,
Inova 500 and 700 VNMRS spectrometers at the following frequencies: 'H-500, 700
MHz, ®C{'H}-125, 175 MHz, *'P{'H}-161, 202, 283 MHz. Elemental analyses were
performed using an Exeter Analytical CE-440 analyzer. Melting points were obtained
using a Sanyo Gallenkamp apparatus, and are uncorrected. The chemical shifts are
reported in ppm and are referenced to the internal standard SiMe, (for 'H, Be{'H)),
and external H;PO, (for 31P). MS analyses were performed using Thermo LTQFT (for
ESI/HRMS-ESI) and Applied Biosystems Voyager-DE STR (for MALDI)
instruments. All palladium complexes were initially prepared in NMR tubes in air and
the reactions were followed by in situ 31P{IH} NMR spectroscopy. A nitrogen
atmosphere was employed when the reactions were scaled up. The compounds
dppms,'" 16171 gppes 8. 161, 169, 170 dppmS;,'> *17 gppes,!!7 148 175 4pg

dppfS,'® ¥ ' have been reported previously.

Bis(diphenylphosphino)methane monosulfide: dppm$S
Dppm (1.740 g, 4.53 mmol) was dissolved in 10 mL of
CHCl; and Sz (0.145 g, 0.56 mmol) was added at room
Q temperature and the mixture left over night in a glove
@ﬁAP box. After removing the solvent in vacuo, the crude
S product was purified by column chromatography in air on
@ silica using CHCIl; as eluent. The ratio of recovered
dppm:dppmS:dppmS; was approximately 1:2:1 (0.354 g
1 1.072 g : 0.444 g). Yield: 1.072 g, 57 %. The single-crystal suitable for X-ray
diffraction was grown via slow evaporation of a solution in CHCl;:CH3OH. m.p. 87.7
- 88.5 °C. '"H NMR (500 MHz): § 7.79 (m, 4H, CHarom), 7.44 (m, 2H, CHarom), 7.36
(m, 8H, CHarom), 7.26 (m, 6H, CHarom), 3.34 (dd, Jp.4 = 10, 1 Hz, 2H, CH). Be('Hy
NMR (125 MHz): § 138.3 (dd, Jp.c = 15, 9 Hz, 2Cyom), 133.4 (d, Jp.c = 81 Hz,
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2Caom), 133.2 (d, Jp.c = 20 Hz, 4CHyom), 131.7 (d, Jp.c = 3 Hz, 2CHuom), 131.6
(2CHarom), 131.5 (d, Jp.c = 2 Hz, 2CHyrom), 129.1 (2CHuom), 128.7 (d, Jp.c = 7 Hz,
4CHarom), 128.7 (d, Jp.c = 12 Hz, 4CHarom), 35.3 (dd, Jp.c = 54, 32 Hz, CH,). *'P{'H}
NMR (162 MHz): 6§41.29 (d, Jpss).r = 76 Hz, P(S)), -27.07 (d, Je.pi5) = 76 Hz, P). MS
(ES+) m/z: 417 (m"). Anal. Calcd. for C2sH,,P,S: C 72.10, H 5.32; Found C 72.06, H
532 %.

Bis(diphenylphosphino)ethane monosulfide: dppeS
DppeS was synthesized by the same procedure as
was employed to synthesize dppmS$, but using dppe
P/jp (1.000 g, 1.76 mmol) and Sg (0.081 g, 0.31 mmol).
®/ g \© After removing the solvent in vacuo, the crude
product was purified by column chromatography on
silica using chloroform as eluent. The ratio of recovered dppe:dppeS:dppeS; was
approximately 1:2:1 (0.238 g : 0.519 g : 0.32 g). Yield: 0.519 g, 48 %. The single-
crystal suitable for X-ray diffraction was grown via slow evaporation of a solution in
CHCl3:MeOH. 'H NMR (500 MHz): § 7.71 (m, 4H, CHaom), 7.48 (m, 2H, CHaom),
7.42 (m, 4H, CHarom), 7.35 (m, 4H, CHarom), 7.32 (m, 6H, CHarom), 2.47 (m, 2H, CH,),
2.28 (m, 2H, CHy). "C{'H} NMR (175 MHz): §137.5 (d, Jp.c = 13 Hz, 2Curom), 133.0
(d, Jp.c = 18 Hz, 4CHuyom), 132.6 (d, Jp.c = 80 Hz, 2C), 131.7 (d, Jr.c = 3 Hgz,
2CHarom)> 131.3 (d, Jp.c = 10 Hz, 4CHarom), 129.1 (2CHurom), 128.9 (d, Jp.c = 21 Hz,
4CHarom), 128.8 (d, Jp.c = 2 Hz, 4CHuom), 29.0 (dd, 'Jp.c = 54 Hz, *Jpc = 18 Hz,
CH.), 20.3 (dd, Jp.c = 18 Hz, *Jp.c = 3 Hz, CHy). *'P{'H} NMR (283 MHz): 544.17
(d, Jps)-p = 50 Hz, P(8)), -12.96 (d, Jp.pis) = 50 Hz, P). MS (ES+) m/z: 431 (M"). Anal.
Calced. for Cy6H,4P,S: C 67.54, H 5.62; Found C 67.60, H 5.18 %.

Bis(diphenylphosphino)butane monosulfide: dppbS
| DppbS was synthesized by the same
procedure as was employed to synthesize
P/C4H8\ dppmS, but using dppb (1.061 g, 2.49 mmol)
®/” P and Sg (0.080 g, 0.31 mmol). After removing
S the solvent in vacuo, the crude product was
purified by column chromatography on silica using CH,Cl, as eluent. The ratio of

recovered dppb:dppbS:dppbS; was approximately 1:2:1 (0.242 g: 0.499 g: 0.367 g).
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Yield: 0.499 g, 44 %. 'H NMR (500 MHz): & 7.79 (m, 4H, CHuom), 7.46 (m, 6H,
CHarom), 737 (m, 4H, CHarom), 7.31 (m, 6H, CHuom), 2.41 (m, 2H), 2.02 (m, 2H), 1.73
(m, 2H), 1.52 (m, 2H). “C{'H} NMR (125 MHz): §138.5 (d, Jp.c = 12 Hz, 2Caom),
133.0 (d, Jp.c = 80 Hz, 2Carom), 132.9 (d, Jr.c = 18 Hz, 4CHarom), 131.7 (d, Jpc = 3
Hz, 2CHarom), 131.3 (d, Jp.c = 11 Hz, 4CHarom), 128.9 (d, Jp.c = 2 Hz, 2CHaom), 128.2
(d, Jp.c = 13 Hz, 4CHaom), 128.7 (d, Jp.c = 7 Hz, 4CHarom), 32.6 (d, Jr.c = 57 Hz,
CH,), 27.8 (d, Jp.c = 12 Hz, CHy), 27.3 (d, Jp.c = 17 Hz, CHy), 24.1 (d, Jp.c = 13 Hz,
CHy).*'P{'H} NMR (283 MHz): §43.57 (P(S)), -15.04 (P). MS (ES+) m/z: 459 (M").
Anal. Calcd. for C,3H,3P>S: C 73.34, H6.15; Found C 73.01, H 6.12 %.

Bis(diphenylphosphino)ferrocene monosulfide: dppfS
@—Pth DppfS was synthesized by the same procedure as was employed to
Fe synthesize dppmS, but using dppf (2.000 g, 3.61 mmol), Sg (0.116
@-—P=S g, 0.45 mmol) and CHCl; 25 mL. After removing the solvent in
Phz vacuo, the crude product was purified by column chromatography
on silica using CH,Cl; as eluent. The ratio of recovered dppf:dppfS:dppfS; was
approximately 1:2:1 (0.552 g: 0.988 g: 0.439 g). Yield: 0.987 g, 47 %. The single-
crystal suitable for X-ray diffraction was grown via slow evaporation of a solution in
CH,Cl:MeOH. m.p. 194.2 - 195.0 °C. "H NMR (500 MHz): & 7.65 (m, 4H, CHarom),
7.45 (m, 2H, CHarom), 7.38 (m, 4H, CHarom), 7.27 (m, 10H), 4.48 (s, 2H, CH), 4.37 (s,
2H, CH), 431 (s, 2H, CH), 3.99 (s, 2H, CH). C{'H} NMR (125 MHz): 5 138.8 (d,
Jpc = 10 Hz, 2Cyom), 134.6 (d, Jp.c = 87 Hz, 2Cuom), 133.6 (d, Jr.c = 20 Hz,
4CHarom), 131.8 (d, Jp.c = 11 Hz, 4CHarom), 131.4 (d, Jp.c = 3 Hz, 2CHarom), 128.8
(2CHarom), 128.5 (d, Jp.c = 8 Hz, 4CHarom), 128.4 (d, Jp.c = 3 Hz, 4CHuom), 77.9 (d,
Jr.c=9 Hz, C), 75.7 (d, Jp.c = 97 Hz, C), 74.5 (d, Jp.c = 14 Hz, 2CH), 74.0 (d, Jp.c =
3 Hz, 2CH), 73.8 (m, 4CH). *'P{'H} NMR (283 MHz): §42.27 (P(S)), -16.59 (P). MS
(ES+) m/z: 641 (M+Fe)". Anal. Calcd. for Cs4HagFeP,S: C 69.63, H 4.81; Found C
68.82, H 4.93 %.

* Relative proton integrals quoted according to proton environment.
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Bis(diphenylphosphino)methane disulfide: dppmS,
Dppm (0.500 g, 1.30 mmol) was dissolved in 4 mL
of CHCI; and then Sg (0.083 g, 0.33 mmol) was
added at room temperature and the mixture was left
p/\T overnight in a glove box. The crude product was
Q/g s|\© filtered through a 5 cm silica pad with additional
CH,Cl,. After removing the solvent in vacuo, the white, solid product was obtained.
Yield: 0.572 g, 98 %. m.p. 178.8 - 180.0 °C. '"H NMR (500 MHz): & 7.81 (m, 4H,
CHarom), 7.42 (t, Ju.r = 7 Hz, 2H, CHarom), 7.33 (m, 4H, CHaom), 3.98 (t, Jp.y = 13 Hz,
1H, CHy). “C{'H} NMR (125 MHz): & 134.4 (2CHaom), 132.1 (vt, Jp.c = 6 Hz,
4CHarom), 129.9 (vt, Jp.c = 7 Hz, 4CHgyom), 125.8 (d, Jp.c = 87 Hz, 2C), 33.5 (vt, Jp.c =
48 Hz, CHy). *'P{'"H} NMR (162 MHz): §36.41. MS (ES+) m/z: 471 (M+Na)”. Anal.
- Caled. for CsHaaP2S,: C 66.95, H 4.94; Found C 66.89, H 4.89 %.

* Relative proton integrals quoted according to proton environment.

Bis(diphenylphosphino)ethane disulfide: dppeS;
DppeS; was synthesized by the same procedure as
was employed to synthesize dppmS,, but using
dppe (0.700 g, 1.76 mmol) and Sg (0.113 g, 0.44
O/ﬁmﬁ mmol). Yield: 0.798 g, 98 %. m.p. 237.0 - 2384
> s °C. '"H NMR (500 MHz): & 7.80 (m, 4H, CHaom),
7.49 (m, 2H, CHarom), 7.44 (m, 4H, CHarom), 2.72 (d, Jp.;y = 3 Hz, 2H, CH,). *C{'H}
NMR (125 MHz): 6 132.1 (2CHarom), 131.9 (vt, Jp.c = 42 Hz, 2C), 131.4 (vt, Jpc =5
Hz, 4CHarom), 129.1 (Vt, Jp.c = 6 Hz, 4CHarom), 25.9 (m, ABX, CH,). *'P{'H} NMR
(161 MHz): & 45.42. MS (ES+) m/z: 485 (M+Na)". Anal. Calcd. for CaHa4P5S,: C
67.51, H 5.23; Found C 67.60, H 5.18 %.

* Relative proton integrals quoted according to proton environment.

Bis(diphenylphosphino)buthane disulfide: dppbS:
DppbS; was synthesized by the same procedure

as was employed to synthesize dppmS,, but using

[ e dppb (0.500 g, 1.17 mmol) and Sg (0.075 g, 0.293
Q/ 1 E mmol). Yield: 0.566 g, 98 %. m.p. 229.8-231.2
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°C. The single-crystal suitable for X-ray diffraction was grown via slow evaporation
of a solution in CH,Cl,:MeOH. 'H NMR (500 MHz): & 7.77 (m, 4H, CHarom), 7.49
(m, 2H, CHuom), 7.44 (m, 4H, CHaom), 2.42 (m, 2H, CH,), 1.72 (m, 2H, CH,).
PC{'H} NMR (125 MHz): 6 132.8 (d, Jp.c = 80 Hz, 2Caom), 131.7 (d, Jp.c = 3 Hz,
2CHurom), 131.2 (4, Jpc = 11 Hz, 4CHyom), 128.9 (d, Jp.c = 13 Hz, 4CHarom), 32.5 (d,
Jp.c = 58 Hz, CHy), 23.6 (dd, “Jp.c = 18 Hz, *Jp.c = 3 Hz, CHy). >'P{'H} NMR (161
MHz): §43.37.MS (ES+) m/z: 513 (M+Na)". Anal. Calcd. for CosHsgP,S,: C 68.55, H
5.75; Found C 68.15, H 5.68 %.

* Relative proton integrals quoted according to proton environment.

Bis(dicyclophosphino)ethane disulfide: dcpeS,
DcpeS; was synthesized by the same procedure as
was employed to synthesize dppmS;, but using
e TN dcpe (0.146 g, 0.35 mmol) and Sg (0.022 g, 0.09
O/ [ E\Q mmol). Yield: 0.164 g, 97 %. The single-crystal
suitable for X-ray diffraction was grown via slow
evaporation of a solution in CH,Cl,:CH30H. m.p. 146.7 - 147.0 °C. 'H NMR (500
MHz): §1.99 (d, Ji.r = 13 Hz, 4H, CHcyao), 1.85 (m, 8H, CHeyeo), 1.72 (d, Jy.p = 9
Hz, 2H, CH>), 1.32 (m, 10H, CHeyao). >C{'H} NMR (125 MHz): 6 38.1 (m, 2CH),
26.8 (vt, Jp.c = 6 Hz, 4CH,), 26.4 (d, Jp.c = 14 Hz, 4CH,), 26.0 (2CH,), 19.0 (m,
CH,). *'P{'H} NMR (161 MHz): §62.52.MS (ES+) m/z: 509 (M+Na)”. Anal. Calcd.
for Cy6HygP2S): C 64.16, H 9.94; Found C 63.89, H 9.96 %.

* Relative proton integrals quoted according to proton environment.

Bis(diphenylphosphino)ferrocene disulfide: dppfS;
@—P=S DppfS, was synthesized by the same procedure as was employed to

Phz  synthesize dppmS,, but using dppf (1.000 g, 1.80 mmol) and S;

Fe
{2 —p=s (1115 g, 0.45 mmol). Yield: 1.083 g, 98 %. m.p. 248.7 - 250.1 °C.
" igNMR (500 MHz): 67.61 (m, 4H, CHacom), 7.46 (m, 2H, CHarom),

7.38 (m, 4H, CHarom), 4.64 (app. q, Jy.z = 2 Hz, 2H, CH), 4.28 (app. q, Ju.y = 2 Hz,
2H, CH). C{'H} NMR (125 MHz): 5 138.8 (d, Jp.c = 10 Hz, 2Curom), 134.3 (d, Jp.c
= 86 Hz, 2Cyom). 131.7 (d, Jpc = 11 Hz, 4CHuom), 131.6 (d, Je.c = 3 Hz, 2CHyon),

128.5 (d, Jp.c = 12 Hz, 4CHyom), 75.3 (d, Jp.c = 10 Hz, 2CH), 74.3 (d, Jp.c = 13 Hz,
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2CH). 31P{IH} NMR (283 MHz): 641.08. MS (ES+) m/z: 620 (m"). Anal. Caled. for
C34H23}:CP2521 C 66.02, H 4.56; Found C 65.44, H 4.49 %,

* Relative proton integrals quoted according to proton environment.

Bis(diphenyiphosphino)methane palladium(II) dichloride: Pd(dppmS)
To dppmS (0.210 g, 0.51 mmol) in CHCI; (2 mL)
was added PdCI(PhCN), (0.200 g, 0.50 mmol) in
b CHCI3 (2 mL) to give a yellow solution which was
®/ g\Pd/ \© stirred over night at room temperature. The solvent
CI/ cl was concentrated on a rotary evaporator and then
Et;0 was added giving an orange precipitate. The
precipitate was collected by filtration and washed with Et,O (x3). Yield: 0.209 g,
70%. The single-crystal suitable for X-ray diffraction was grown via slow evaporation
of a solution in CDCl; (crystals deposit in the NMR tube). m.p. 250.3 - 252.0 °C. The
product has limited solubility. "H NMR (500 MHz, CD,Cly): § 7.74 (m, 8H, CHauqm),
7.62 (m, 2H, CHarom), 7.48 (m, 6H, CHarom), 7.39 (m, 4H, CHarom), 3.93 (Vt, Jy.yr = 11
Hz, 2H, CH,). "C{’H} NMR (175 MHz): 6 134.5 (d, Jp.c = 14 Hz, 4CHyom), 134.3
(2CHarom), 132.5 (d, Jp.c = 11 Hz, 4CHarom), 132.4 (2CHarom), 129.9 (d, Jr.c = 13 Hz,
4CHarom), 129.0 (d, Jp.c = 11 Hz, 4CHarom), 125.7 (m, 2C), 125.3 (m, 2C), 31.2 (d, Jpc
= 18 Hz, CH,). *'P{'"H} NMR (161 MHz, CD,Cly): 5 56.37 (d, Jpss.r = 37 Hz, P(S)),
31.63 (4, Jp.pisy = 37 Hz, P). Anal. Calcd. for C,5H2»CLP,PdS: C 50.57, H 3.73; Found

C 50.45,H 3.78 %.

Bis(diphenylphosphino)ethane monosulfide palladium(II) dichloride: Pd(dppeS)
Pd(dppeS) was synthesized by the same procedure
as was employed to synthesize Pd(dppmS), but

N\ using PdCl(PhCN), (0.089 g, 0.23 mmol) and
Q/P\g Pd/P\© dppeS (0.100 g, 0.23 mmol). Yield: 0.114 g, 79 %.
Cl/ e The single-crystal suitable for X-ray diffraction was

grown via slow evaporation of a solution in CDCl; (crystals deposit in the NMR
tube). m.p. 175.8 - 176.0 °C. '"H NMR (700 MHz): 6 7.90 (m, 4H, CHarom), 7.73 (m,
6H, CHarom), 7.61 (m, 4H, CHuom), 7.54 (vt, Ju.r = 8 Hz, 2H, CHuom), 7.42 (m, 4H,
CHarom), 2.80 (m, 4H, CH,). C{'H} NMR (175 MHz): 6 133.9 (d, Jpc = 13 Hz,
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4CHyrom), 133.9 (2CHurom), 131.9 (d, Jp.c = 10 Hz, 4CHaom), 131.9 (2CHuom), 129.9
(d, Jpc = 13 Hz, 4CHarom), 128.9 (d, Jp.c = 11 Hz, 4CHaom), 128.3 (d, Jp.c = 58 Hz,
2C), 128.1 (d, Jp.c = 81 Hz, 2C), 24.2 (d, Jp.c = 50 Hz, CHa), 22.6 (dd, 'Jp.c = 35 Hz,
*Jr.c =5 Hz, CHy). *'P{'"H} NMR (283 MHz): 541.11 (d, Jps.» = 15 Hz, P(S)), 22.05
(d, Jp.piy = 15 Hz, P). Anal. Calcd. for CagHa4ClP,PdS.CHCl3: C 44.60, H 3.47;
Found C 44.15, H 3.41 %.

Bis-(diphenylphosphino)ferrocene monosulfide palladium(II) dichloride: Pd(dppfS)

Ph, Pd(dppfS) was synthesized by the same procedure as was
?—P\P d< “ employed to synthesize Pd(dppmS), but using PdCl,(PhCN),
@_st/ Cl (0.196 g, 0.51 mmol) and dppfS (0.300 g, 0.510 mmol).
Ph; Yield: 0.260 g, 88 %. The single-crystal for X-ray diffraction
was grown via slow evaporation of a solution in CHCl;:hexane. 'H NMR (500 MHz):
6 7.76 (m, 6H, CHarom), 7.60 (m, 2H, CHaom), 7.47 (m, 8H, CHuom), 7.41 (m, 4H,
CHaom), 5.23 (s, 2H, CH), 4.69 (s, 2H, CH), 4.62 (s, 2H, CH), 4.44 (s, 2H, CH).
BC{'H} NMR (125 MHz): 5134.2 (d, Jp.c = 11 Hz, 4CHaom), 133.5 (2CHarom), 133.3
(d, Jp.c = 11 Hz, 4CHarom), 131.4 (2CHarom), 130.7 (d, Jp.c = 56 Hz, 2Carom), 129.1 (d,
Jp.c = 13 Hz, 4CHauom), 128.5 (d, Jp.c = 11 Hz, 4CHayom), 127.9 (d, Jp.c = 90 Hz,
2Caom), 79.6 (d, Jp.c = 3 Hz, 2CH), 78.2(d, Jp.c = 6 Hz, 2CH), 74.3 (d, Jr.c = 57 Hz,
C), 73.6 (2CH), 73.1 (2CH), 72.4 (d, Jp.c = 87 Hz, C). *'P{'"H} NMR (283 MHz): §
4.33 (P(S)), 21.80 (P). Anal. Calcd. for C34H,3CL,FeP,PdS: C 53.47, H 3.70; Found C
53.08, H 3.71 %.

Bis(diphenylphosphino)buthane monosulfide palladium(II) dichloride dimmer:
Pd;(dppbS)

(l:' Pd(dppbS) was synthesized by a similar
thP-—Td S=—RPh, procedure as was employed to synthesize PdCl,-

Cl i
(CHZ{. o (CHy), dppmS§, but using PdCL,(PhCN), (0.095 g, 0.25
mmol) in CH>Cl; (5 mL) and dppbS (0.113 g,
PP — SR ) 2Cl (5 mL) 94 g

Ph, 0.25 mmol) in CH,Cl, (5 mL). Yield: 0.220 g, 70
%. The single-crystal suitable for X-ray

I
cl

diffraction was grown via slow evaporation of a solution in CDClI; (crystals deposit in

the NMR tube). m.p. 260.0 - 260.6 °C. The compound has limited solubility. "H NMR
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(700 MHz, dmso-de): 67.83 (dd, Jp.y = 14 Hz, Jy.py = 7 Hz, 4H, CHaom), 7.67 (dd, Jp.
#= 14 Hz, Jyy = 8 Hz, 4H, CHarom), 7.50 (m, 12H, CHurom), 3.31 (m, 2H, CH,), 2.56
(m, 2H, CHy), 2.37 (m, 2H, CH,), 1.48 (m, 2H, CH,). *C{'H} NMR (175 MHz,
dmso-dg): 6 133.7 (m, 4CHyom), 133.5 (d, Jp.c = 77 Hz, 2Caom); 132.1 (2CHarom),
131.9 (2CHarom), 131.4 (d, Jp.c = 10 Hz, 4CHuom), 129.8 (d, Jr.c = 10 Hz, 2Carom),
129.3 (m, 4CHarom), 129.1 (m, 4CHarom), 30.7 (d, Jp.c = 55 Hz, CHa), 27.5 (d, Jp.c =
37 Hz, CHy), 25.2 (d, Jp.c = 18 Hz, CH,), 23.8 (d, Jp.c = 15 Hz, CH»). *'P{'H} NMR
(162 MHz): 47.45 (P(S)), 25.15 (P). Anal. Calcd. for Cs;HssClLiP4Pd,S,: C 49.58, H
4.23; Found C 49.88, H 4.18 %.

* Relative proton integrals quoted according to proton environment.

Bis(diphenylphosphino)methane disulfide palladium(II) dichloride: Pd(dppmS,)

A solution of PdCl, (0.050 g, 0.28 mmol) in hot
CH3CN (10 mL) was added to a solution of the ligand,
P~ g dppmS; (0.127 g, 0.28 mmol) in CH3;CN (10 mL),
O/ Sl‘.l\ /g\© and the reaction was heated to refluxed for 3 h. The
;d\ solution was filtered and allowed to crystallize. Light
red coloured single crystals were formed. Yield: 0.074
g, 42 %. m.p. 252.5-253.8 °C. The compound has limited solubility in any solvent.
3 'P{'"H} NMR spectroscopy in dmso-d¢ showed peaks due to the free ligand,
indicating dissociation from the complex. 'H and 13C{]H} show complicated patterns
arising from the free ligand and the complex.*'P{'H} NMR (161 MHz, dmso-d): &

37.87. Anal. Calcd. for C34H;,P,PdS;: C 47.98, H 3.54; Found C 47.86, H 3.55 %.

* Relative proton integrals quoted according to proton environment.

Bis-(diphenylphosphino)ethane disulfide palladium(1I) dichloride: Pd(dppeS;)
Pd(dppeS;) was synthesized by the same procedure
as was employed to synthesize Pd(dppmS,), but

PmP using PdCl, (0.050 g, 0.28 mmol) in hot CH;CN (10

Q/ 1 /g\© mL) and dppeS; (0.130 g, 0.28 mmol) in CH;CN

C:I/Pd\‘:I (10 mL). Light red coloured crystals were formed.

Yield: 0.087 g, 48 %. m.p. 269.4 - 271.5 °C. 'H
NMR (500 MHz, dmso-de): § 7.84 (m, 4H, CHarom), 7.54 (m, 6H, CHarom), 2.70 (m,
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2H, CHy). C{'H} NMR (125 MHz, dmso-d): 5132.7 (2CHuom), 131.7 (d, Jr.c = 41
Hz, 2Cuom), 131.5 (4CHarom), 129.6 (4CHarom), 25.8 (vt, Jp.c = 25 Hz, 2C). *'P{'H}
NMR (202 MHz, dmso-de): & 45.77. Anal. Caled. for CasHsClP,PdS,-CH5CN: C
49.39, H 4.60; Found C 49.43, H 4.01 %.

* Relative proton integrals quoted according to proton environment.

Bis(dicyclohexylphosphino)ethane disulfide palladium(II) dichloride; Pd(dcpeS,)
| Pd(dcpeS;) was synthesized by the same procedure
as was employed to synthesize Pd(dppmS,), but
P/_—\P using PdCl; (0.017 g, 0.10 mmol) in CH3CN (5 mL)
O/ Lo \Q and depesS; (0.093 g, 0.19 mmol) in CH;CN (5 mL),
N To collect the product, the solution was filtered and
concentrated and Et;0 was added giving an orange
precipitate. Yield: 0.053 g, 83%. The single-crystal for X-ray diffraction was grown
via slow evaporation of a solution in CH,Cl, : Et;0. m.p. 257.2 - 257.6 °C. 'H NMR
(500 MHz): §2.37 (m, 2H), 2.16 (m, 1H), 2.01 (m, 1H), 1.86 (m, 2H), 1.70 (d, Jy.y =
12 Hz, 1H), 1.53 (m, 2H), 1.28 (m, 4H). “C{'H} NMR (125 MHz): & 38.10 (m,
4CH), 26.78 (dd, Jp.c = 7, 3 Hz, 8CH,), 26.4 (d, Jp.c = 14 Hz, 8CHy), 26.04 (4CH,),
19.0 (m, 2CHpy). *'P{'H} NMR (283 MHz): § 68.16. Anal. Calcd. for

Ca6HasClL,P,PdS,: C 47.03, H 7.29; Found C 46.90, H 7.22 %.

* Relative proton integrals quoted according to proton environment.

Di-bis(diphenylphosphino)ferrocene monosulfide palladium(II) dichloride:
Pd(dppfS),

@Pth/Cl ©_ To dppfS (0.600 g, 1.020 mmol) in
Fe th

CHCl; (10 mL) was added

s~p_© pth—© PACL(PhCN); (0.196 g, 0.510 mmol)
Phz in CHCl; (5 mL) to give yellow
solution which was stirred over night at room temperature. The solvent was
concentrated on a rotary evaporator and then Et;0 was added giving an orange
precipitate. The precipitate was colleted by filtration and washed with Et;O (x3).
Yield: 0.719 g, 72 %. The single-crystal suitable for X-ray diffraction was grown via
slow evaporation of a solution in CHCL:Et,0. m.p. 199.3 - 200.0 °C. 'H NMR (500
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MHz): 57.67 (m, 4H, CHarom), 7.56 (m, 4H, CHarom), 7.51 (m, 2H, CHarom), 7.44 (m,
6H, CHarom), 7.38 (m, 4H, CHaom), 5.03 (d, Juw = 2 Hz, 2H, CH), 4.63 (s, 2H, CH),
4.52 (d, Jw.n = 2 Hz, 2H, CH), 4.38 (s, 2H, CH). *C{'H} NMR (125 MHz): §134.5
(d, Jpc = 86 Hz, 2C), 134.3 (vt, Jp.c.p = 7 Hz, 4CHuom), 131.68 (d, Jrc = 11 Hz,
2CHarom), 131.58 (vt, Jp.c.p = 3 Hz, 4CHyom), 131.2 (vt, Jp.c.p = 25 Hz, 2C), 130.7
(2CHarom), 128.5 (d, Jp.c = 12 Hz, 4CHarom), 128.0 (vt, Jp.c = 5 Hz, 4CHarom), 76.8 (d,
Jpc =96 Hz, C), 76.6 (vt, Jp.c = 5 Hz, 2CH), 75.6 (d, Jp.c = 10 Haz, 2CH), 74.9 (vt, Jp.
¢ =3 Hz, 2CH), 74.5 (d, Jp.c = 12 Hz, 2CH), 73.0 (t, Jp.c =27 Hz, C). *P{'H} NMR
(283 MHz): 640.77 (P(S)), 15.11 (P). Anal. Caled. for CesHscClLFe,P4PdS,: C 60.49,
H 4.18; Found C 60.38, H 4.54 %.

* Relative proton integrals quoted according to proton environment.

Di-(bis(diphenylphosphino)ethane monosulfide) palladium(Il) dichloride:
Pd(dppeS),

Pd(dppeS),; was synthesized by the same procedure as was employed to synthesize
Pd(dppfS);, but using PdCI,(PhCN), (0.220 g, 0.58 mmol) in CH,Cl, (5 mL) and
dppeS (0.500 g 1.16 mmol) in CH,Cl, (10 mL). The single-crystal for X-ray
diffraction was grown via slow evaporation of a solution in CDCl; (crystals deposit in
the NMR tube).Yield: 0.470 g, 78 %. *'P{'"H} NMR spectroscopy indicated the
presence of both cis- and trans-isomer but only the trans- form was obtained as single
crystals suitable for X-ray diffraction. 'H and BC{'H} NMR show a complicated
pattern. >'P{'H} NMR (283 MHz, CD,Cl,) &: 44.49 (vt, Jp.p = 28 Hz, P(S)pans), 44.09
(d, Jp.p = 56 Hz, P(S).is), 28.21 (d, Jp.p= 56 Hz, P;), 18.83 (vt, Jop = 28 Hz, Prans).
Anal. Caled. for Cs;HssCIoP4S,Pd: C 60.15, H 4.66; Found C 59.54, H 4.66.
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Di-(bis(diphenylphosphino)methane monosulfide) palladium(Il) dichloride:
Pd(dppmS),

Pd(dppmS); was synthesized by a similar procedure as was used to synthesize
Pd(dppfS),, but using PACI,(PhCN), (0.092 g, 0.24 mmol) in CHCl; (2 mL) and
dppmS (0.200 g, 0.48 mmol) in CHCl3 (2 mL). Yield: 0.475 g, 98 %. The single-
crystal suitable for X-ray diffraction was grown via slow evaporation of a solution in
CHCI; and by slow evaporation of NMR solution in CD,Cl, which gave two
polymorphs, Pd(dppmS)-CHCl; and Pd(dppmS)-CD,Cl,, respectively. m.p. 198.7-
198.9 °C. *'P{'H} NMR spectroscopy in CD-Cl, showed peaks due to dppmsS,
Pd(dppmS) and cis-, trans- Pd(dppmS),, indicating dissociation from the complex.
The compound has low solubility in CDCl; and CD,Cl,. The '"H NMR spectrum from
a concentrated solution in CD,Cl, shows broad signals. The *C{'H) spectrum was
obtained from the same solution but only the signals of dppmS and Pd(dppmS) were
observed. *'P{'"H} NMR (283 MHz, CD,Cly): & 55.55 (d, Jps.r = 36 Hz), 54.26
(broad), 47.02 (broad), 39.94 (d, Jprs).r = 78 Hz), 35.28 (broad), 33.64 (d, Jpss).p = 36
Hz), 27.55 (broad), -28.42 (d, Jps.p = 78 Hz). Anal. Calcd. .for
CsoHaaCloP4PdSy;-1/6CHCl3: C 58.49, H 4.32; Found C 58.47, H 4.49 % (the crystal
strucutre indicated four molecules of CHCIl; and CDCl, for each polymorphs).

Di-(bis(diphenylphosphino)methane disulfide) palladium(II) di-tetrafluoroborate;

Pd(dppmS;);
A0 Q™
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[PA(CH3CN)4}(BF4)2 (0.099 g, 0.22 mmol) and dppmS, (0.200 g, 0.45 mmol) were
added to 100 mL round bottom flask and CHC; (10 mL) was added. The reaction was
left to stir at room temperature overnight. The solution was concentrated on a rotary
evaporator and then Et;O was added giving an orange precipitate. The precipitate was
collected by filtration and washed with Et,0 (x3). The suitable single-crystal for X-
ray diffraction was grown via slow evaporation of a solution in CH,Cl,:Et,O. Yield:
0.262 g, 96 %. m.p. 257.5-259.2 °C. 'H NMR (500 MHz): § 7.75 (m, 8H, CHarom),
7.62 (W, Ju.y = 7 Hz, 4H, CHasom), 7.46 (m, 8H, CHyom), 4.72 (Vt, Jy.y = 13 Hz, 4H,
CH,). C{'H} NMR (125 MHz): §134.4 (2CHarom), 132.1 (vt, Jp.c = 6 Hz, 4CHaom),
129.9 (vt, Jp.c = 7 Hz, 4CHuom), 126.1 (d, Jp.c = 87 Hz, 2Carom), 33.5 (m, CHa).
*'P'H} NMR (283 MHz): 6 35.74. MS (ES+) m/z: 1001 (M"). Anal. Caled. for
CsoHa4BoFP4PdS4: C 51.02, H 3.77; Found C 50.53, H 3.74 %.

* Relative proton integrals quoted according to proton environment.

Di-bis(diphenylphosphino)ethane disulfide palladium(iI) di-tetrafluoroborate;
Pd(dppeS.);

— 2+
2BF,;

OR0
OG0

Pd(dppeS;); was synthesized by the same procedure as was employed to synthesize
Pd(dppmS;),, but using [Pd(CH3CN)4](BF,), (0.096 g, 0.22 mmol) and dppeS:
(0.200 g, 0.43 mmol). The single-crystal suitable for X-ray diffraction was grown via
slow evaporation of a solution in CHCl;:hexane. Yield: 0.260 g, 98 %. m.p. 179.2 -
179.6 °C. 'H NMR (700 MHz): & 7.64 (m, 6H, CHaom), 7.53 (m, 4H, CHyrom), 3.55
(m, 2H, CH,). ®C{'H} NMR (175 MHz): 6 134.2 (2CHaom), 132.0 (d, Jp.c = 11 Hz,
4CHarom), 129.9 (d, Jp.c = 13 Hz, 4CHarom), 126.4 (d, Jp.c = 83 Hz, 2Carom), 23.0 (d, Jp.
c = 57 Hz, CHy). 'P{'H} NMR (283 MHz): & 46.43. Anal. Calcd. for
Cs2HagByFgP4PdS,: C 51.83, H 4.01; Found C 50.96, H 3.99 %.

* Relative proton integrals quoted according to proton environment.
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Di-(bis(diphenylphosphino)ferrocene sulfide) palladium(II) di-hexafluoroborate;
Pd(dppfS:),

Fe

Bd
@—P=S/ \s=P—©
Ph,

Ph,

Pd(dppfS;); was synthesized by the same procedure as was employed to synthesize
Pd(dppmS:),, but using [Pd(CH3CN)4](BF4); (0.144 g, 0.32 mmol) and dppfS,
(0.400 g, 0.65 mmol). Yield: 0.421 g, 97%. The single-crystal suitable for X-ray
diffraction was grown via slow evaporation of a solution in CH,Cls. m.p. 289.5-290.3
°C. 'H NMR (700 MHz, CD,Cl,): §7.70 (m, 2H, CHarom), 7.53 (m, 4H, CHeom), 7.46
(m, 4H, CHarom), 5.02 (s, 2H, CH), 4.67 (s, 2H, CH). >*C{'H} NMR (175 MHz,
CD>Cly): 6§134.1 (d, Jp.c = 3 Hz, 2CHarom), 132.6 (d, Jp.c = 11 Hz, 4CHarom), 129.5 (d,
Jr.c = 12 Hz, 4CHarom), 127.3 (d, Jp.c = 88 Hz, 2Cayrom), 77.1 (d, Jp.c = 13 Hz, 2CH),
75.4 (d, Jp.c = 11 Hz, 2CH), 71.8 (d, Jp.c = 93 Hz, 2C). *'P{'"H} NMR (283 MHz,
CD,Cly): 643.61. Anal. Calcd. for CesHs¢BoFsFe,P4PdS,: C 53.84, H 3.72; Found C
53.78, H3.70 %.

* Relative proton integrals quoted according to proton environment.

Catalytic activit‘y in homo-coupling of phenylacetylene

Cul (0.0370 g, 0.019 mmol) and Pd(dppeS) (0.0060 g, 9.8 zmol) was
transferred to a Schlenk tube with a magnetic stirrer bar and then solvent (5 mL, 1:1
NEt;:CH,Cl,) was added. To this phenylacetylene (0.1000 g, 0.97 mmol) was added.
A balloon filled with oxygen was carefully attached to the side arm of the Schlenk
tube. The reaction was left to stir and its progress was monitored by GC-MS. When
the reaction was complete, the solvent was removed in vacuo and the reidue was
washed with hexane through a silica pad to obtain the colourless diphenyl butadiyne
product. The same conditions as mentioned above were employed using different
palladium complexes as catalysts (1 mol %, 9.8 umol): Pd(dppeSz) (0.0063 g),
Pd(dppeS;): (0.0118 g), Pd(dppmS) (0.0058 g), Pd(dppmS;) (0.006]1 g),
Pd(dppmS;), (0.0115 g), Pd(dppfS) (0.0075 g), Pd(dcpeS,;) (0.0065 g), PdCl,
(0.0017 g) and PdCl,(PPhs), (0.0069 g). |
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