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A thesis submitted for the degree of Doctor of Philosophy in the Department of
Chemistry, University of Durham, 1991.

ABSTRACT

The reactions of cyanide ions with some benzene derivatives activated with
electron-withdrawing groups have been studied in methanol, and in DMSO, and in
mixtures of these solvents. The studies have involved spectroscopic measurements of
reactants, intermediates and products together with kinetic measurements and the isolation
of reaction products. The techniques used include uv/visible spectrophotometry, proton
N.M.R. spectroscopy, e.s.I. spectroscopy, polarography and H.P.L.C.

There is evidence from the reaction of 1,3,5-trinitrobenzene with excess cyanide in
methanol that methanolysis of the cyanide ion produces a significant concentration of
methoxide ions, which may also attack the substrate. A methanolysis constant of
approximately 4x10-4moldm-3 has been calculated, which leads to a value of 13.52 for the
pK., of hydrogen cyanide in methanol.

The reaction of a slight excess of potassium cyanide with meta-dinitrobenzene in
methanol has been previously reported to yield 2-methoxy-6-nitrobenzonitrile. The
author has confirmed that this is the major product, although isomeric methoxy-
nitrobenzonitriles are also produced in small quantities. The reactions of the possible
intermediates, 2,4- and 2,6-dinitrobenzonitrile, with methoxide in methanol have been
studied. There is evidence for initial partitioning of the parent between reversible
production of solvate, via attack of the methoxide at the cyano group, and irreversible
substitution of a nitro group by methoxide. In a second slower stage the solvate is
converted, vig parent, to substitution products. With the same reagents in DMSO there is
evidence for the reversible formation of sigma-adducts by attack at unsubstituted ring
positions, followed by the irreversible substitution of nitro groups.

There is evidence for common intermediates and products in the reactions of meta-
dinitrobenzene, 2,4-dinitrobenzonitrile and 1-fluoro-2,4-dinitrobenzene with cyanide in
media rich in DMSO. Under such conditions meta-dinitrobenzene and 1-fluoro-2,4-
dinitrobenzene undergo reaction to produce 2,4-dinitrobenzonitrile, which then reacts
further with excess cyanide to produce two isomeric nitro-dicyanophenols. The natures
of these reactions, which involve substitution of a ring hydrogen by a cyano group, are
discussed.

With a large excess of cyanide in media rich in DMSO 1-chloro-, 1-bromo- and
1-iodo-2,4-dinitrobenzene yield a product with a uv/vis spectrum similar to 2,4-dinitro-
phenoxide. With small excesses of cyanide there is NMR evidence for the production of
5-cyano-2,4-dinitrophenol. Tentative suggestions are made for the possible mechanisms
for the production of these species, and comparisons drawn with the reactions of
1-fluoro-2,4-dinitrobenzene under similar conditions.

A common feature of these reactions is the unusual ability of the cyanide ion to
replace a ring hydrogen atom. It is suggested that initial attack of cyanide at
unsubstituted ring positions yields anionic adducts which may transfer an electron to yield
radicals. The presence of the electron-withdrawing cyano group makes these radicals
sufficiently acidic to lose a proton, yielding aromatic radical anions containing cyano
substituents. The latter species give rise to the observed products. Evidence is
presented for the observation of dicyano-dinitrobenzene radical anions.
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CHAPTER 1
TROD
1.1 GENERAL MEISENHEIMER COMPLEX CHEMISTRY.

Anionic sigma-complexes may form as stable or transient species from covalent
addition of nucleophiles to a substituted or unsubstituted ring carbon atom of electron-
deficient aromatic and heteroaromatic substrates.””> Jackson's > proposed structure (1.1)
for the red coloured species resulting from the reaction of picryl ethers with potassium
alkoxides was confirmed by the experimental evidence of Meisenheimer.* More recent
studies using nuclear magnetic resonance (NMR) and crystallography 5 show that the
structure is better represented by (1.2), indicating delocalisation of the negative charge.

RO.__OR! RO _OR'
NO, NO, NO, NO,

NO, K* NO,
(1.1) 12)

The possible different types of activated aromatic substrates and nucleophiles

are many and varied, and reviewed well in the literature.l‘z’s'7 In the section below
(section.1.1.1) brief examples are given which illustrate the range of this field of

chemistry.

1.1.1 Scope

There is considerable NMR ¥° and spectroscopic 19 evidence that in both
methanol and dimethylsulphoxide (DMSO) 1,3,5-trinitrobenzene (TNB) and methoxide
ions readily form the 1:1 sigma-complex (1.3) (eqn.1.1.1).

H_ _OMe
NO, NO, NO, NO,
\Q’ + MG _ Eqn.l.1.1
NO, NO,
TNB (1.3)

This is the typical activated aromatic-base interaction yielding a sigma-complex. There
is stopped-flow evidence ™ that in methanol-water systems it is possible for TNB and
methoxide to form the 1:2 sigma-complex (1.4) from the 1:1 complex (1.3) (eqn.1.1.2).

-




Indeed, with thiolate ions TNB is able to form the 1:1, 1:2 and 1:3 complexes 12 (1.5-7).
There is evidence that di-anions and tri-anions are better solvated by water than by

dipolar aprotic solvents.

H_ _OMe MeO._ _H
NO, NO, NO, NO,-
+ MeO —— H Eqn.1.1.2
OMe
NO, NO,
1.3) (1.4)

H SEt EtS H H SEt

NO, NO, NO, NO,- ‘NO, NO,-
H H H
SEt EsS I SEt
NO, NO, NO,-

(1.5) (1.6) (1.n

In DMSO-methanol mixtures both the C-1 (1.8) and C-3 (1.9) dimethoxy sigma-
adducts from 2,4,6-trinitroanisole and methoxide are observable by NMR.2 In
methanol only (1.9) is so short lived that a stopped-flow temperature-jump method 13
has to be used to observe it. With high concentrations of nucleophile in DMSO the 1:2
sigma-complex (1.10) is observable using NMR.!*

OMe

MeO_ _OM MeO_ O
NO, NO, NO, NO, NO, Mo,
H H
OMe OMe
NO, NO; NO,

(1.8) 1.9 (1.10)

Methoxide addition to substituted 4-X-2,6-dinitroanisoles (X = NO,, SO,CF;, CN,
SO,Me, CHO, CO,Me.) in methanol-DMSO mixtures has been the subject of many
investigations.1 In all cases addition to the unsubstituted C-3 to give the 1,3-dimethoxy
sigma-complexes is kinetically favoured, but rearrangement occurs to give the 1,1-
dimethoxy complexes. The reasons for this are discussed in section 1.2.1 below.

Due to the nonequivalence of the 3- and 5- positions, 2-X-4,6-dinitroanisoles
may react with methoxide to give complexes (1.11), (1.12) and (1.13) (Scheme 1.1)
which are designated 1,5, 1,3 and 1,1 complexes respectively. Under conditions where
they can be observed, (1.11) and (1.12) which both result from methoxide addition to an
unsubstituted carbon, are formed under kinetic control. In all cases, these undergo

complete conversion into the thermodynamically more stable 1,1 complex (1.13).

o



NMR measurements have confirmed the structure of the transient complexes (1.11) and
(1.12) when X = CN and CF;.">

Scheme 1.1 OMe
NO, X
H (1.11)
MeO
NO,
OMe / OMe
NO, X NO, X
* MeO ——— H (1.12)
OMe
NO, \\\\ NO,
MeO_ _OM
NO,j o X
X = SOCF;, CN, CF3, CO,Me, C1, F. (1.13)
NO,

1-Methoxy-2,4-dinitronaphthalene reacts with dilute methoxide solutions in
methanol to give directly the 1,1 complex (1.14).1 Equilibria measurements show that
the 1,1-dimethoxy-2,4-dinitronaphthalene is 5x10° times more stable than that from 2,4-
dinitroanisole, but 75 times less stable than that from 2,4,6-tn'nitroanisole.16

MeO_ _ OMe H_ _OM
NO, NO, NO, NO, NO,
OO \(G\,FH )
N
OR N

(1.14) (1.15) (1.16)

In agreement with the well known activating effect of the aza group in
nucleophilic heteroaromatic substitution reactions, activated pyridines and pyrimidines
easily form stable hydroxy and alkoxy sigma—complexccs.1 Hydroxide and methoxide
ions react with 3,5-dinitropyridine in water or methanol to form the yellow addition
complex (1.15).17’18 In methanol-DMSO mixtures rich in DMSO it is possible using
stopped-flow spectrophotometry to observe the rapid formation and decay of the 1,4
complex (1.16). In DMSQ, it is possible to observe (1.16) by NMR measurements.’

It is possible to form sulphur-bonded sigma-complexes using sulfite,
thiophenoxide or thiolate nuclcophiles.1 Examples of the latter have been given above.

Addition of primary or secondary amines to TNB initially yields a zwitterion
(1.17) which then loses an alkylammonium proton to give the anionic sigma-complex

3



(1.18) (eqn.1. 1.3).1 Similar work has been carried out on 2,4-dinitrobenzene derivatives

to elucidate the mechanism of base catalysis in SNAr reactions.

N" R NRR'
2 NOZ
TNB + RR'NH — Eqn.1.1.3
(1.17) (1.18)

Activated aromatics and heteroaromatics react with the enolate carbanions from
ketones, aldehydes, keto-esters, esters or amides 'to form complexes of general
structure (1.19), also called Janovsky complexes. When methoxide is added to a
solution of TNB in acetone, the NMR spectrum of the solution shows resonances for
both acetonate (1.20) and methoxy complexes (1.3). The former increases with time at
the expense of the latter.>® When complexes have a potential nucleophilic site ¥ to the
sp3 ring carbon (1.21), intramolecular cyclisation may occur to give the bicyclic

~ analogues (1.22).”

R'OCRHC H MeQCCH, H
NO

) NO, NO, NO,
NO, NO,
(1.19) (1.20)
RH,C 0 NO, M
H
NO, NO, NO, 0
————
R ——
R
NO, NO,

(1.21) (1.22)

1.1.2 The Mechanism of Sigma-Complex Formation.

Molecular orbital (MO) calculations predict that in the methoxy sigma-complex
of 2,4,6-trinitroanisole (1.8) the C-1 is truly sp3 hybridised,5 and the C-1 - oxygen bonds
are equivalent and have no w -character. MO calculations have been able to predict the

number of absorption bands in the visible region for adducts from mono-, di- and tri-
nitro substrates.”>!"> HMO treatments have been attempted for sigma-complexes,z.3

but have been contradicted by more recent and sophisticated methods.”** Both the

4



method of composite molecules 24 and Pariser-Parr-Pople type self consistent field
calculations % predict a significant increase in negative charge both on the nitro groups
and on the ring carbons during adduct formation.

Figure 1.1

Valence structures of the cyclohexadienyl anion

Q0—-0-0

Ab initio calculations with the minimal STO-3G basis set 2 have confirmed that
the cyclohexadienyl ion may be represented by the valence structures shown in fig.1.1.
The n-electron population is greatest at the para-position (fig.1.2).

Figure 1.2

n—Electron populations of the cyclohexadienyl anion.
0.944
1.294

0.964
1.436

The relative stabilisation energies of various substituents on the cyclohexadienyl
anion, regardless of position are NO, > CN > COOH > F > OH > NH,. The &-
acceptors (NO,, CN) stabilise better at the para-position than at the ortho-position, than
at the ipso-position. The n-donors (F, OR, NH,) stabilise better at the ipso- and meta-
positions, and actually destabilise at the para-position.26 A recent review 2’ describes
attempts of MO calculations on neutral un-, mono- and disubstituted benzenes.

Steric effects are usually only significant in the attack of nucleophiles at
substituted carbons; but when using particularly bulky nucleophiles, such as tert-
butoxide, attack at an unsubstituted carbon between two nitro groups is sterically
hindered.!® The reactions of the picryl ethers with alkoxide nucleophiles (eqn.1.1.4)
can be explained by steric effects and n-donation by the ipso substituent. This is also

discussed in section 1.2.1.

fn



OR
RO___OR

NO, NO, NO, NO,

; Eqn.1.1.4

NO, NO,

R =Me, Et, Pr, etc. '
Because in the neutral substrate both the nitro groups and the alkoxy group wish to be in
the plane of the ring there is considerable strain, resulting in the nitro groups being
forced out of that plane.28 Formation of a 1,1-adduct produces tetrahedral geometry at
the C-1, relieving the strain. Due to the release of this tension, and the greater
stabilising influence of a double-alkoxy substitution over a mono-alkoxy substitution
(section 1.2.1),26 these adducts are more stable than the corresponding products from
TNB and alkoxides.>? Also, formation of the 1,3-adduct, although much faster than
1,1-adduct formation because of less steric hindrancce,z'30 yields a complex less thermo-
dynamically stable. ‘

From the work of the previous decades it is well substantiated that the stabilities
of the sigma-complexes mirror the degree to which the ring is activated by electron-
withdrawing groups.l’z’s’31 Replacing a nitro group in the ortho or para position to the
sp3 carbon with a group of less electronegativity reduces the stability of the sigma-
complex. However, the position para to the sp3 carbon is the more important.32 The
exception to this rule is the replacement of a nitro group by hydrogen.33 This is
demonstrated by the greater stability of the 1,1-methoxy adduct of 2,6-dinitroanisole
(1.23) compared with that of 2,4-dinitroanisole (1.24).

MeO__ _,OMe MeO__ _OMe

NOZ\@NOZ NO,

NO,

(1.23) 1.24)

This is because 2,4-dinitroanisole is less sterically crowded at the site of attack and so
there is less strain to release. Here, steric effects take precedence over substituent
electronegativity effects. As expected, replacement of a nitro group by a trifluoro-
methylsulphonyl group, the strongest known neutral electron-withdrawing group,
enhances the stability of a sigma—complex.1 Attempts to quantify substituent effects in
terms of free energy values have been made,l’s‘34 and these results confirm the

experimental observations described above.

1N



H__N
NO, NO, NO, "o,
© + Nud [ERESSI = Eqn.1.1.5

NO, NO,

The adduct forming reactions of TNB are the most commonly used to study the
effects of varying the nucleophile because of the lack of steric effects and the wealth of

12531 Tpe general equation for the formation of a 1:1

data that has been collected.
complex (eqn.1.1.5) indicates that the stability of the complex will be affected by the
affinity of the nucleophile for the carbon at the electrophilic site, often called the carbon
basicity. The carbon basicity may well be very different to the Bronsted basicity, the
affinity for a proton. This is exemplified by the series of oxygen nucleophiles:
hydroxide, methoxide and ethoxide.® In this case the relative stabilities of the adducts
in eqn.1.1.5 are ethoxide > methoxide > hydroxide. The relative Bronsted basicities of
hydroxide, methoxide and ethoxide in water are 1:0.62:1.80.%> This result is in
accordance with the general pattern found in other nucleophilic reactions and is
attributed to the greater solvation of the hydroxide ion compared to the alkoxide ions.2
Similarly, we can compare the nucleophiles methoxide and thioethoxide;36 for
methoxide (pKyeoyg = 16.7) the equilibrium constant for eqn.1.1.5 is 15dm3mol'1, for
the thioethoxide (pKg,sy = 15) the equilibrium constant is 3 500 dm’mol. The
methoxide has the higher Bronsted basicity, but the carbon basicity is in the reverse
order. The irrelevance of Bronsted basicities as a measure of nucleophilic strength in
eqn.1.1.5 is also demonstrated by the cyanide ion. In ethanol, where ethoxide is
approximately 10% times more basic than cyanide, the TNB-cyanide complex is slightly

more stable than the TNB-ethoxide adduct.**>7®

Some common possible electron-deficient aromatic/base interactions are shown
in scheme 1.2.

The competition between complex formation and proton extraction when the
aromatic has an exocyclic ionisable group can be seen by comparing the reactions of
picramide (2,4,6-trinitroaniline) (1.25, R = R' = H) (scheme 1.3) and 2,4,6-trinitro-
toluene (1.28) (scheme 1.4).2 In scheme 1.3 both products are present at equilibrium,
but production of the conjugate base (1.26) is very fast,39 with adduct (1.27) formation

much slower. If neither R or R' are hydrogen then only the slow adduct formation

40
occurs.

In scheme 1.4 the complex (1.30) forms prior to the anion (1.29), which is the
thermodynamically more stable product.41
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Scheme 1.2 2

R\C’R CHR?
L L
N ADDUCT
?ggL%FER \\\\\ ///// FORMATION
CHR? CHR?
B: + [{ _— ‘ + B
oL, tei
ELECTRON
TRANSFER
CHR? CHR?2
B + L
g8: L B
CHARGE TRANSFER SnAr DISPLACEMENT
Scheme 1.3
RI;I:
N02 N02
@ (1.26)
_RW 7 T,
NOZ N02
+ R'O
NO, \\\\ RNR'
N02 N02
(1.29) - H (1.27)
OR"
NO,

As shown in scheme 1.2 benzylic hydrogen transfer and electron transfer are
feasible under the conditions usually employed for sigma-complex formation.
Competition between the three processes in a given system will depend on factors such
as the relative rates and the stabilities of the species generated. In the nitrotoluene
series, the stabilities of the sigma-complexes increase para-nitrotoluene < meta-

oo



Scheme 1.4

ci
NO, NO,
@ (1.29)
CH, /
NO, NO, NO,
+ R'O
I CH,
2 \\\\ No, xO,
(1.28) H (130)
OR"
NO,

dinitrotoluene < 2,4,6-trinitrotoluene, and the carbanion stabilities increase in the same
order.? Tt is also reasonable to assume that the stabilities of the respective radical
anions follow the same order. However, complex formation is rare with para-
nitrotoluene and yet facile with 2,4,6-trinitrotoluene. Both electron and benzylic
hydrogen transfer are common with para-nitrotoluene, but unusual with 2,4,6-
trinitrotoluene. meta-Dinitrotoluene is intermediate in most cases.

para-Nitrotoluene reacts with bases 45 for which the pKa value of the
corresponding conjugate acids are greater than that for para-nitrotoluene, eg. potassium
hydride and potassium fluoride, to form 4,4'-dinitrostilbene (DNS) or 4,4'-
dinitrobibenzyl (DNBB) as the final products (scheme 1.5). 2,4,6-Trinitrotoluene
exhibits isotopic exchange of methyl protons under basic conditions, (eg. 2,4,6-
trinitrotoluene (0.5M) and sodium deuterio-oxide (0.1M) in 90% DMEF / 10% D,0).*®
In methoxide/methanol/DMSO media 2,4,6-trinitrotoluene exhibits radical anions

through electron-spin resonance spectroscopy.47

The conditions under which meta-dinitrobenzene (13DNB) and TNB exhibit
nuclear hydrogen abstraction have been reviewed.2 We are interested in whether
abstaction of an aromatic proton is a preliminary step to sigma-complex formation and
subsequent nucleophilic aromatic substitution; or an initial side equilibrium. Buncel
and Symons “8 have demonstrated that proton exchange and complex formation are in
competition in TNB-base systems. The two processes were shown to have a different
solvent dependence. Sigma-complexes do not exchange their protons. Other studies
49-51 have shown that the same is true for I3DNB systems.

(o)



Scheme 1.5 2%

PNCH; + B ——  PNCH, + BH' Benzylic hydrogen transfer

PNCH, + PNCH; —» PNCH; " + PNCH,"  Electron wansfer

PNC
PNCH," + PNCH,’ — DNBEB" —E DNBB + PNCH;~

2H* ,. PNCHs ) )
DNBB + 2B —3  DNS“ ——3= DNS '+ PNCHy

CH: o N—@—CH —CH —@—NO
2 2 2 2
DNBB
NO
2 OZN—Q—CH=CH —@—N02
PNCH, NS

It has been reported that this isotopic exchange occurs through free TNB via the

52-54

aryl carbanion as a steady-state intermediate. However, recent workers have

suggested that aromatic hydrogen exchange is via a charge transfer complex (1.32)
which is an intermediate along the pathway to the sigma-complex (scheme 1.6).

Scheme 1.6

X
(NOZ)n4© B Sne— (Noz)n OH ——— (Noz)n OH

7 — complex (1.32)

HO X
: (NOz%‘@ — Phenolic Products

There is agreement that the actual exchange is still in competition with complex
formation. Similar pathways are supported by recent MNDO studies 3 for para-
chloronitrobenzene and halide nucleophiles.

1.1.3 Single Electron Transfers in Nucleophilic Aromatic Substitution




The ability of aromatic compounds carrying electron-withdrawing groups to act

as electron acceptors in basic solutions is well established,‘()é'58 and radical anions are

accepted to be intermediates in Sgrn1 substitutions > and in reductions of such
60 . . . o

compounds.~ However, as the number of electron-withdrawing groups in the ring is

increased, the formation of anionic sigma-adducts becomes increasingly favoured at

equilibrium relative to the formation of anion radicals, >

ortho- And para-dinitrobenzene form the respective phenols and anisoles from
reaction with hydroxide or methoxide in water or methanol rc:spe:ctively.61 The
reaction of meta-dinitrobenzene is complicated by the formation of 3,3'-dinitro-
azoxybenzene (1.33).61‘62 The formation of (1.33) in methanol is via the radical anion
of meta-dinitrobenzene, the only radical anion observed by e.s.r. in the system. The
radical then forms a nitroso-like intermediate to yield the observed product.

NO,
?_
Q N=N
NO{

(1.33)

3,64 : . .
present uv/vis spectroscopic and e.s.r. evidence for the

More recent studies ®
formation of ortho- and para-dinitrobenzene anion radicals in the reaction of the
respective neutral parent with hydroxide ions in aqueous DMSO. It has been
postulated that there is an initial electron transfer from the nucleophile to the substrate,
(scheme 1.7) creating the anion radical (1.34); this is followed by formation of a radical
dianion (1.35), then the formation of the phenoxide product (1.36).

The anion radical of para-dinitrobenzene (1.34) is the main product when para-
dinitrobenzene reacts with cyanide ion in dry DMF,65 if water is present para-
nitrophenoxide (1.36) is produced. para-Nitrophenylhydroxylamine (1.37) is formed
in a secondary reaction from the radical anion (1.34). There is polarographic evidence
% that (1.34), generated electrochemically, is stable in dry and degassed DMF. In
solvent containing any oxygen or water, para-nitrophenol and (1.37) are produced.
The rate law for the formation of the radical anion (1.34) is first order with respect to
both substrate and cyanide. Direct reduction by cyanide, however, is unfeasible.
Eberson demonstrated © that hydroxide is not likely to reduce para-dinitrobenzene
directly. Taking this into account the fact that cyanide has a more positive normal
potential than does hydroxide (eg. 1.9V and 2.59V in water 68 and 0.8V and 1.1V in

acetonitrile *’ for hydroxide and cyanide respectively), reduction by cyanide is even less

likely.



acetonitrile &’ for hydroxide and cyanide respectively), reduction by cyanide is even less
likely.

Scheme 1.7
NO, NO, - - OH -
. : - HO._ _NO, | - . ‘
OH OH -NG,
D —— e —— e
aq. DMSO
NO, NO, NO, NO,
(1.34) (1.35)
OH o NHOH
—_— —_—
fast
NO, NO, NO,
(1.36) (1.37)

A scheme is proposed 85 for the formation of (1.34) from cyanide and para-dinitro-
benzene in dry DMF (scheme 1.8). It is proposed that there is initial formation of a
sigma-complex (1.35). This subsequently loses a cyanide radical which combines with
a second cyanide ion to form the cyanogen radical anion. Kinetic data indicate that k,
>> ki, so it is not expected that the steady-state concentration of the sigma-complex will

be sufficient for spectroscopic detection.

Scheme 1.8

NO, NO,

NC_ _NO, :
ky ky
+ CON° —/—= —_— + [CN~]
k.
NO, NO, ¢CN'

(CN)y

NO,

It has been suggested from NMR and uv/vis spectroscopic evidence 52-54,69.70

that & - complexes and charge-transfer complexes are precursors to sigma-complexes
between 1-X-2,4,6-trinitrobenzenes (X = H, Cl, SO~ ) and hydroxide ions in aqueous
DMSO. It is proposed >4 that the reaction involves an interaction between nucleophile
and substrate to form a # — complex (scheme 1.6). This is followed by a single

electron transfer from the nucleophile to the substrate to form a charge-transfer complex
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(1.32). Interaction of the two partners in the charge-transfer complex leads to the new
bond in a 1,1- or 1,3-sigma-complex.

However, there is by no means universal agreement that one electron transfers
are precursors to sigma-complex formation in the interactions of nucleophiles with
activated aromatic compounds. Recent kinetic evidence " has confirmed that, as has
been thought for many years,2 the reaction of hydroxide ions with tri- and dinitro
compounds to form hydoxy adducts occurs without the observation of
spectrophotometrically detectable intermediates. A MNDO study 2 of nucleophilic
aromatic substitution has indicated that the formation of a charge-transfer complex by a
nucleophile and substrate is an unproducﬁve side-reaction, and does not lead to sigma-
complex formation. Such calculations have been confirmed by experiment with the
addition of cyanide to 1-substituted nicotinamide cations & (1.38) (eqn.1.1.6) in
acetonitrile. The observed rapid formation of a charge-transfer complex is not a
promotive step in the process of adduct formation, but rather contributes to initial-state
stabilisation of the nicotinamide cation, and is therefore counter-productive to adduct

formation.
' H. CN
N CONH, CONH,
- —— n.1.1.6
| + CN — | 1 Eq
o )
CH,C¢H,X CH,C¢H,X

(1.38, X = OMe, Me, H, F, CN)

A kinetic study 7 has ruled out the possibility of a charge-transfer mechanism in
the nucleophilic aromatic substitution reactions between substituted fluorenide
carbanions (1.39) and para-substituted nitrobenzenes (1.40) in DMSO (eqn.1.1.7).

(1.39) . (1.40)

R =Me, Ar, ArS X=FCLBr, I, PhO

The observation of good second order kinetics is inconsistent with an electron transfer
chain mechanism; but this does not preclude production of a sigma-complex by a non-

chain single electron transfer (eqn.1.1.8).



(1.40)

+ Nuc

———

Nuc’

NO,-

NO,-



1.2 CYANIDE SIGMA-ADDUCTS.

In reactions with alkyl and acyl halides,7 and olefins ° the cyanide ion behaves as
a typical nucleophilic reagent. Similarly the reactions of aromatic halides with cuprous
cyanide (discussed in section 1.3.2) generally produce the expected nitriles. However,
the cyanide ion in alcoholic media readily forms sigma-complexes with suitably
activated aromatic compounds, but hardly ever effects straightforward substitution.®

1.2.1 - With Trinitro-substrates.

The 1:1 TNB-cyanide sigma-complex (1.41) can be observed by uv/vis spectro-
photometry by mixing cyanide and TNB in many non-aqueous solvents (eqn.1.2.1) such
as acetone,76 chloroform,76 alcohols 7’ and DMSO.”® The absorption spectrum of the
complex in acetone at 25.3°C is typified by maxima at 437 and 555nm, with a ratio of
optical densities at these two wavelengths of 1.75. Typical kinetic and thermodynamic
parameters are given in table 1.1.' Over some minutes in systems with excess cyanide,
or those open to the air at room temperature, the red colour fades to give a yellow-
brown solution . The cyanide stretch in the complex (1.41) is at 2350cm’}, while in the
decayed yellow-brown solution it is at 2200cm™’. These absorbances should be
compared with that for the free cyanide ion of 2080cm™.7¢ Cooling to -40°C prevents

the decay of the complex.

H CN
+ CON —_— Eqn.1.2.1
k4
NO, NO,
TNB (1.41)

With lower alcohols (methanol or ethanol) as solvents cyanide-complex formation
is complicated by the alcoholysis of the cyanide ion which yields the corresponding
alkoxide ion and consequently the 1:1 TNB-alkoxide sigma complex (e.g. 1.3).37 The
effects of alcoholysis are discussed in chapter 3. In higher alcohols (iso-propanol and
tert-butanol) little alcoholysis is observed.

Values of rate constams,37 k;, and equilibrium constant,77 for the formation of
(1.41) decrease as the solvent is changed from tert-butanol to iso-propanol to n-
propanol, to ethanol, to methanol. This has been explained by considering solvent
effects. In the systems studied, using tetraphenylarsonium cyanide, the concentration
of cyanide does not exceed 0.002M; hence ion pair formation between the bulky tetra-
phenylarsonium ion and the cyanide ion will be small in the alcohols above. The
equilibrium measurements are therefore considered to apply to the reaction of free
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Table 1.1
Kinetic and Thermodynamic Parameters for Formation and Decomposition

cn . - \ |
ol Cyanide Sigma-Complexes at 25°C

activation and thermodynamic

k¢, L mol™! parameters;€ conditions and
solvent st kg, s ! K, L mol™ comments4

CHCI, 225 6.7X10°*¢ 3.356%10° isnc

CH,COCH, 1.44 x 103 isnc

MeOH 39 isnc; AH'=0;,48" = 30

EtOH 1265 isnc; aAH' = -32.6;, A8° = --36;cd
142 0.042 1.06 x 10* isne

PrOH 1470 isne; aAH° = -29.7, A8 = -42
932 <0.01 >9 X 104 isnc

i-PrOH 2450 0.245¢ 10° isnc; aH° = -29.7,48 = -23; cd
2450 0.048 5.1 x 10° isnc; AHg% = 49; a8 = - 5;

Al“ld ¥ 78.7; ASdF =11.7;

AH° = -29.7, 48" = --16.7
BuOH ) 2020 isnc; AH” = 32.6; A8 = 44;c¢d
t-BuOH 5x10°* isnc; AH’ = -65; 48" =-105;¢d
1.06 x 10* 2.5 4.24 x 10* isnc
199a OMe i-PrOH 344 0.031¢ 1.12 x 10* isnc; AH" = 38.9; a8 = -17.6;
allyt = 42.2, 8845« 113.6;
All” - 3.3;48" = 66
199b Me -PrOH 32.6 0.002 2.01 X 10° isnc; aMgh = 49.3; 48, = --39.3;

aHy* = 69.8; 484 = -53.5;
AH"=-205,458 =14.2

# Cit, 201a CN MeOH-Me,SO 721 1,28 X107 1.68 Xx10°® isnc
o 2 28:72
201b COOMe MeOH-Me,SO 142.5 7.2x10°° 1.98 x 10* isnc
28:72
r'e
OZNY\ t02 2022 CN MeOH-Me, SO 259 54 x10* 4.8 X10°* isne
- H 2872
C 202b COOMe MeOH-Me,SO 57.5 1.5x10°* 1.28 x 10° isnc¢
P 28:72

it 203 i-PrOH 274 20.01 >2.74 X 10* isnc; aH* = 36.8; a8;" = -75.7

¢ Enthalpies in kJ mol-!, entropies J mol-! K-1. d Abbreviations: isnc = ionic strength not calculated,

cd = calorimetric determination.



cyanide ion and TNB. The solvation of reactants and products may vary considerably
between solvents. The cyanide ion is small with relatively localised negative charge
and is strongly solvated by polar solvents such as methanol and ethanol 78 The charge
on the sigma-complex is dispersed and hydrogen bonding between the complex and
polar protic solvents is fairly weak. Thus, formation of the sigma-complex requires
desolvation of the cyanide ion and this is likely to be a major factor in determining
enthalpy and entropy change for reaction in methanol.

tert-Butanol solvates the cyanide ion only to a limited extent and solvation effects
are of minor importance. An equilibrium constant of 5x10° dm’mol ™! is observed in
tert-butanol; there is a large negative enthalpy change and the effect of the enthalpy
term on the equilibrium constant is only partially compensated for by the large entropy
decrease. Hence terr-butanol typifies a weakly interacting solvent, and values of AH
and AS are comparable to those in chloroform and acetone.’®

The hydroxy groups of the lower alcoholic solvents are considerably less shielded
by methyl groups and solvation by these alcohols has a considerable effect on the
equilibrium constant. The equilibrium constant in methanol at 25°C is some 10 000
times smaller than in fert-butanol. In methanol the enthalpy change is approximately
zero, and the desolvation of the small cyanide ion leads to a small positive entropy
change. The equilibrium constants at 25°C in other alcohols are all in the range of 1-
2x10* dm’mol . They show intermediate behaviour between the extremes of methanol
and rerr-butanol. Desolvation of the cyanide ion is likely to be the main factor causing
a decrease in equilibrium constant from that in zers-butanol, but the effect is smaller
than in methanol.

Cyanide ion is also known to react with a number of related 1-X-2,4,6-
trinitrobenzenes (X = Me, OMe and CHO) in acetone, chloroform and alcohols.® In d-
chloroform proton NMR shows that for X = CHO, addition of cyanide ion occurs
exclusively at the C-1 position to yield (1.42) " while with 2,4,6-trinitrotoluene

addition occurs exclusively at the C-3 position (1.43).

NC CHO Me OMe
NO, NO, NO, NO, NO, NO,
H H
CN CN
NO, . NO, NO,
(1.42) (143) (1.44)

With 2,4,6-trinitroanisole in d-chloroform addition occurs at both C-1 and C-3
positions, however the C-3 complex (1.44) is the thermodynamically more stable.®?
When 2,4,6-trinitroanisole reacts with methoxide ions in methanol there is NMR
evidence 49,50 that both C-1 and C-3 adducts are formed, however in this case the C-1

complex (1.8) is the more thermodynamically stable. With cyanide ion in iso-propanol
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only the C-3 adduct is formed with 2,4,6,-trinitroanisole. The equilibrium constants for
1:1 sigma-complex formation with cyanide ion at 25°C in iso-propanol increase in the
order 2,4,6-trinitroanisole < 2,4,6-trinitrotoluene < TNB, however the difference is
small (11 200 dm’mol™ and 51 000 dm’mol™ for 2,4,6-trinitroanisole and TNB
respectively).38

The reason why the 1,1-dimethoxy complex of 2,4,6-trinitroanisole (1.8) is more
stable than the 1,3 isomer (1.9) (section 1.1.2) is that multiple alkoxy substitution has a
large stabilising effect on sp3 carbon relative to a non- or little-substituted sp3 carbon as
well as relative to an equally substituted sp2 carbon.®! Obviously this effect does not
apply in nucleophilic cyanide attack on 2,4,6-trinitroanisole. 1,3-complexes of 2,4,6-
trinitroanisole benefit from resonance stabilisation involving the methoxy group
(eqn.1.2.2), and so do the transition states leading to the 1,3-complexes.30 This effect
is independent of the nature of the nucleophile, hence the 1,3-cyanide complex of 2,4,6-

trinitroanisole (1.44) is prefered over the 1,1-isomer.

O*CH, O*CH,
NO, NO,- NO, NO,-
P S—.
H H Eqn.122
NUC NUC
0, NO,

Cyanide ions in methanol-DMSO mixtures form sigma-complexes with 1-
carbomethoxy- and 1-cyano-3,5-dinitrobenzenes (1.45) (scheme 1.10).3% Addition of
cyanide ion to the 4-position of both substrates is approximately 3 times faster than at
the 2-position. The symmetrical complex (1.46) formed is less stable thermo-
dynamically, and it mostly undergoes isomerisation into the unsymmetrical complex
(1.47). Both complexes are decomposed in the reaction medium; decomposition is

catalysed by the cyanide ion.

Scheme 1.10
NO, X
H (1.46)
/ NC NO
NO, X 2
\Q + CN’
NO, \\ N0, Fo M

X = CQCHjor CN. NO,

IS



The reaction of 4-nitrobenzofuroxan (1.48) and cyanide in iso-propanol proceeds
in two distinct fast steps.83 The initial reaction is the formation of the C-7 sigma-
complex (1.49). The nature of the second and subsequent species produced remains
unknown. Stable sigma-complexes from similar substrates have been produced by the

reaction of 7-methoxy-4-nitrobenzofuroxan and methoxide in methanol-DMSO

mixtures.84
NO, NO,
/No /N
< O - O
Tl‘h I;L
o NC” "H
(1.48) (1.49)

When solutions of cyanide ions are mixed with TNB in water, no formation of an
anionic sigma-complex is observed. However, when the same reaction is carried out in
the presence of the cationic micelle hexadecyltrimethylammonium cyanide,85 the red

colouration of the TNB-cyanide sigma-complex developes.

1.2.2. - With Other Activated Substrates.

Addition compounds can be formed from the solvated cyanide ion and hetero-
aromatic cations.® The action of cyanides on 1-methylquinolinium iodjde,86 9,10-
dimethylacridinium chloride ¥ and tetramethyldiaminoxanthylium chloride yields the
compounds (1.50), (1.51) and (1.52) respectively.88

H CN H CN

CN Me NO,

) LI 98e

]:I I:J Me,N 0 NMe, CN
Me

Cl
Me OMe
(1.50) (1.51) (1.52) (1.53)

In the reaction of 1-chloro-2,4-dinitrobenzene with cyanide in methanol the
nucleophile has been reported to replace the C-3 hydrogen rather than the more obvious
halo-nucleofuge. This is then followed by replacement of the C-4 nitro group to yield
3-chloro-6-methoxy-2-nitrobenzonitrile (1.53).6 Similar to this is the reaction of meta-
dinitrobenzene with methanolic cyanide % 1o produce 2-methoxy-6-nitrobenzonitrile
which is investigated further in chapter 4 below. Early literature 20 reported that
aqueous methanolic potassium cyanide will replace two chloro-substituents of chloranil
to yield 2,5-dicyano-3,6-dihydroxyquinone (eqn.1.2.3).
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1.3 OTHER METHODS OF AROMATIC CYANATION.

1.3.1 Photocyanation and Electrocyanation - Electron transfer pathways.

Aromatic nucleophilic substitution occuring by the Sgn1 mechanism ?! has been
studied during the last two decades.”? Tt is described by scheme 1.11, which requires
an electron transfer reduction (the electron source may be an electrode, solvated
electrons, or other redox reagents), or a photoreduction of the substrate ArX (step 1).
Cleavage of the anion radical thus generated produces the sigma-aryl radical (Ar -) (step
2), which is the actual electrophilic reactant rather than the starting substrate. The key
step of the reaction is then the coupling of the aryl radical and the nucleophile (step 3),
leading to the anion radical of the target product. This species is then reoxidised into
the final product; the oxidant being any electron sink present in the reaction medium,
e.g. an electrode (step 4) or the substrate itself (step 5). In the latter case, the reaction
continues on a chain mechanism. In the organic solvents commonly used in organic
electrochemistry such as DMSO and acetonitrile,93 cyclic voltametry shows that an
important side reaction is the abstraction of a hydrogen atom from the solvent by the
aryl radical (step 6). (The solvent radical is further reduced at the electrode or in the

solution).
Scheme 1.11
ArX + ¢ —— ArX"~ 1
ArX™ 5 Ar + X 2
Ar -+ Nucc ——p ArNuc” 3
ArNuc”™ - ¢ ——= ArNuc 4
ArNuc™ + ArX —=— ArNuc + ArX~ §
Ar- + SolvH ——— ArH + Solv- 6
93,94

. . . 4
There is evidence from cyclic voltametry and e.s.T. spectroscopy % for the

substitution of halogens by cyanide via a Sgn1 mechanism (scheme 1.12).

Competition between normal nucleophilic aromatic substitution and single
electron transfer pathways has been demonstrated 60 by the reactions of 1-chloro- and 1-
iodo-2,4-dinitrobenzene (1.54) with potassium iso-propoxide in propan-2-ol/benzene in

the presence of crown ethers (eqn.1.3.1).



Scheme 1.12

NO, NO, - NO,
DMSO slow
+ € —_—— —_— + 1
fast
I I
NO, NO,
N
! + CN D -
N
CN

In the absence of crown ethers, the expected product of nucleophilic aromatic
substitution, 1-iso-propoxy-2,4-dinitrobenzene (1.55), is obtained. The addition of
crown ethers induces the formation, together with (1.55), of significant amounts of 2,4-
dinitrophenol (1.56). The formation of (1.56) is accompanied by the appearance of an
e.s.r. signal which has been assigned to the radical anion of the parent .

X
NO, i A PrOH/benzene
+ PrO Eqn.1.3.1
crown elher
NO,
(1.54,X=CLD (1.55) (1.56)

It is proposed that the mechanism of the phenol producing reaction is as shown
in scheme 1.13. The sigma-complex (from step 1) may also evolve to give the normal
substitution product (1.55). Alternatively the sigma-complex may donate an electron to
the parent substrate producing the sigma-aryl radical and the radical anion of the parent
(step 2). Production of the phenoxide anion of (1.56) from the radical anion of the
parent then proceeds by reaction with alkoxide followed by fragmentation of the radical
anion (steps 3-5).

Since the discovery and classification of the Sgnyl mechanism aromatic
cyanations have been achieved by photochemically induced radical reactions.” %>
Photocyanation of benzene and naphthalene can be performed in the presence of
potassium cyanide and ammonium in a tert-butanol/water solvent.”>  With
nitrobenzene, the cyanide ion does not give photosubstitution; instead the cyanide ion
attacks the nitro group to form nitrosobenzene and the cyanate ion.”® The methoxy
group of meta-nitroanisole can be substituted by cyanide,97 however, para-nitroanisole

. . . 98
gives 2-cyano-4-nitroanisole.

0%
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Scheme 1.13

X
ArX + RO® ——=—  Ar¢ 1
-~ OR
A X ArX A X ArX
r° + Ar —_— . + )
<OR - ' <OR '
ArX™W — Ar- + X 3
Ar' + OR" ——— ArOR~ 4
ArOR "~ . ArO” + R- 5

Such selectivity for the position meta to the nitro group is because in the excited
state this position is the most reactive. When cyanide attacks, a strong carbon-carbon
bond is formed so the resulting intermediate survives long enough to react with oxygen
to form 2-cyano-4-nitroanisole (eqn.1.3.2), or in the absence of oxygen, to
disproportionate to form the azoxybenzene derivative (eqn.1.3.3). Note that preference
for the position meta to the nitro group and ortho to the methoxy group is the opposite
of the preference in normal nucleophilic aromatic substitution.”

OMe OMe

hv,CN",0, CN
- Eqn.1.3.2

H,0 / ‘BuOH

NO, NO,
CN CN
hv, CN’ N2 ?-
MeO +N =N OMe Eqn133
H2O/ 'BuOH _

1.3.2 Copper Effected Aromatic Substitution.

Nucleophilic aromatic substitution usually requires a suitable leaving group and
activation of the ring by electron-withdrawing groups.  Nucleophilic aromatic
substitution on unactivated rings is relatively rare, but may be effected in the presence
of copper.

There are two types of copper mediated reactions. In Ullmann condensations
the copper is present as a metal, salt or oxide (eqn.1.3.4). The Rosenmund-von Braun
nitrile synthesis is an example of this type; the bromo-derivatives of high-boiling point
aromatic hydrocarbons are converted to their nitriles by treatment with a slight excess of
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. 6.7 . . . .
cuprous cyanide at 260°C.”" Experiments in the solid phase % have made advances in
unravelling the mechanism of this reaction.

+
NucH + ArX Yo ArNuc + HX Eqn13.4

CuNuc + ArX —» (CuX + ArNuc Eqn.1.3.5

Nuc = CI, Br, I, CN, SCN, OAc, OH, etc.
X=Cl, Br, L

ArN,Cl + KCu(CN)y — s ArCN + N, + KCl + CuCN Eqnl3sé

Copper ligand exchange reactions use cuprous cyanide, which exchanges the
cyanide for the leaving group of the aromatic substrate (eqn.1.3.5). The ligand
exchange reaction has provoked the most interest but as yet the mechanism is not well
understood. Recent work ‘% has outlined a number of unusual characteristics of the
reaction: autocatalysis by the copper halide product; retardation by both excess
nucleophile and excess halide, e.g. as the potassium salts; only cuprous nucleophiles are
active; a large halogen effect (I > Br > Cl) but a Hammett p value of zero; ortho-alkyl
groups (even terr-butyl groups) do not hinder the reaction, but slightly accelerate it; and
an ortho-carboxylate group accelerates the reaction by 10*-10° times.

Scheme 1.14

Solvent cage

: X
i
1
PhX + CuNuc —t==— CuNue /== Cug Nu¢'

PhNuc + CuX —==— @ ClX — CupX*
1

Two possible mechanisms are tentatively suggested. The first involves a very
rapid "intimate" electron transfer from the cuprous nucleophile to the aromatic halide
within a solvent cage (scheme 1.14); consequently no free radicals are observed. This
produces the radical anion of the aromatic halide, which then exchanges nucleophiles

with the copper to yield the radical anion of the aromatic product. Intimate electron
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transfer occurs again from the product radical anion to the cuprous halide cation radical
generating the observed product, which is then released from the solvent cage.

The second possibility proceeds via n-complexed organo-cuprate intermediates
(scheme 1.15). The key intermediate is the 18-electron complex between the cuprous
nucleophile and the six m-electrons of the aryl halide (cuprous ion is dyp). From this
complex intramolecular attack of the nucleophile gives the tetrahedral intermediate,
where the negative charge that would otherwise be borne in the ring, is neutralised by
the 16-electron m-complexed copper atom, which sucks all of the excess electron
density out of the ring. The rate determining step would be loss of halide, followed by

rapid collapse to the final products.

Scheme 1.15

I
I CN
CuCN + PRl —>= CuCN —/—=~ @»@
$- I-
CN
PhCN + Cul —=—— @*Cu

The Sandmeyer reaction (eqn.1.3.6) uses aqueous solutions of cuprous cyanide
) . C . . . 7,101
and potassium cyanide to produce aromatic nitriles from the diazonium salts.

Other double salts can be used, and this reaction remains an important method for the

: C 102
preparation of aromatic nitriles.

1.3.3 The Von Richter Reaction.

An aromatic nitro compound, when treated with cyanide ion, may give a

substituted benzoic acid, '®'* with the carboxyl group located ortho to the position

vacated by the nitro group (eqn.1.3.7). Doubt that a rearranged meta nitrile was an

intermediate first arose when Bunnett and Rauhut '®° were unable to obtain 1-naphthoic

acid (1.57) from 1-naphthyl cyanide (1.58) under conditions which converted 2-
nitronaphthalene (1.59) to (1.57).

Ilo
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NO,

. CO,H
CN /HP E
—_— qn.1.3.7

X X

X = Cl], Br.

o,

(1.57) {1.58) (1.59)
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A mechanism that accounts for all the experimental observations to date * has been

proposed 197 which proceeds via an intermediate sigma-complex (1.60).

Scheme 1.16

X X X X
H* - H0
H P Q - [E—
4 H 0 C=O
CN ; _ :
OON-O N HN: NzN
0 Co_/

fN\
0" o
(1.60)

(1.61)

It is proposed that an intramolecular cyclisation between an oxygen of the nitro group
and the cyano carbon produces (1.61) via scheme 1.16. Basic hydrolysis followed by
evolution of nitrogen gas gives the carboxylic acid product.

A wide variety of aromatic mono-nitro compounds will undergo the von Richter
reaction in boiling alcoholic potassium cyzmide.108 However, para-chloronitrobenzene
with excess potassium cyanide in DMSO produces five different products (1.62-64).109
The phenols are not produced when the solvent is thoroughly dried. The initial
interrhedi‘ate is the sigma-complex (1.65). - Reduction of (1.65) by intermolecular

OH Cl
R' .
Cl NH NO,
\ NO, CN CN
R R" CN OH
(1.62 a)R=CN,R'=R"=H,) (1.63) (1.64)

b) R = CONH,, R' = R" = H,)
¢)R=R"=CONHy; R' = H))

3



hydride transfer from (1.65) yields (1.66) (scheme 1.17). Intramolecular oxygen
transfer from nitro group to nitrile group, followed by reduction produces (1.67).
Condensation of (1.66) and (1.67) with parent yields (1.62a) and (1.62b) respectively.

The mechanism for the formation of (1.62c) is unknown.

Scheme 1.17 Cl
—_— (1.62a)
c / CN
! NH-
N

(1.66)

C
H cl
NO, \
(1.65) _— (1.62b)
CONH,
NH-
(1.67)

53



1.4 SUBSTITUTION OF A NITRO GROUP.

The reaction °° of meta-dinitrobenzene with potassium cyanide in methanol
yielding 2-methoxy-6-nitrobenzonitrile is considered later (chapter 4).

1.4.1 The Nef Reaction.

Scheme 1.18
T g OH H,0 OH OH
RRC=N+ —— RRC=N+ RRC=N —_— RR'C-N
1 [] § ‘OR" [ +bRn
OR" OR" +OH, HO *4
(1.65) H
. N=0
—— H' + R'OH + RRC_ —_— RRC=0 + 12N,0 + 12H,0
OH

One of the most important reactions of nitro-alkanes is the Nef reaction.!!%111

This reaction is the hydrolysis of a nitronic acid or ester (1.65) derived from a primary
or secondary nitro-alkane to yield an aldehyde or a ketone, characteristically with the
expulsion of nitrous oxide gas. The Nef reaction is usually thought of as an acid-
catalysed transformation 12,113 (scheme 1.18), but there is kinetic evidence 14 hat the
formation of levalinic acid (1.68) from 4-nitrovalerate (1.66) is an example of the Nef

reaction occuring in basic media (scheme 1.19).

Scheme 1,19
o,
N02 N’OH
Me_"‘: e Me base CHyCO(CHp,COH + HNG>
H -~ o}
) (1.68
0" N0 o )
(1.66) (1.67)
142 H xydenitration Usin i

Such a Nef-type transformation in basic solution has been proposed 15 in
explanation of the formation of 2-hydroxyisophthalonitrile (1.72) by the action of
sodium cyanide on ortho-nitrobenzonitrile (1.69) in DMSO (scheme 1.20). The key
step in the reaction may be the ejection of hyponitrite ion from the sigma-type adduct

27



(1.70), perhaps via the oxiridine isomer (1.71), leading to the hydroxyisophthalonitrile
(1.72) which can liberate nitrous oxide by protonating the hyponitrite anion.

Scheme 1.20

NO, NO,- N—o

CN CN H CN H
+ CN°  — CN _— CN

(1.69) (1.70) (1.7)

OH 0 l
CN CN CN H X
—_— cN + V2(ONNOY*

(1.72)
OH

o
CN CN CN CN
+ 12(ONNO)>® —— + 12N0 + 12 H,0

(1.72)

Treatment of 9-nitroanthracene (1.73) with sodium cyanide in DMF under
nitrogen at room temperature results in the formation of a series of compounds 1e
(scheme 1.21): 9-cyano-10-nitroanthracene (1.74a), 9-amino-10-cyanoanthracene
(1.74b), 9,10-dicyanoanthracene (1.74c), 9-cyano-10-anthranol (1.74d) and 9-cyano-10-

anthrone (1.75).

Scheme 1.21
NO, X
SOCELE N0
+ CN e
CN
(1.73) (1.74, X = a)NO,, b)NH,, c)CN, d)OH.)
0 NO,-
H CN H CN

(1.75) (1.76)

When the reaction was allowed to proceed in an oxygen atmosphere, anthraquinone was
also formed. A sample of (1.73) in the presence of cyanide ion in DMF gave rise to an
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e.s.r. signal which reached maximum intensity after 45 minutes and then grew weaker
until it was of negligible intensity after 3 hours. The variety of products observed
suggests a complicated series of simultaneous and consecutive processes. The initial
step is the formation of the sigma-complex (1.76). Species (1.74) are oxidation and
reduction products of (1.76) (scheme 1.22). 9-Nitroanthracene is known to be a good

electron acceptor 17 and furthermore (1.74) and (1.77) may also compete for
116

electrons.
Scheme 1.22
NO,
e’ transfer dxspropomonauon
a7 SEE OOO = (74)
H CN
e transfer
* protonation
NO, - NO
e transfer
OO — (1.74b)
protonation

CN
.77

Other simple benzene derivatives 13 (e.g. mera-nitrobenzonitrile, nitrobenzene
and para-dinitrobenzene) all give strong e.s.r. signals on reaction with sodium cyanide
in DMSO, but give deeply coloured reaction solutions from which no pure compounds
can be isolated, probably because the radical process converts each substrate into a large
number of products. In contrast, a solution of ortho-nitrobenzonitrile (1.69) and
sodium cyanide gives no detectable e.s.r. signal, suggesting that the adduct (1.70) is
rapidly removed from the solution by another process (e.g. scheme 1.20).

118,119 hydroxydenitration by a Nef-type process has been

More recently
postulated as a general pathway from activated mono-nitroaromatics to activated
phenols. Thus, in a typical reaction,118 when 4-nitrobenzophenone is heated with
potassium cyanide (3 moles) in DMSO at 100°C for 3 hours the acidic fraction of the
product consists of 5-benzoylsalicylonitrile (1.78) (55-60%) (scheme 1.23); a complex
mixture of azoxy- and azo-compounds are formed as a neutral fraction. If methanol
(10 moles) is added to the initial reaction mixture the yield of (1.78) is reduced and the
neutral azo-fraction contains 5-benzoyl-2-methoxybenzonitrile (1.79) (10%) in addition
to 4-methoxybenzophenone (1.80). Similarly, in DMSOQO, the reaction of para-
nitrobenzonitrile with cyanide 120 yields 2,4-dicyanophenol (1.81) as the major product.

In the presence of methanol, 2,4-dicyanoanisole (1.82) is also formed.
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Scheme 1.23

OH
KCN CN
—————
NO, DMSO (1.78)
COPh
OMe OMe
CN
COPh KCN
—_— (1.78) + +
MeOH/DMSO
COPh COPh
1.79) (1.80)

In their reaction with moderately activated nitro-compounds in DMSQO, cyanide
1213 i that direct displacement of NO; is impeded;
115,118, .

IS 1819 There is recent

ions resemble aromatic nitranions
initial attack normally occurs ortho to the nitro group.
synthetic evidence 12 that suggests ortho-nitrobenzonitriles (1.83) exist transiently in
these systems before reacting with methoxide, hydride or other trapping agents to yield

the observed products (1.82, 1.84) (scheme 1.24).

Scheme 1.24

OH
CN
(1.81)
N0z CN OMe
CN CN
(1.82)
MeOH
NO, /
CN m N N
CN NH,
(1.83) CN
. pyridine N-oxide (1.84)
CN

1.4.3 Methoxvdenitration.

Aromatic nitro-groups, if sufficiently activated by ortho or para-carbonyl
groups, are displaced by oxy-anions in dipolar aprotic solvents.'?* In DMSO, the
benzophenones (1.85a), (1.86a) and (1.87a) react 125 with stoichiometric amounts of
methanolic sodium methoxide to yield (1.85¢), (1.86b) and (1.87d) via isolable
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intermediates such as (1.85b) and (1.87b). In 2,2',4,4'-tetranitrobenzophenone (1.87a)
the para-nitro groups are preferentially displaced.

0 o R? o R¢
(1.85,2) R' =R*=NQy) (1.86,2)R ' =R%= NOy) (187, a)R " =NOy)
b)R! = OMe, R? = NOy) b)R' = OMe, R2= NOy) b)R' = OMe, R** = NOy)
¢)R! =R?= OMe) ¢)R'=R%=OMe, R*=R*=NOy)

d)R'> = OMe, R* = NOy)

Addition of a large excess of methanolic methoxide to 3,5-dinitrobenzonitrile
(1.88) 128 results in the immediate formation of the methoxy sigma-complex (1.89).
There is also slower attack of the cyano group by methoxide to yield the imidate
(1.90),127 which in- high concentrations of methoxide remains activated enough to form

the sigma complex (1.91) (scheme 1.25). Solvation of aromatic cyano groups by
methoxide is discussed further in chapter 4.

Scheme 1.25 CNH

OMe
NO; NO,

CN / (1.89)
\ HN. .OMe HN, .OMe
sC C
(1.88) \ OMe

Q,, =
NO NO. NO, NO,

(1.90) (1.91)
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2.1 MATERIALS.

2.1.1. Solvents.

Acetone:
Acetonitrile:

Chloroform:
d-Chloroform;
Cyclohexane:
Dichloromethane:

Dimethylsulphoxide:

de-DMSO:
p-Dioxan:
Ethanol:
Methanol:
d4-Methanol:
Petroleum Spirit:

iso-Propanol:
Water:

2.1.2. Substrates.

1-Bromo-2,4-dinitrobenzene:
1-Chloro-2,4-dinitrobenzene:
2,4-Dimethoxybenzonitrile:
2,6-Dimethoxybenzonitrile:

2,4-Dinitroanisole:

meta-Dinitrobenzene:

CHAPTER 2

EXPERIMENTAL

General purpose reagent was used for washing apparatus.
B.D.H. "HiPerSolv" was used for HPLC after filtration and
degassing.

Analytical grade was used for uv/vis spectroscopy without further
treatment.

Analytcal grade, used without further treatment.

99.8% D-atom, commercial grade, used as supplied.
Analytical grade, used without further treatment.

General purpose reagent, used without further treatment.
Analytical grade, dried with calcium hydride then distilled at
reduced pressure.

99.9% D-atom, commercial grade, used as supplied.
Commercial grade, used without further treatment.
Analytical grade, used without further treatment.

Analytical grade, used without further treatment.

99.8% D-atom, commercial grade, used as supplied.

(b.pt. 60-80°C), commercial grade, used without further
treatment.

Analytical grade, used without further treatment.

Distilled, filtered and degassed for HPLC.

Commercial grade, used as supplied.
Commercial grade, used as supplied.
Commercial grade, used as supplied.
Commercial grade, used as supplied.
Commercial grade, used as supplied.
Commercial grade, used as supplied.
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2,6-Dinitrobenzonitrile:
1-Fluoro-2,4-dinitrobenzene:
1-Iodo-2,4-dinitrobenzene:

2-Methoxy-4-nitrobenzonitrile:
2-Methoxy-6-nitrobenzonitrile:
4-Methoxy-2-nitrobenzonitrile:

Picric Acid:
1,3,5-Trinitrobenzene:

2.1.3 Reagents.

From L.C.L, m.pt. 147°C (lit:® 149-51°C).
Commercial grade, used as supplied.
Commercial grade, used as supplied.

From L.C.I, m.pt. 158-60°C (lit:>** 180°C).
From L.C.L, m.pt. 175°C (lit:’ 175-7°C).
From 1.C.I, m.pt. 138°C (lit:° 139°C).
Commercial grade, used as supplied.
Commercial grade, used as supplied.

Potassium Cyanide: = Commercial grade, used as supplied.

Sodium Cyanide: Commercial grade, used as supplied.

Sodium Methoxide: ~Commercial grade sodium metal dissolved in methanol.
Hydrochloric Acid:  37% Aqueous solution, analytical grade, used as supplied.



2.2 MEASUREMENT TECHNIQUES.

2.2.1 UV/Vis Spectrophotometry.

All uv/vis spectra were recorded using fresh solutions in lcm quartz cells on
either Perkin-Elmer Lambda 2 or Lambda 3 instruments. These same instruments were
also used for kinetic and equilibrium measurements (made at 25°0), except in the case of
the fast reactions, in which case the stopped-flow spectrophotometer was used (see
below).

All kinetic measurements were made under pseudo first order conditions and
observed rate coefficients were determined by following the change in absorbance at an
appropriate wavelength. Absorbance values measured on the Lambda 3 instrument were
entered into a suitable program running on an Apple Ile microcomputer; those from the
Lambda 2 instrument were entered into a suitable program running on an Epson personal
computer. These programs calculated the observed rate coefficient based on the

following derivation (calculation 2.1).

Calculation 2.1

For a decrease in absorbance:

-d[A]
T = kops[A] [A] = absorbance
(Al drA] t
——— = “KppsJ dt
[Alp (Al 0
| [A], [A]p = initial absorbance
n = -Kops-t
{ [Alo obs [A], = absorbance at time t

Assuming absorbance does not fade to zero, [A], becomes ([A]g-[Also) and
[A], becomes ([A]-[Aloo) Where [A], is the absorbance at "infinite" time.

Therefore:
n{ ([Al-[Aloo) }
([Alo-[Aloo)
([A]g-[Aleo) = constant

= 'kobS't

Thus a plot of In([A];-[Ales) vs.time has a gradient of -kops. If following an
increase in absorbance a plot of In([AJeo-[Al];) vs.time has a gradient of -kops.



For measurements of rate coefficients of reactions too fast for the conventional
machines a Hi-Tech Scientific SF-3L stopped-flow spectrophotometer was used. This is
shown schematically in fig.2.1.

The two solutions A and B, which undergo reaction, are stored in glass
reservoirs, and from there enter identical syringes, so that equal volumes of each solution
are mixed at point M (halving the concentration of each solution) before passing into a
thermostatted 2mm quartz cell at point O. When the plunger of the third syringe hits the
stop the flow of reactants stops and the trigger causes monitoring of the reaction at O to
begin. This is accomplished by passing a beam of monochromatic light of the
appropriate wavelength through the cell. The reaction within the cell causes an increase
or decrease in the transmitted light which is fed through a photomultiplier and displayed
on an oscilloscope screen, from where voltage changes can be read. Although the output
of the photomultiplier is not linear, for a small percentage change the voltage can be
assumed to be proportional to the absorbance of the reaction mixture, and therefore a plot
of log (V- Veo) vs. time gives kops from gradient.

2.2.2 Mass Spectrometry.

Mass spectrometric measurements were made using a 7070E instrument supplied
by V.G.Analytical Ltd. Electron ionisation, chemical ionisation or direct current
ionisation methods were employed, the most suitable for any compound being determined

empirically.

2.2.3 NMR Spectrometry.

Proton NMR spectra were recorded on either a Bruker AC250 (250MHz) or a
Varian 400MHz instrument. Chemical shift measurements are quoted as "3" values

relative to tetramethylsilane (TMS).

2.2.4 HPLC Measurements.

Reverse-phase HPLC was performed using a Gilson Modular Gradient HPLC
System, with an ODS-2 column supplied by HiChrome. For all HPLC runs an isocratic
eluent (35%/65% v/v acetonitrile/water) was used with a flow of 2ml/min and an
observing wavelength of 240nm. Identification was by doping experiments, and molar
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ratios of products were found by comparing signal areas in the product mixture with

signal areas of samples of known concentration.

2.2.5 Electron Spin Resonance Spectrometry.

E.S.R. spectra were recorded on a Bruker ESP 300 and Varian E-104
spectrometers, each equipped with X-band microwave bridges and 100KHz modulation.
Hyperfine splittings were measured directly from the field scan, which had previously
been calibrated with a signal from an aqueous solution of Fremy's salt (ay=1.3091mT,
g=2.0055).

2.2.6 Polarography.

Polarography experiments were performed on a Metrohm polarographer. The
reference used was silver/silver chloride in aqueous potassium chloride (3M). The

electrodes and background electrolytes used in the experiments are given in the text.
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CHAPTER

THE REACTION OF CYANIDE WITH TRINITRQ SUBSTRATES.

3.1 INTRODUCTION,

It is well documented that cyanide adds reversibly to 1,3,5-trinitrobenzene (TNB)
to yield a 1:1 sigma-complex (3.1) in many solvents (section 1.2) (eqn.3.1).1 However
there are no reports in the literature of cyanide and TNB forming (3.1) in water without

the use of rnicelles.2

NO, NO, . NO, H CNNOZ
\Q/ + CN — Eqn.3.1
k.|
NO, K, NO,
TNB Ko = o 3.1

In DMSO the uv/vis absorbance spectrum of (3.1) has Amax 443 and 526nm (with an
optical density ratio of 1.75:1). The equilibrium constant in DMSO, using potassium
cyanide in the presence of 18-crown-6 3is 1.2x10° dm’mol ! at 25°C. The values of
Kcn (eqn.3.1) in methanol, ethanol, n-propanol, iso-propanol, n-butanol and zert-butanol
have been reported %as 39, 1265, 1470, 10000, 2020 and 500000 dm’mol’! respectively
at 25°C.  The specific rate constants, k;, for the formation of (3.1) in ethanol, n-
propanol, iso-propanol and zert-butanol 5 are 442,932, 2450 and 106000 dm’mot s
respectively. In ethanol and n-propanol the formation of (3.1) is complicated by
alcoholysis producing the respective alkoxide ions, which rapidly attack TNB (section
1.2). An equilibrium constant for ethanolysis (eqn.3.2) has been calculated 5 as
1.33x10°® mol dm™ at 25°C.

CN™ + EtOH EtO" + HCN Eqn.3.2

In water and methanol TNB reversibly forms 1:1 sigma-complexes with hydroxide
(3.2a) and methoxide (3.2b) respectivc:ly.6 The equilibrium constants for the formation
of (3.2) in these respective solvents at 25°C are 2.7 (3.2a) and 18 dm’mol’! (3.2b).

The author has observed methanolysis in the reaction of TNB with cyanide in
methanol, and has calculated a methanolysis constant of 4x10-4dm’mol ™ at 25°C.



H.__OR
NO, NO, NO, NO,
H
CN
NO, NO,
(32, ) R=H, b) R = Me.) (3.6)

There is NMR and uv/vis spectroscopic evidence that picric acid (2,4,6-trinitro-
phenol) (3.3) forms 1:1 and 1:2 sigma-complexes with nucleophiles such as hydroxide,
methoxide, acetate and sulphite.7'9 Picric acid is also used in the detection of biologically
dangerous species such as creatinine S (2-imino- 1-methylimiazolidin-4-one) (3.4).
Creatinine plus the sodium salt of picric acid gives a red coloured species (3.5) (eqn.3.3).
Aqueous picric acid is also used in the detection of cyanide in plants.10 A red coloured
complex Apax 510nm is observed. The species responsible has not been identified but a
possibility is the sigma-complex (3.6). The author has carried out a similar reaction in
methanol, and observed a clean reaction yielding a red coloured species.

OH v o
NO, NO, 5 ¢ NO, NO,

NzOH H Me

+ J N)’: NH N Eqn.3.3
o NH
NO, H O,N o Nk
H
(3.3) (3.4) (3.5)

=



3.2 THE REACTION OF 1.3.5-TRINITROBENZENE WITH CYANIDE,

3.2.1 TNB with Cyanide in Water and Agueous DMSO.

Mixing solutions of TNB (4x10'5 M) with excess potassium cyanide in water or in
50%/50% v/v water-DMSO produced no immediate colour. However the solutions
slowly became yellow. The visible spectra at completion of the reactions are shown in
figure 3.1. They show maxima at 350nm with a shoulder at higher wavelength and are

similar to that of picric acid in the same media (fig.3.2).

3.2.2 TNB with Cyanide in Methanol.

In the presence of excess cyanide a very rapid process is observed producing a
species with Apa. 425 and 495nm (fig.3.3). This is consistent with formation of the

sigma-complex (3.2b) by attack of methoxide, produced by methanolysis of the cyanide.
A slower reaction produces a species with A, 435 and 535nm. This is consistent with

cyanide attack, forming the adduct (3.1) (scheme 3.1). The final spectrum of the system
shows a band at 540nm and the solution was brown in colour. Buncel ez. al. * also
reported the fading of colour due to initially formed sigma-complexes to give a yellow

solution of unknown composition.

Scheme 3.1
MeO H
NO, NO,
fast (3.2b)
KOV
/ NO,
NO, NO,
\Q + CN + MeO
k
NO: \\\\ No, i< no
k. 2 2
TNB (3.1)

slow

NO,

Methanolysis produces methoxide ions when cyanide is dissolved in methanol
(eqn.3.4). The concentration of methoxide can be reduced by adding hydrochloric acid
to the methanolic cyanide solutions. Care was taken that this was performed in a fume-
cupboard because hydrogen cyanide could have been evolved. That added acid reduces
the methoxide concentration can be seen from table 3.1, where A, the absorbance after

the very fast formation of (3.2b) , is reduced.



Figure 3.1
The final products (15min after mixing) of TNB (4x10-5M) with:
1) KCN (0.05M) /water, ii) KCN (0.005M) /water.
iii) KCN (0.013M) / 50%/50% v/v water/DMSO.
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Ficure 3.3

TNB (10+M) + KCN(0.01M):
1) 0.1s after mixing (A ), i1) maximum absorbance of the system (A»),

iii) final absorbance of the system (Aj).

]
-

400
@
£o6|

M oM



KMeth

CN + MeOH MeO" + HCN Eqn.3.4

Table 3.1
Comparison of unbuffered and buffered cyanide solutions.

KCN (0.005M) | KCN (0.015M)

+ HCI (0.01M)
Al 0.042 0.024
Ay 0.229 0.481
A3 0.151 0.219

At 440nm: A is 0.1s after mixing, A is the maximum absorbance for the system (10-15s),

Aj is the final absorbance of the system (200s) (fig.3.4). [TNB] is 1x104M.

Reactions in degassed and oxygen-rich methanol were investigated. The solvent
was degassed by placing in a sonic agitator under reduced pressure followed by passage
of helium gas. Degassed solvent was stored under reduced pressure, and both types of
solvent were stored in vessels protected by Parafilm. Modifying the solvent by either
method had little effect, either on the products, their absorbances or the rates of their

formation.

3.2.3 Kinetic Study.

The reaction in methanol of TNB with excess potassium cyanide was examined by
stopped-flow spectrophotometry. There was evidence for three processes, and
measurements were made at 440nm. The fastest process, too fast for measurement on
the stopped-flow time-scale, is attributed to attack by methoxide ions, produced by
methanolysis of cyanide. The absorbance, Ay, at completion of this process was
measured after 0.1s. This was followed by a slower colour forming reaction attributed
to attack by cyanide on the TNB ring (scheme 3.1). The absorbance, A,, at completion
of this reaction and the rate coefficients, k¢, are given in table 3.2. The third, slowest
process was measured as a fading process at 440nm. Absorbances, As, at the
completion of this process and the rate coefficient, ky, are also given in table 3.2. At the
higher cyanide concentrations there was some interference between the latter two
processes, so that absorbance verses time plots were similar to figure 3.4. This
necessitated extrapolation of data for the slow decay reaction in order to calculate the
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infinity value, oo, for the slower colour forming reaction. Because of this the error

associated with these rate constants is relatively high (20%).

Table 3.2
Absorbance values, and rate coefficients for the formation and decay of absorbance,
at 440nm for the reaction between TNB and KCN in methanol.

[CNTo | [CN] | [CN-], | A Ay A; % kg 104 x

M M M ' K Meth
0.005 | 0.004 | 0.0039 | 0.032 | 0.371 | 0.195 | 0.26 | 0.033 | 1.99
0.010 | 0.009 | 0.0088 | 0.046 | 0.485 | 0.195 | 0.27 | 0.070 | 1.97

0.015 | 0.013 | 0.0125 | 0.069 | —— R 0.29 [ 0.096 | 3.03
0.020 0.017 | 0.0161 | 0.093 | 0.524 | 0.195 | 0.31 0.13 | 4.24
0.025 0.022 | 0.0208 | 0.106 | — - 0.35 | 0.15 | 4.39

0.030 0.027 | 0.0255 | 0.115 | 0.604 | 0.195 | 0.41- | 0.18 | 4.30
0.040 | 0.036 | 0.0335 | 0.131 | 0.731 | 0.212 | 0.51 0.20 | 4.20
0.050 0.043 | 0.0380 | 0.218 | 0.842 | 0.212 { 0.73 | 0.20 | 10.67

[CN"], is the initial (pre-methanolysis) concentration of cyanide.

[CN]; is the residual (after methanolysis) concentration of cyanide.
T [CNIx = [CN] /(1 + KoMe[OMeT)).

[TNB] = 10M.

Figure 3.4
Typical absorbance - time plot for TNB + KCN in methanol.
Absorbance
Mad Sl




Fioure 3.3

The observed rate constants for the formation. ky, and decay. kg,
of absorbance at 440nm vy. [KCN],,. ([TNB]| = 10+M).
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Fioure 3.6

—————

The observed rate constants for the formation, k¢, of absorbance at 440nm
vs. [CN-1. 7 {1 + KorelOMe-|}.  ([TNB] = 10M).
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2.4 Calculation of the pKq v f Hydrogen ide in Methanol

The results provide evidence for the methanolysis of cyanide ions (eqn.3.4), and it
will be shown (calc.3.1) that the data lead to a value of 13.52 for the pKj of hydrogen
cyanide in methanol. This value is in qualitative agreement with literature 3 values in
water (11.05), ethanol (13.00) and n-propanol (13.76). The value obtained in methanol
is derived from the value of 4x10™mol dm™ obtained for the methanolysis constant
KMem- This value was obtained from the initial absorbances produced in the reaction
with TNB (table 3.2), and uses the literature values of 18 dm>mol " for the equilibrium
constant,11 Kome, (scheme 3.1) for the reaction of TNB with methoxide ions, and 2x10*
dm’mol 'em! for the extinction coefficient of (3.2b).

Calculation 3.1:

KOMe
TNB + MeO  =—>~ TNB.OMe™ (3.2b)

[TNB.OMe] A
[TNB] x 18  18(2.0-A))

[OMeT] =

KMeth
CN + MeOH ==—> HCN + MeO (eqn.3.4)

[MeO]?

K = — = 4x10"M ble 3.2
Meth [CN T, X (table 3.2)

N.B. [CN7], = [CNT], - [MeO]

[MeO].[HCN]
[CN};

Also Kyter, = = 4x10™M

K,
MeOH === H"+ MeO
pK,' = 16.92 12

HCN =—>= H'"+CN

So K, =



The value obtained for Kpey, of 4x10” moldm™ may be compared with a literature
value' of 1.5x10 moldm™. Examination of the data in table 3.2 shows that the values
obtained for Kme increase with increasing cyanide concentration. It is possible that
here, where the rate constants for the reaction with cyanide are fastest, the values obtained
for A1 include a small contribution from the TNB-cyanide reaction.

) k, [CN],
L 1+ Koy [OMeT]

k-1 Eqn.3.5

Figure 3.5 shows plots of the raw data for k¢ and kg versus the stoichiometric
cyanide concentration ([CN-],). However, because of the prior equilibrium involving
rapid methoxide attack and also because of the depletion of cyanide concentration by
methanolysis, the rate expression appropriate for formation of (3.1) is given in eqn.3.5.
A linear plot of k¢ according to this equation is shown in figure 3.6 and allows the
calculation of values for k; of 15.03 dm’mol's™ and k_; of 0.055 s*. Combination of
these values gives a value for Ky of 273 dm’mol ™,

The nature of the product of the slowest reaction is uncertain but this will be

discussed below (section 3.2.6).

3.2.5 Visible Spectra at Low Cyanide Concentration in Methanol.

Table 3.3
The equilibrium constants,K,, and K,, for the formaton of
the TNB.CN- sigma-complex (3.1).

[CN1.2M | [CNI2M | TNBM | teo/min | Aggs® K¢ K¢
5x105 | 2.2x106 0.05 60 0.35 10.8 162
5x105 | 3.8x10°6 | 5x103 130 0.15 35.3 401
1x104 1.5x10-5 1x10-3 20 0.12 64.2 392
5x104 | 2.0x10*4 1x10-3 25 0.50 54.0 128
1x10-3 | 4.9x104 1x10-3 5 1.20 67.9 124
1x10-3 | 5.2x104 | 5x104 16 0.55 59.8 107
1x103 | 5.3x104 | 5x10° 5 0.05 52.8 94

a) As for table 3.2.

b) Time of measuring A435 after mixing.

¢) Uncorrected for any absorbance of TNB.OMe™ (3.2b) at 435nm.
d) dm3mol-1.

|’J|



Visible spectra were recorded using conventional spectrophotometry of solutions
containing low concentrations of cyanide (<5x10'3M). In order to obtain coloured
solutions it was necessary to use relatively high concentrations of TNB and in most cases
the concentration of TNB was greater than that of cyanide. Three representative sets of
spectra are shown in figures 3.7-9, and the final absorbances at 435nm are given in table
3.3.

In these solutions methanolysis must be taken into account, especially at low
concentrations of cyanide. A value of 4x10™* moldm™ has been calculated (calc.3.1) for
the methanolysis constant, Kyewm, of the cyanide ion. Table 3.3 gives the absorbance,
Ag3s, of (3.1) at 435nm, and both the initial (pre-methanolysis) concentration of cyanide,
[CN-]o, and the concentration of residual (after methanolysis) cyanide concentration,
[CN-];, and the respective equilibrium constants,K, and K;, for the formation of the
sigma-complex (3.1). The calculation method is shown in calculation 3.2.

Calculation 3.2:

Ken
TNB + CN- - TNB.CN™ (3.1)
K [TNB.CN]
° ~ [TNB].[CN],
4 3 3 1. -1 - Agss
Assume €,55 for (3.1) = 2x10" dm’mol "cm™: [TNB.CN] = -
2x10

A435 / 2)(104

K, =
([TNB] - A5/ 2x10% ([CN'] - Agss/ 2x10%)

[CN], = [CNT, + [OMe] + [TNB.CN']

[MeOJ? 4

and KMy = ——— = 4x10%M  (table 3.2)
[CNT,

Therefore 4x10“[CN], = {[CN],- [TNB.CN7] - [CN,}?

A quadratic equation which can be solved for [CN],, then:

K - [TNB.CN]
"~ [TNBL[CNT,

The results obtained for Kcy using the residual cyanide concentration, K,, show
quite a wide variation. This can be attributed to the very low cyanide concentrations
used, so that any acidity or basicity in the solvent will change the equilibrium

concentration.



Figure 3.7

TNB (0.001M) + KCN (10-+*M) /methanol.

[nterval between scans = 2min.
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Fioure 3.8

TNB (0.001M) + KCN (0.001M) /methanol.

Interval between scans = 2min.
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The values obtained for K¢y are not incompatible with the more reliable value of 273
dm’mol™ obtained from the kinetic data.

Two features of the spectra which are worthy of comment are i) the slowness of
adduct formation at very low concentrations of cyanide and ii) the further reaction
resulting in increased absorbance at 500nm. These will be dealt with in turn.

The slowness of the reaction is apparent from figure 3.7. The data were not
thought to be of sufficient quality to attempt the calculation of a rate coefficient, but a
qualitative explanation can be given. The reaction becomes slow when the concentration
of TNB is greater than that of cyanide, and at low cyanide concentrations. Rapid
methanolysis competes with adduct formation. In the presence of the rapid pre-
equilibrium the expression for Ky is given 14 by eqn.3.6. At low concentrations of

cyanide when Kpfer, >> 2[MeO-] the value of the rate constant will be decreased.

_ KMeth }
CN™ + MeOH —_— HCN + MeO

ky
TNB + CN° T—; TNB.CN™ (3.8)
-1

k, [TNB]
kf = X + k-l Eqn.3.6
Meth

2[MeO]

3.2.6 The Nature of the Fading Reaction.

The plot in figure 3.5 shows that with increasing cyanide concentration the value of
k4 increases in a curvilinear fashion reaching a plateau. One possible explanation for this

behaviour is a slow competing reaction of cyanide with TNB, as shown in scheme 3.2.

Scheme 3.2 .
TNB.OMe™ (3.2b)

KOM/e¢f
,4&%

KCN

\kz\

TNB + CN + MeO’ TNB.CN-  (3.1)

If the sigma-adduct forming reactions with methoxide and cyanide are fast equilibria
compared with the further process then the appropriate expression for kq 1s eqn.3.7,
which will simplify to eqn.3.8 when [CN-] >> [OMe~]. An equation of this form will
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predict the curvilinear dependence observed for kg, with kq = ko/Kcn at high cyanide
concentration. However the chemical process represented by kj is uncertain.

k,[CN]
ke = 1+ Ky [CNT + Kogpo[OMeT] Ean.3.7

ky[CN]

- Eqn.3.8
1+ KCN [CN7]

e
a
i

A further possible explanation is suggested by the increase in absorbance at 500nm
shown in figures 3.7-9. It is known 13 that 1:2 adducts typically give a single broad
absorbance in this region, so this possibility must be considered. The rate expression for
the formation of a dicyano-adduct is eqn.3.9. However, this equation does not predict
any levelling-off of the value of k4 obtained at high concentration and must be discarded.

k
TNB.CN' + CN' =—e== TNB.(CN),>
ko
kKen[CNJ2
k 4= - 2 Eqn.3.9
1+Key [CNT]
ko
TNB.CN" + OMe’ TNB.(CN)(OMe)*
ko
szCN[MeO-][CN—]
kd = - + k_2 Eqn.3.10
1+Key [CNT]

Nevertheless, a mixed cyano-methoxy di-adduct is a possibility. This would lead
to a rate expression given by eqn.3.10. The plot of kg versus cyanide concentration
(fig.3.5) has a small intercept, indicating that k_; has a low value. The rate data were
used to calculate values for kj as a function of cyanide and methoxide concentrations.
The values obtained (table 3.4) show small variation of ky with cyanide concentration
indicating that this rate expression (eqn.3.10) is not impossible. This, perhaps, is
evidence that the slow reaction may involve formation of the adduct (3.7).

NC H
NO, NO,-

H

OMe
0,

(3.7)



Table 3.4

[CN-],/M | [OMe]/M kq /st k> /dm3mol-!s-!
0.0041 0.0009 0.033 70
0.0087 0.0014 0.070 77
0.0130 0.0020 0.096 62
0.0173 0.0027 0.13 59
0.022 0.0030 0.15 59
0.0267 0.0033 0.18 62
0.0361 0.0039 0.20 55
0.0457 0.0043 0.20 50

3.2.7 Other Work.,

TNB has been reacted with an excess of potassium cyanide in acetonitrile (fig.3.10)
In each case the initial reaction

and 5%/95% v/v methanol/chloroform (fig.3.11).

appears to be the formation of the sigma-complex (3.1) (Apax 440 and 550nm in
acetonitrile, lit:' 438 and 555nm; Aqax 430 and 530nm in 5%/95% v/v methanol/
chloroform, tic:' 442 and 558nm in chloroform, lic:* 428 and 540nm 1in methanol).

An excess of TNB (0.0067M) reacts with potassium cyanide (0.0033M) in
methanol to rapidly yield the 1:1 sigma-complex (3.1) Apax 425 and 530nm (fig 3.12).
The bands of (3.1) fade to yield a spectra of broad absorbance from 400 to 500nm,

caused by a species whose nature remains unknown.



Fieure 3.10

TNB (10*M) + KCN (0.005M) /acetonitrile.

Interval between scans = 2min.
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Figure 3.11

TNB (10*M) + KCN (0.005M) / 5%/95% v/v methanol/chloroform.

Interval between scans = 2min.
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Ficure 3.12

TNB (0.0067M) + KCN (0.0033M) /methanol.

Path length = Imm, interval between scans = 2min.
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Picric acid (5x10-3M) + KCN (0.1M) /methanol.

Interval between scans = 2min.
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3.3 THE REACTION OF PICRIC ACID WITH CYANIDE.

A small amount of work has been carried out on the reaction of picric acid (2,4,6-
trinitrophenol) with potassium cyanide in methanol. In the presence of excess cyanide
(0.1M) in methanol picric acid (5x10‘5M) (Amax 350nm with a shoulder at 410nm)
produces a species which causes an absorbance band A,y 505nm (fig.3.13). The
isosbestic points (440 and 315nm) indicate a clean reaction with no side reactions. A

possible structure of the species giving rise to this new absorbance is discussed in section

3.1



3.4 CONCLUSION.

In this chapter the reactions of cyanide ion with some trinitro-substituted benzenes
have been examined. This work does not present a complete picture, although some
headway has been made. A major conclusion is that methanolysis of cyanide ions is an
important process in these reactions so that the methoxide ions produced may play an
integral part in the overall reactions.

The main thrust of the work in this thesis and the main interest of the sponsor was
in the synthesis of new cyano-benzenes. It was felt that further work on the trinitro-

benzenes was not justified at this stage.
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CHAPTER 4

THE REACTIONS OF META-DINITROBENZENE AND
2:4- AND 2.6-DINTTROBENZONITRILE WITH METHOXIDE
HYDROXIDE AND CYANIDE IN METHANOIL OR DM

A major product of the reaction between mera-dinitrobenzene and potassium
cyanide in methanol is known to be 12-methoxy-6-nitrobenzonitrile. It has been
demonstrated (chapter 3) that in methanolic cyanide solutions methanolysis produces a
significant concentration of methoxide ions, hence a possible route to the reaction
product is ring cyanation followed by methoxydenitration. In order to investigate this
reaction in further detail, a study of the reactions of the potential intermediates 2,4- and
2,6-dinitrobenzonitrile with cyanide or methoxide ions in methanol has been

undertaken.

4.1 REACTIONS WITH METHOXIDE - INTRODUCTION.

The initial, very fast reaction between 3,5-dinitrobenzonitrile (4.1) and
methoxide in methanol or methanol/DMSQO mixtures is the formation of the sigma-
complex (4.2).2 The absorbance maxima of (4.2) at 390 and 490nm rapidly fade over
several minutes. In the initial work this fading was attributed to the substitution of
nitro-groups. However a more recent study 3 has shown that the final product of this
reaction is the imidate (4.3), not 3-cyano-5-nitroanisole as originally suggested.2

HN. ,OMe
CN CN ¥c
H
Q. O
NO, NO, NO; NO, NO, NO,
@.1) #.2) 4.3)

It has been shown * that in the presence of methoxide in methanol, a series of 2-
X-1,4-dinitrobenzenes (4.4) undergo substitution by methoxide of the nitro-group
adjacent to the X-substituent (eqn.1.4). There is kinetic evidence that a cyano-group
adjacent to a nitro group promotes this substitution better than either NOzor H. For X
= CN (4.4) no methoxide attack on the cyano-group was observed, but could not be
ruled out as a minor pre-equilibrium to the irreversible formation of the anisole. The

bulky nitro group ortho to the cyano-group was thought likely to inhibit imidate

N



formation. Other examples of methoxydenitration have been discussed above (section

1.4).

N02 OMe
X MeO '/ MeOH X
—_— Eqn.4.1
NO, NO,
(4.4)

In polar aprotic solvents (DMSO, DMF, hexamethylphosphoramide) the
reaction of meta-dinitrobenzene with a two-fold excess of either sodium methoxide or
thiophenoxide, resulting in the substitution of a nitro group (eqn.4.2), is an example of
the behaviour of many substituted nitroaromatics.’ The reaction is performed at room
temperature under nitrogen. However, in methanol, it has been reported 6 that a redox
reaction occurs between meta-dinitrobenzene and excess methoxide under nitrogen at
temperatures between 40-90°C, yielding trans-3,3'-dinitroazoxybenzene (eqn.4.3). In
the methoxide concentration range 2.9-3.4M with mera-dinitrobenzene (5x10-4M) the
radical anion of the substrate is observed. It has been postulated 7 that 3-nitro-

nitrosobenzene is an intermediate in this reaction,

NO, oME X
+ NaX , @’ Eqnd.2
X = OMe, SPh. 1S
2
NO, MeOH o
+ OMe’ <0 , QN:N*Q Eqnd.3
NO{ NO,

0,

NO,



4.2 THE REACTIONS OF 2.4- AND 2.6-DINITROBENZONITRILE WITH
METHOXIDE.

4.2.1 In Methanol.

2,4-Dinitrobenzonitrile (1CN24DNB) and 2,6-dinitrobenzonitrile (1CN26DNB)
have been reacted with excess methoxide in methanol. The reactions have been
followed by proton NMR and uv/vis spectrophotometry; the final products were
confirmed by HPLC. There is spectroscopic evidence for attack by methoxide either at
1) the cyano group or at ii) the nitro-substituted ring position. The former reaction leads
to the solvate (methanol addition to the cyano group) and is reversible, while the latter
results in irreversible displacement of a nitro group by methoxide. Kinetic studies
indicate that reaction occurs in two well-separated stages; in the first rapid stage the
parent is partitioned between solvate and substitution products, while the second slower
stage results in the slow conversion of the solvate to substitution products via the parent.
The final products are isomeric methoxy-nitrobenzonitriles.

The spectrum of ICN24DNB (1x10#M) shows (fig 4.1) (table 4.1) Apax 225nm,
€ = 2.7x104 dm3mol-lcm! with a shoulder at 300nm. In the presence of base (0.019M),
the first stage of the reaction involves a decrease in absorbance at 236nm and an
increase at 340nm, while in the second stage there is increase at 340nm and decrease at
250nm. An isosbestic point is observed at 236nm during the slower reaction. The
final spectrum is compatible with the formation of a mixture of 1-cyano-2-methoxy-4-
nitrobenzene (1CN2MeOQ4NB) (fig.4.2a) and 1-cyano-4-methoxy-2-nitrobenzene
(1CN4MeO2NB) (fig.4.2b) (table 4.1) in the same medium. UV/Vis spectra do not
allow the proportions of these isomeric products to be determined. However, HPLC
results described later indicate the ratio of 1CN2MeO4NB to 1CN4MeO2NB to be 2:1.

The spectrum of ICN26DNB (1x104M) shows (fig 4.3) (table 4.1) Apax 232nm,
€ = 2.5x104 dm3mol-lcm-1, In the presence of base (0.22M), the first stage of the
reaction involves a decrease in absorbance at 227nm and an increase at 335nm, while in
the second stage there is increase at 335nm and decrease at 245nm. An isosbestic point
is obseved at 227nm during the slower reaction. The spectrum after 30min corresponds
to that of 1-cyano-2-methoxy-6-nitrobenzene (1ICN2MeO6NB) (fig.4.2¢) in the same
medium (table 4.1). After 24hrs a shoulder at 301nm is evident due to the very slow
production of 2,6-dimethoxybenzonitrile (1ICN26DMB) (fig.4.2d) (table 4.1).

The observed rate constants for both the fast (kf) and slow (ks) stages of the
reaction with excess methoxide of both substrates are shown in tables 4.2 and 4.3; and
plots of rate constant against concentration of methoxide are shown in figures 4.4-7.
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Figure 4.1
UV/Vis spectra of 1)ICN24DNB(1x10-+*M) /MeOH and
2)1CN24DNB(1x10-*M) + MeO~(0.019M) /MeOH (int. = Smin).
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Figure 4.3

UV/Vis spectra of 1)1ICN26DNB(1x10-*M) /MeOH and
2)ICN26DNB(1x104M) + MeO~(0.22M) /MeOH (int. = 3min).
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Figure 4.2
UV/Vis spectra of a) ICN2MeO4NB b) 1CN4MeO2NB
c) ICN2MeO6NB and d) ICN26DMB. (1x10-M).
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Table 4.1

The uv/vis spectra of substrates and products in methanol and DMSO.

Solvent Methanol DMSO ¢
Amax /MM 104¢ Amax /NM 104¢
/dm3mol-lcm-! /dm3mol-lcm-!
1CN24DNB 225 2.7 300 (sh) * 0.36
1CN26DNB 232 2.5 upto 400"
1CN2MeO4NB 214 1.3 271 0.59
267 0.60 343 0.34
335 0.39 411 0.20
405 0.25
1CN4MeO2NB 234 2.8 330 0.34
325 0.30
1CN2MeO6NB 222 1.2 271 0.59
239 0.62 341 0.30
335 0.39
1CN26DMB 211 2.3 302 0.80
247 0.85
301 0.40
1CN24DMB 290 0.76

a) shoulder.

b) no definite peak.
¢) DMSO absorbs strongly below 270nm so that substrate absorption is not detectable below

this wavelength.

The absorbance at 335nm (A335) of reaction mixtures initially on adding excess
methoxide to the substrate (Tp), after the completion of the fast reaction (T;) and after
the completion of the slow stage (T7) are shown for ICN24DNB and 1CN26DNB in
tables 4.4 and 4.5 respectively. Assuming that the solvate does not absorb at 335nm,
these data allow the calculation of the initial fractionation of the parent between the

substitution product(s) and the solvate.

In terms of scheme 4.3, eqn.4.4 relates the

fraction of substituted products formed in the initial stage of reaction to the rate

coefficients k; and k.

T T
Agzs't - A5 ®

T T
Azzs? - Agzs®

(ky + ko)

Eqn.4.4
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Ficure 4.4
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Fioure 4.5

1CN24DNB + Me(O~ /Me(OH
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Fioure 4.6
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Fioure 4.7
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Observed rate constants for the reaction of 1ICN24DNB

Table 4.2

(1x10“M) with excess methoxide in methanol.

[MeO"]/M 104 Kgiow 21570 | 103 Kpaq /57!

0.01 1.08 —_
0.024 — 3.7

0.05 3.31 7.2

0.075 5.3 —
0.096 — 13.0
0.10 6.5 —
0.14 — 17.4
0.15 9.0 —_
0.19 — 27.0

Rate constants measured a) as an increase in absorbance at 340nm and
b) as a decrease in absorbance at 236nm on a conventional uv/vis spectrophotometer.

Table 4.3
Observed rate constants for the reaction of ICN26DNB

(1x104M) with excess methoxide in methanol.

[MeO]/M 104Kgow 2 /51 | 103 Kpaq /57!
0.024 — 3.0
0.038 2.67 —
0.048 — 6.0
0.075 5.02 —
0.096 — 14.0
0.113 7.75 —
0.114 — 21.0
0.192 — 30.0

Rate constants measured a) as an increase in absorbance at 335nm and
b) as a decrease in absorbance at 227nm on a conventional uv/vis spectrophotometer.



1CN24DNB (1x104M) + MeO~ /MeOH.

Table 4.4

Comparison of absorbances at 335nm after the first (T)

and the second (T>) reactions.

[MeO} /M T /min Asss ky
ky + k)

To 0.15

0.096 Ty 0.24 0.45
T, 60 0.35
To 0 0.17

0.048 Ty 10 0.27 0.47
T, 120 0.38
To 0 0.14

0.024 Ty 20 0.29 0.68
T, 240 0.36

a) from eqn.4.4. An average value of 0.533 is used in caic.4.1.

Table 4.5

1CN26DNB (1x104M) + MeO" /MeOH.

Comparison of absorbances at 335nm after the first (T)

and the second (T,) reactions.

[MeO-] /M T /min As3s ky
ky + kj)

To 0.24

0.22 o 0.41 0.52
T, 20 0.57
To 0.17

0.11 Ty 4 0.39 0.59
T, 40 0.54
To 0.12

0.055 Ty 0.36 0.60
T, 80 0.52

a) from eqn.4.4. An average value of 0.570 is used in calc.4.1.




“4.4) 4.5)

Table 4.6
Proton NMR shifts (8) and coupling constants (J) of 1,2,4-trisusubstituted benzenes.

(structure 4.4).

S lppm J/Hz

Substrate Solvent | H3 H5 H6 [HOMe | HOMe | J.o | Jsg

1CN24DNB CDb;0D 9.08 | 871 | 832 — — 2.20 | 8.33

ds-DMSO | 893 | 874 | 850 — — 2.21 | 8.62

Solvate (4.6) CD,0OD 879 | 854 | 7.8-9 — — 2.13 | 8.54

ICN2MeO4NB | CD,0D | 7.98(s)&7.91(s) | 408 | — | — | —

dg-DMSO | 7.97 | 7.92 | 8.09 — — 1.68 | 8.20

1CN4MeO2NB | CD5;0OD 7.86 | 7.43 | 7.93 | 3.98 — 2.55 | 8.56

ds-DMSO | 7.87 | 7.53 | 8.10 — — 1.68 | 8.76

ICN24DMB | ds-DMSO | 6.73 | 6.66 | 7.63 | 3.89 | 3.85 | 2.11 | 8.56

2,4-Dinitro dg-DMSO | 8.54 | 7.73 | 6.26 — — 3.18 | 9.75
phenoxide

The NMR spectrum of 1CN24DNB in ds4-methanol shows three coupled signals
of the ring protons (table 4.6) (fig.4.81) at 9.08, 8.71 and 8.32ppm. In the presence of
- an approximately three times excess of methoxide in d4s-methanol the spectrum
(fig.4.8ii) shows a mixture of the solvate (4.6) and the substitution products
(1CN2MeO4NB) (4.7) and (1CN4MeO2NB) (4.8) (scheme 4.1). The spectrum of the
solvate (table 4.6) decreases in intensity during 15mins, as the bands due to the
substitution products (4.7-8) (table 4.6) increase (fig.4.8iii). HPLC of the final reaction
mixture gives the ratio of (4.7) to (4.8) as 2:1, no solvate is observed.

The NMR spectrum of ICN26DNB in d4-methanol shows two coupled signals
of the ring protons (table 4.7) (fig.4.9i) at 8.58 and 8.09ppm. In the presence of an
approximately three times excess of methoxide in d4-methanol the spectrum (fig. 4. 9ii)
shows a mixture of the solvate (4.9) and the substitution product (1CN2MeO6NB)
(4.10) (scheme 4.2). The spectrum of the solvate (table 4.7) decreases in intensity
during 60mins, as the bands due to the substitution product (4.10) (table 4.7) increase.
After 24hrs some ICN26DMB (4.11) is evident, together with (4.10), but there 1s no
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solvate present (fig.4.9iii). 1CN2MeO6NB gives a complicated ABX spin system in
methanol, and in DMSO (fig.4.10a), but a clearer picture is obtained in d-chloroform

where an AMX spin system is obseved (fig.4.10b).

Scheme 4.1
HN (__OMe
NO,
(4.6)
CN /
NO, NO,
+ MeO /MeOH
CN CN
NO, \ OMe NO,
+
NO, OMe
@7 (4.8)

Table 4.7
Proton NMR shifts (8) and coupling constants (J) of 1,2,6-trisusubstituted benzenes.
(structure 4.5).

O /ppm J/Hz

Substrate Solvent H3 H4 H5 | HOMe | ]34 J3s
ICN26DNB | CD;0OD 8.58 8.09 — — 8.32 —
dg-DMSO| 8.67 8.19 — — 8.30 —

Solvate (4.9) | CD;0OD 8.38 7.85 — — 8.08 —
1CN2MeO6NB| CD30OD 7.95-87 & 7.74 2 4.02 — —
CDCl;4 7.86 7.73 7.35 4.06 8.25 1.07

dg-DMSO 7.95-87 & 7.74 2 4.02 — —

ICN26DMB | CD30OD 7.52 6.71 — — 8.55 —
de-DMSO| 6.80 7.59 — — 8.52 —

2,6-Dinitro | dg-DMSO| 7.80 6.03 — — 8.05 —

~ phenoxide

13DNB CD;0OD |8.99 (H2)| 8.62 | 7.90 — 820 | 2.16
dg-DMSO| 8.85 (H2)| 8.67 7.97 — 8.15 2.17

a) ABX pattern, see text.



Fioure 4.8
'H NMR spectra of ICN24DNB in CD;0D 1) in the absence of methoxide; ii) at

completion of the fast reactions with methoxide and iii) at completion of slow reaction

with methoxide. Bands labelled "a" are due to parent, "b" are due to solvate (4.6) and

"c" are due to the methoxy-nitro-benzonitriles (4.7) & (4.8).
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Figure 4.9
'H NMR spectra of ICN26DNB in CD;0D i) in the absence of methoxide; ii) at
completion of the fast reactions with methoxide and iii) at completion of slow reaction
with methoxide. Bands labelled "a" are due to parent, "b" are due to solvate (4.9), "c"

are due to ICN2MeQ6NB (4.10) and "d" are due to ICN26DMB (4.11).
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Fioure 4.10
IH NMR spectra of ICN2MeO6NB (4.10) in a) ds-DMSO and b) CDCls.

b)




Scheme 4.2
HN OMe

NO, NO,

oN /

NO, NO,
+ MeO /MeOH
\ CN CN
NO OM .
2@’ ® MeO™ /MeOH Meo@/m'k
————-

(4.10) (4.11)

4.9)

4.2.2 Kinetic Analysis.

The results for 1ICN24DNB can be interpreted in terms of scheme 4.3 and
calculation 4.1; an analogous analysis can be used for ICN26DNB.

Scheme 4.3
CN
NO,
4.7 4.8
+ MeO /MeOH “n @8
k

N02 \ OMC \ OMe

P

P) MeOH
) ) (SH)

(S7) will be a fairly strong base so will be predominantly in the form of the solvate
(SH). The fast reaction is the initial disappearance of the parent (P). From the rate
expression for this fast reaction (eqn.4.5) a value for the sum of (k; + kj) can be
calculated using a graph of k¢ against methoxide concentration (figs.4.5 & 4.7). The
expression for the gradients of the kg against methoxide concentration graphs (figs.4.4
& 4.6) is given by eqn.4.6. These two equations, together with the average values for
the ratios of kj to the sum (k; + k;) shown in tables 4.4 and 4.5, allow calculations of
values for ky, ks and the ratio (k.2 /K). From these values the equilibrium constants for
the solvolysis of the parent dinitrobenzonitriles (K;) (eqn.4.7) can be calculated
(calc.4.1); and compared with those found for other substituted benzonitriles (table 4.8).
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Calculation 4.1

For the fast reaction: ki = (k; + k) [MeO] Eqn.4.5

For the slow reaction: Assume (S ) and (SH) are in rapid equilibrium:

[SH] [OMe']

K = ~
(S7]
Assume (P) is a steady-state intermediate:
d[P]
T =k ,[S]- (ky + ky)[MeO][P] =0
therefore k,[S7]
[P] = -
&k, + ky) [MeO]
k , [SH]
P] = ———
Kk + k)
but
d[(4.7)+(4.8 -d[SH
dt dt
-d[SH] _ k, k, [SH] [OMe’]
dt
Kk + k)
but -d[SH] « ISH
— =k [SH] |
k, k, [OMeT]
SO kg = K (k; + k) Eqn.4.6
For solvolysis: K, igae (Ki): K.
MeOH
P) === (SH) Eqn4.7
(SH)
@
ky, K
therefore K, = K, K=
k,



Table 4.8
Calculated values of k;, k; and K.

Kk ® ky? log 102K;
CeHsCN® — — 1.40
pCICEH,CN® — — 1.91
PNO,C¢H4CN® — — 2.69
mNO,CgH4CN® — — 2.78
1CN24DNB © 0.080 0.070 2.81
1CN26DNB © 0.077 0.058 2.69

1-1

a) units of dm3mol- s

b) ref 8.
c) this work.

4.2.3 In DMSO.

In DMSO there are also two processes involved. There is a rapid equilibrium
involving the formation of the respective methoxy-sigma complex; and slower,
irreversible replacement of a nitro group by a methoxy group. In turn this is followed
in excess methoxide by the replacement of the remaining nitro group to yield the final

product, the dimethoxybenzonitrile.

The NMR spectrum of 1CN24DNB in DMSO-ds shows three coupled signals of
the ring protons (table 4.5) (fig.4.11a) at 8.93, 8.74 and 8.50ppm. In the presence of a
three times excess of methoxide in DMSO-dg the initial spectrum (fig.4.11b) shows the
signals of the sigma complex (4.12) (Sppm: 8.46(s)(H3), 6.38(s)(HS), 5.42(s)(H3),
J56=5.95HZ; Ama495nm) (fig.4.12), but these fade over an hour to leave the signals
(table 4.6) of a mixture of (4.7), (4.8) and 2,4-dimethoxybenzonitrile (1CN24DMB)
(4.13) (fig.4.11c) (scheme 4.4). After seven days (4.13) is the predominant species
(scheme 4.4).

The NMR spectrum of 1CN26DNB in DMSO-dg shows two coupled signals of
the three ring protons at 8.67 and 8.19ppm (fig.4.13a) (table 4.7). On mixing with a
three times excess of methoxide a crimson/purple colour (Apmax 544nm) is initially
observed by uv/vis spectroscopy (fig 4. 14) due to the sigma complex (4.12), but this
fades too quickly for NMR analysis. The first species observed by NMR are
ICN2MeO6NB (4.10) and ICN26DMB (4.11) (table 4.7) (fig.4.13b). After an hour

(4.11) is the predominant species (scheme 4.5).



Fioure 4.11

IH NMR spectra of ICN24DNB in d-DMSO a) in the absence of methoxide; b) initially

after mixing with methoxide and ¢) at completion of slow reactions with methoxide.

w —

Bands labelled: A - 2.4-dinitrobenzonitrile, B - sigma-complex (4.12),
C - 2-methoxy-4-nitrobenzonitrile, D - 4-methoxy-2-nitrobenzonitrile,
E- 2,4—dimethoxybenzonitrile.






Fioure 4.12
UV/Vis spectra of 1) ICN24DNB(1x10M) /DMSO,
2) ICN24DNB(1x104M) + MeO~(0.0011M) /DMSO (int. = 3min)

and 3) after 40mins.
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Figure 4.14
UV/Vis spectra of 1) ICN26DNB(1x104M) /DMSO,

2) 1CN26DNB(1x104M) + MeO~(0.0011M) /DMSO,
3) after 30sec (int. = 30sec) and 4) after 4mins.
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Ficure 4.13
'H NMR spectra of ICN26DNB in «/s-DMSO a) in the absence of methoxide

and b) 2mins after mixing with methoxide.

Bands labelled: A - 2-methoxy-6-nitrobenzonitrile, B - 2,6-dimethoxybenzonitrile.
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Scheme 4.4 CN
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4.2.4 The Solvent Effect.

In methanol there is competition between attack at ring-carbons carrying a nitro
group and at the carbon of the cyano group. There is no evidence of detectable
concentrations of sigma-complex intermediates because the equilibrium constants for
their formation are too low in this medium.

Solutions of methoxide in DMSO are many orders of magnitude more basic than
solutions in methanol. Hence we initially observe rapid formation of sigma complexes.
A slower reaction involves attack at ring-carbons carrying nitro groups, which in excess
methoxide can lead to replacement of both nitro groups.

In DMSO there is no evidence for methanol addition to the cyano group. This
reaction involves methanol as a reactant, and in this media, where the activity of

‘methanol is low, the reaction will be disfavoured.
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4.3 THE REACTIONS OF SUBSTITUTED-META-DINITROBENZENES WITH

CYANIDE IN METHANOL.

Russell and Tebbens ' produced 2-methoxy-6-nitrobenzonitrile in their synthesis
of 2,6-dimethoxybenzonitrile from meta-dinitrobenzene and potassium cyanide in
methanol. This reaction has been repeated on a smaller preparative scale and on the
NMR scale with mera-dinitrobenzene and 2,4- and 2,6-dinitrobenzonitrile. Different
products to those originally recorded have been examined, and the effect of pH has been
studied.

4.3.1 Meta-dinitrobenzene,

A solution of potassium cyanide (11.5g) (0.18 moles) in water (20ml) was added
to a solution of meta-dinitrobenzene (25g) (0.15 moles) in methanol (375ml) at 40°C
with stirring. The resulting dark purple mixture was stirred for 2hrs and then allowed
to stand at room temperature for 2-3 days. A black precipitate was collected by
filtration and allowed to dry in the air. The filtrate was diluted with 31 of water and
allowed to stand overnight. A further brown precipitate was collected by filtration and
allowed to dry in the air. The combined precipitates were refluxed for 30mins with
successive 30, 25 and 25ml aliquots of chloroform. The chloroform extracts were
filtered while hot and the red filtrates combined and concentrated to 25ml. Addition of
petroleum ether (b.p. 60-80°C) (50ml) causes a suspension to separate.

Filtration and drying yields a red powder which contains a mixture of products
(16% yield, m.pt. 169-70°C, lit.! 148-57°C). Analysis by HPLC gave the ratio of
ICN2MeO6NB(r; = 7.4min) to 1ICN2MeO4NB(r; = 10.7min) as 10:1, also evident are
traces of 1CN4MeO2NB(r;= 9.2min)and 1CN26DMB(r,= 7.9min). Mass
spectrometry shows the molecular ion of 178mu., consistent with a nitro-methoxy-
substituted benzonitrile. The observed elemental analysis: 15.8% N, 54.5% C, 3.5% H,
agrees well for that calculated for a nitro-methoxy-substituted benzonitrile (15.7% N,
53.9% C, 3.4% H). UV/Vis spectrophotometry and proton NMR confirm that the
major product is 2-methoxy-6-nitrobenzonitrile (tables 4.1 and 4.7).

The experiment was repeated, but with acid added in an effort to control the pH
and limit the concentration of methoxide ions (13DNB 25g, KCN 17.25g 0.265 moles,
HCI (11.6M) 7.7ml 0.09 moles).  Since hydrochloric acid quantitatively converts
potassium cyanide to hydrogen cyanide, the amounts used leave the same ratio of free
cyanide to substrate as in the original experiment. The pH of the reaction mixture was

monitored during the reaction (table 4.9).



An orange brown powder was produced (1.81g, 7.2% yield by mass; m.pt. 106-
8°C). Two molecular ions are shown in the mass spectrum, 178 and 181mu. NMR
(fig.4.15) shows the coupled signals of 1CN2MeOG6NB (table 4.7) and other significant
signals at 7.00ppm (d) J = 9.18Hz and 6.85ppm (s). In experiments with 2,4- and 2,6-
dinitrobenzonitrile described below (sections 4.3.3 and 4.3.2 respectively) the doublet at
7.00ppm is associated with a doublet at 7.85ppm, and the singlet at 6.85ppm is
associated with a singlet at 7.94ppm. In fig.4.15 these further signals are obscured by
those of 1ICN2MeO6NB. In sections 4.3.2 and 4.3.3 below these signals are ascribed to
the isomeric dicyano-dimethoxy-benzenes (4.16) and (4.17). HPLC (fig 4.15) shows
two major products, one of which is ICN2MeO6NB; no 1CN26DMB, 1CN2MeO4NB
or ICN4MeO2NB are observed. The peaks r; = 8.0 and 9.0min are assigned below to
(4.16) and (4.17) respectively.

Table 4.9
The pH of the buffered reaction mixture of 13DNB and KCN in methanol.

Time /min 0 10 60 90 120
pH 10.9 10.7 11.4 11.8 12.4

The Russell-Tebbens reaction has been simulated on an NMR scale using
deuterated solvents (molar ratio 13DNB:KCN 1:1.2, 5.3% D,0 v/v in CD30D).The
mixture was kept at 40°C at all times except when spectra were being acquired (when it
was at room temperature), and was shaken regularly. The spectrum recorded after two
hours is shown in figure 4.17a; major bands seen are due to 13DNB and 1CN2MeO6NB
but other minor species are also present. At the end of reaction the major signals
observed (fig.4.17b) are due to 13DNB, 1CN2MeO6NB and 1CN26DMB.

In an attempt to produce 2,6-dinitrobenzonitrile from 13DNB the Russell-
Tebbens reaction was carried out in iso-propanol instead of methanol. It has been
reported ? that alcoholysis of the cyanide ion occurs less readily in iso-propanol than in
methanol.

13DNB (1.68g in 30ml iso-propanol) was mixed with KCN (0.92g in 1.6ml
water) and the usual Russell-Tebbens procedure carried out. This yielded a smail
amount of solid which gave the NMR spectrum shown (fig.4.18a). This spectrum is
consistent with 6-iso-propoxy-2-nitrobenzonitrile (4.15). The aromatic protons give a
complex ABX pattern (c.f. ICN2MeO6NB). The coupled signals at 4.93 and 1.35ppm
are due to the iso-propoxy group. The coupling constant within the alkoxy group is
6.00Hz. The signal at 2.50ppm is due to incomplete deuteration of the solvent
(DMSO); that at 3.31ppm may be due to water in the solvent.



'H NMR spectra of the product of the reaction between 13DNB

and KCN in methanol in the presence of acid.

el

Bands labelled: A - mera-dinitrobenzene, B - 2-methoxy-6-nitrobenzonitrile.



Ficure 4.16
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HPLC analysis of final product mixtures.
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Figure 4.17
'H NMR spectra of the reaction between 13DNB
and KCN in CD;0D after a) 2hrs and b) 24hrs.

Bands labelied: A - meta-dinitrobenzene, B - 2-rﬁethoxy—6—nitrobeﬁzonitﬁle,

C - 2,6-dimethoxybenzonitriie.
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Figure 4.18
The product of the reaction between 13DNB and KCN in iso-propanol:
a) 'TH NMR spectrum and b) mass spectra.
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The electron ionisation (E.I.) mass spectrum (fig.4.18b) shows a molecular ion
peak at 207mu. The relative molecular mass of 6-iso-propoxy-2-nitrobenzonitrile is
206. The signal at 207mu. is indicative of self-protonation in the ion chamber,
probably caused by the labile proton in the iso-propoxy group. The strong (M-43) peak
(164mu.) is due to the loss of the C3H7 fragment.

CN

Nozfj,ocn(cm)2

4.15)

4.3.2 2.6-Dinitrobenzonitrile.

The reaction of 1CN26DNB with cyanide under Russell-Tebbens conditions has
been studied on the NMR and preparative scale.

The NMR spectrum of 1CN26DNB in methanol-d4 shows the two coupled
signals of the ring protons (table 4.7). 10 minutes after mixing with cyanide broad
bands are observed due to the parent and sharp bands assigned to the imidate (4.9) and
1CN2MeO6NB (4.10) (fig.4.19). After an hour the small resonances of the parent are
sharp; bands due to (4.9) and (4.10) are still present. There are three unassigned
doublets: 7.10ppm (d) J = 9.45Hz, 7.00ppm (d) J = 9.20Hz and 6.64ppm (d) J = 8.70Hz.
With time the doublet at 7.00ppm increases in intensity to become a major peak in the
final spectrum. Experiments with 2,4-dinitrobenzonitrile, described below (4.3.3), in
which a product is isolated show that this doublet is associated with one of equal
intensity at 7.85ppm. These peaks are attributed to 1,3-dicyano-2,4-dimethoxybenzene
(4.16). The doublets at 7.10 and 6.64ppm gradually decay and are replaced by doublets
at 7.31 and 6.55ppm, J = 8.8Hz. The latter pairs of doublets have not been
unambiguously assigned but might be due to solvate of the eventual product or to
phenolic products. HPLC of the final product mixture (fig.4.16) reveals the presence of
several species. The band at r; 7.4min is assigned to ICN2MeO6NB, that at r; 8.0min
is assigned to 1,3-dicyano-2,4-dimethoxy-benzene. @ The other bands remain
unassigned, but it is suspected that those species with a very short retention time may be
phenolic products.

A Russell-Tebbens type preparation with 1CN26DNB (2g in 30ml methanol)
and KCN (0.92g in 1.6ml water) yielded a pale brown solid: 15.59% N, 58.41% C,
3.80% H. The TH NMR spectrum in CD3OD gave the signals expected for
1CN2MeO6NB (table 4.7) together with bands at 7.85(d) J=9.20Hz, 7.00(d), J=9.20Hz,
4.24(s) and4.02(s) (fig.4.20). It is proposed that the doublets at 7.85 and 7.00ppm are
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Figure 4.19
'H NMR spectra of ICN26DNB in CD30D a) in the absence of cyanide,
b) 10mins and c) lhr after mixing with cyanide, and d) the final product.
Bands labelled: A - 2,6-dinitrobenzonitrile, B - imidate (4.9),
C - 2-methoxy-6-nitrobenzonitrile.
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Figure 4.20
The product of the reaction between 1ICN26DNB and KCN in methanol:
a) 'H NMR spectrum and b) mass spectra.
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due to he ring protons at the 6-position and 5-position respectively of 1,3-dicyano-2,4-
dimethoxybenzene (4.16). The signal of the proton in the 6-position, ortho and para to
the two electron-withdrawing cyano groups, will appear down field of the proton in the
5-position, ortho and para to the two methoxy groups. The electron ionisation (E.L.)
mass spectrum (fig.4.20b) shows the molecular ion peak of ICN2MeO6NB (178mu.)
together with a peak at 188mu., consistent with a dicyano-dimethoxybenzene. The
peak at 159mu. is due to loss of a CHO (19mu.) fragment from the molecular ion
(188mu.), loss of such a fragment is frequently observed 104n anisoles. The peak
observed at 145mu. is due to loss of N (14mu.) from the fragment (159mu.). The
chemical ionisation (C.I.) mass spectrum shows the (M+18) peaks of 1CN2MeO6NB
(196mu.) and 206mu., consistent with a dicyano-dimethoxybenzene. The carrier gas is
ammonia, and consequently ionisation is frequently caused by the ammonium ion
(18mu.). The peak at 166mu. is due to loss of NO (30mu.) from 1CN2MeO6NB, loss

of such a fragment is common for nitroaromatics.

4.3.3 2.4-Dinitrobenzonitrile,

The reaction of 1CN24DNB with cyanide under Russell-Tebbens conditions has
been studied on the NMR and preparative scale.

The NMR spectrum of 1CN24DNB in methanol-d4 shows the three coupled
signals of the ring protons (table 4.6) (fig.4.21). Addition of cyanide produces no
NMR signals in the aromatic region for the first ten minutes of the reaction (fig.4.21).
This could possibly be due to the presence of radical species. After ten minutes signals
are evident and sharpen over an hour to reveal the spectrum of the final product
mixture: 1H NMR 8¢psop /ppm: 7.94(s), 7.85(d) and 7.00(d) J = 9.20Hz, 6.84(s).
HPLC (fig.4.15) reveals five major species present: 1,3-dicyano-2,4-dimethoxybenzene
(4.16) (r;= 8.0min.) and possibly 1,5-dicyano-2,4-dimethoxybenzene (4.17) (r,=
9.0min.); the remaining peaks have yet to be assigned, but there appears to be no
1CN2MeO4NB (r;= 10.7min.) or ICN4MeO2NB (r; = 9.2min.) present. The two ring
protons of 1,5-dicyano-2,4-dimethoxybenzene would give rise to two singlets of equal
intensity in proton NMR, and such signals are observed in the spectrum of the product
mixture at 7.94 and 6.84ppm. The proton in the 6-position between the two cyano
groups would be expected to appear down field of the proton in the 3-position between
the two methoxy groups.

A Russell-Tebbens type preparation was carried out with 1ICN24DNB (2g in
30ml methanol) and KCN(0.92g in 1.6ml water). Recrystallisation from ethanol of the
crude product yielded a small amount of solid: 17.8% N, 57.43% C, 3.8% H (calculated
for a dicyano-dimethoxybenzene: 14.9% N, 63.8% C, 4.26% H); i.r. spectrum (nujol




Figure 4.21
'H NMR spectra of ICN24DNB in CD30D a) in the absence of cyanide,

b) 3mins after mixing with cyanide and c) the final product.
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Figure 4.22
The product of the reaction between 1CN24DNB and KCN in methanol:
a) 'H NMR spectrum and b) mass spectra.
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mull): 2240cm! (CN stretch), 1620cm-! (aromatic CC stretch), 1230cm-! (C-OMe
stretch); TH NMR 8cpsop /ppm 7.94(s)(HS), 6.85(s)(H3), 4.06(s)(OMe) (fig.4.22a). The

electron ionisation (E.I) mass spectrum (fig.4.22b) shows the molecular ion peak of
1,5-dicyano-2,4-dimethoxybenzene (4.17) (188mu.). The peak at 159mu. is due to loss
of a CHO (19mu.) fragment from the molecular ion of 1,5-dicyano-2,4-
dimethoxybenzene (4.17). The peak observed at 145mu. is due to loss of N (14mu.)
from the fragment (159mu.). The chemical ionisation (C.1.) mass spectrum shows the
(M+18) peak of 1,5-dicyano-2,4-dimethoxybenzene (206mu.). Loss of N (14mu.)
yields the fragment (192mu.). Loss of a methoxy fragment (31mu.) from the molecular

ion yields the fragment (175mu.).

4.3.4 Discussion.

The results of this study of Russell-Tebbens reaction are summarised by scheme
4.6. Under the normal Russell-Tebbens conditions of a slight excess of potassium
cyanide in 5.3% v/v water in methanol, meta-dinitrobenzene produced 2-methoxy-6-
nitrobenzonitrile (4.10) and small amounts of 2-methoxy-4-nitrobenzonitrile (4.7), 4-
methoxy-2-nitrobenzonitrile (4.8) and 2,6-dimethoxybenzonitrile (4.11). 2,4- and 2,6-
dinitrobenzonitrile were not detected in the system, but these are presumably
intermediates along the reaction pathway. When the reaction mixture was buffered
with acid production of (4.10) was observed, together with other species which, on the
basis of NMR and HPLC evidence, appear to be common to the reaction products of the
dinitro-benzonitriles.  No dinitrobenzonitriles or dicyano-dinitrobenzenes were
detected. Under the usual Russell-Tebbens conditions 2,6-dinitrobenzonitrile initially
produced the imidate (4.9) and the usual product (4.10). The final products of the
reaction were (4.10) and 1,3-dicyano-2,4-dimethoxybenzene (4.16). Under indentical
conditions 2,4-dinitrobenzonitrile appeared to produce mainly (4.16) and 1,5-dicyano-
2,4-dimethoxy-benzene (4.17), no methoxy-nitrobenzonitrile products were observed.

When meta-dinitrobenzene is the starting substrate and the pH is not controlled
the production of the expected product (4.10) is observed. However, when the ratio of
cyanide (or cyano groups) to methoxide is increased, either by regulating the pH or
starting with a benzonitrile substrate, the formation of dicyano-dimethoxybenzene
products (4.16-7) is observed.

There is evidence (chapter 3) that alcoholysis of cyanide ions in methanol
produces a significant concentration of methoxide ions. It is well known (section 1.4)
that an ortho-cyano group promotes the substitution of a nitro group by methoxide ions
in DMSO. Consequently it is not surprising that we are unable to detect or isolate any



dinitrobenzonitriles or dicyano-dinitrobenzenes in these systems since they are ideally
activated for methoxydenitration.

Scheme 4.6
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The methanolysis constant for cyanide ions in methanol, Kye, has been
calculated to be 4x10-4moldm-3 (section 3.2.3), and also the second order rate constants
for the reaction of dinitrobenzonitriles with methoxide in methanol at 25°C have been
determined (section 4.2.2) to be approximately 0.08dmmol ’s ™.



Calculation 4.2

The cyanide concentration isc.a. 0.4moldm™

KMeth
CN" + MeOH HCN + MeO
[MeO] = (K, [CNV2
= (0.4 x 4x107)12
= 0.012moldm

Keeoond order = 0:08dm>mol s

therefore Kgirst order = (0.08 x 0.012)s ”?
= 1x103s™!

therefore - typ = 10min at 25°C

and hence = c.a. 2min at 4¢°C

These values may be used to calculate a value of 2mins for the half-life of
dinitrobenzonitriles under the conditions of the Russell-Tebbens reaction (calculation
4.2). Thus the half-life for dinitrobenzonitriles would be approximately two minutes

for the methoxydenitration reaction. -
The results for the reaction of mera-dinitrobenzene and the isomeric

dinitrobenzonitriles with cyanide in methanol are interpretable in terms of ring-
cyanation followed by methoxydenitration. However, there is no conclusive proof for
this pathway. It is of interest to speculate how ring-cyanation might occur, and a
possible mechanism is outlined below (scheme 4.7) for meta-dinitrobenzene.

Pk
=
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Scheme 4.7
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The first step (step 1) involves sigma-adduct formation by cyanide attack at the
2-position to give (4.18) or at the 4-position to give (4.19). Norrﬁally sigma-adducts
formed by nucleophilic attack at the 4-position of dinitrobenzenes have higher
thermodynamic stabilities than their isomers.! 1 However, the products isolated from
the Russel-Tebbens reaction appear to be mainly derived from attack at the 2-position.

The second step (step 2) involves rapid electron transfer to give the radical
(4.20) which is acidic due to the presence of the electron withdrawing groups, and
transfers a proton to base to give the radical anion (4.21) (step 3). It seems probable
that this step (step 3) will be rate-determining and this might give a rationalisation for
the predominant formation of the 2-substituted product rather than the 4-substituted
product. Itis known that in meta-dinitrobenzene itself the hydrogen at the 2-position is
considerably more "acidic" than that at the 4-position so that deuterium exchange and
tritium exchange occur rapidly at the 2—position.l4'20 Hence by analogy rate of proton
loss from (4.20) might be expected to be much more rapid than proton loss from the
radical derived from (4.19).

Step (4) involves electron transfer to give 2,6-dinitrobenzonitrile (4.22) which
may rapidly undergo methoxydenitration to give the observed product 2-methoxy-6-
nitrobenzonitrile (4.10). ~An alternative possibility is that methoxydenitration may

occur in the radical anion (4.21) rather than in the neutral species. This would yield the
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radical anion of the substitution product (4.10) (eqn.4.8) which should readily lose an
electron to give the neutral product. A similar mechanism of substitution in the radical
anion of 1-chloro-2,4-dinitrobenzene has been postulated previously.21 One piece of
evidence favouring substitution in the radical anion is that NMR spectra observed
during the reaction of meta-dinitrobenzene with cyanide ions under the Russell-Tebbens
conditions do not show any bands attributable to the solvate (4.9) of ICN26DNB (4.22)
which would be expected in these conditions.

NO, - NO OMe - OMe -
CN 2 CN -NOy CN
+ MeO® —— - Eqn4.8
NO, NO, NO,
4.21)
Scheme 4.8
NO, NO,

CN CN

+ CN~ —_— (1)
NO, NO, NO, NO, -
CN CN CN CN
+ —_— + 2)
NO
H CN 2 NOZ H CNN02 NOZ
4.21)
NO, NO, :

CN slow CN
+ MeO™  — + MeOH 3)

NO.

H” SN 2 NO,
CN

4.23)

Starting from 2,6-dinitrobenzonitrile and cyanide ions in methanol there is
evidence for initial formation of the solvate (4.9) and the substitution product (4.10).
The dicyano-dimethoxybenzene formed as a major product might be derived by
successive methoxydenitrations of 1,3-dicyano-2,4-dinitrobenzene or by methoxy-
denitration of the radical anion (4.23) itself (scheme 4.8).

The reaction of 2,4-dinitrobenzonitrile with cyanide under Russell-Tebbens
conditions, when followed by NMR spectroscopy, was found to produce the dimethoxy-
dicyanobenzene isomers (4.16) and (4.17), in rather similar yields. These might be
formed by initial cyanide attack at the 5- or at the 3-position. Again, methoxy-
denitration might occur in the neutral dicyano-dinitrobenzenes or in their radical anions.
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In the preparative experiment only the 1,5-dicyano-2,4-dimethoxybenzene (4.17) was
separated. This might be due to slightly different reaction conditions or to loss of the

second isomer in work-up.



4.4 THE REACTIONS OF 24- AND 2.6-DINITROBENZONITRILE WITH
HYDROXIDE IN DMSO.

The reactions between 2,4- and 2,6-dinitrobenzonitrile with hydroxide ions in
DMSO have been studied by uv/vis spectroscopy and NMR, and the results compared
with those for methoxide in DMSO (section 4.2.3).

4.4.1 2.4-Dinitrobenzonitrile.

The uv/vis spectrum of 1CN24DNB in DMSO shows absorbance upto 400nm
(table 4.1). In the presence of a large excess of sodium hydroxide (0.01M) in DMSO
the uv/vis spectrum of 1CN24DNB (1x10-4M) initially shows absorbance bands at 500
and 385nm (fig.4.23). Over 24hrs these bands fade leaving bands at 375 and 430nm.
The spectrum of 2,4-dinitrophenol in basic DMSO solution (fig.4.24) shows two
absorbance bands at 375 and 428nm, both € = 8x10-3dm3mol-lcm-l. In dsg-DMSO the
NMR spectrum of 1CN24DNB shows the three coupled signals of the aromatic
hydrogens (table 4.6). After Smins in the presence of a slight excess of sodium
hydroxide (0.1M) in 5%/95% v/v D,0/ds-DMSO the coupled signals of the parent
remain the only significant resonances (fig 4.25a). After 1hr the signals of the parent
have disappeared; and new coupled signals are apparent at 8.54, 7.73, 7.27, 6.66 and
6.26ppm. These are the significant signals of the spectrum of the final product mixture
(after 6 days) (fig 4.24b).

Scheme 4.9 CN
CN___OH
NO, NO,
H or
HO
CN / NO, NO,
NO, . (4.24) (4.25)
+ OH'/DMSO
NO O-
2 \ NO,
NO,
(4.26)
. . . 13b
The results are interpreted in terms of scheme 4.9. It is known that

complexes of the type (4.24) and (4.25) are produced in basic solutions of 1-substituted-
2,4-dinitrobenzenes in DMSO, and that they have absorbance bands at approximately
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350 and 500nm. Hence it is proposed that there is rapid reversible production of the
complex (4.24) or (4.25), which is competing with slower irreversible formation of the
nucleophilic substitution product 2,4-dinitrophenol, which in these basic conditions
exists as 2,4-dinitrophenoxide (4.26).

There is evidence from the proton NMR spectra that 2,4-dinitrophenoxide (4.26)
is the major product. Thus the bands at 8.54, 7.73 and 6.26ppm are attributable to
protons at the 3-, 5- and 6-positions respectively (table 4.6). The low intensity of the
band at 8.54ppm may be caused by hydrogen-deuterium exchange of the proton at the
3-position with deuterium in the solvent. This exchange probably occurs in the parent
before reaction. There is evidence in the literature '*™° for such exchange in basic
media. Because the atom at the 3-position is largely deuterium the proton spin-
coupling between the 3- and 5-positions is largely lost, so that the resonances due to H-
5 becomes a doublet. The remaining bands in the NMR are unassigned although it is
possible that these may be derived from cyano-nitro-phenols produced by

hydroxydenitration (section 1.4).

4.4.2 2.6-Dinitrobenzonitrile.

In DMSO the uv/vis spectrum of ICN26DNB (table 4.1) shows absorbance upto
400nm. In the presence of a large excess of hydroxide (0.01M) in DMSO, 1CN26DNB
(1x10-*M) rapidly forms a species Amax 345 and 545nm (fig.4.26). A narrow band is
also present at 300nm. Over the next 10mins the bands at 345 and 545nm fade, leaving
a weak broad band at 470nm and the band at 300nm.. In dg-DMSO the NMR spectrum
of ICN26DNB shows the two coupled signals of the aromatic hydrogens (table 4.7).
After Smins in the presence of a slight excess of sodium hydroxide (0.1M) in 5%/95%
v/v D,0/ds-DMSO the spectrum shows no resonances of the parent. Coupled signals
are observed at 7.80, 7.11, 6.78, 6.62 and 6.03ppm. A similar spectrum is observed
after 1hr and after one week (fig.4.27).

The NMR spectra of 2,6-dinitrophenoxide in dg-DMSO (table 4.7) shows two
coupled signals at 7.80 and 6.03ppm. Consequently it is reasonable to conclude that
2,6-dinitrophenoxide is a product of the reaction above. The remaining bands are a
triplet at 7.11ppm and two doublets at 6.78 and 6.62ppm. Each of these multiplets are
of equal intensity. Hence the presence of a 1,2,3-trisubstituted-benzene is indicated.
The chemical shifts are consistent with the formation of 2-cyano-3-nitrophenoxide

resulting from displacement of a nitro group by hydroxide.



Figure 4.23
UV/Vis spectra of ICN24DNB in DMSO 1) in the absence of hydroxide. 2) with
hydroxide initially and after 3) 3mins, 4) Shrs and 5) 24hrs.
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Figure 4.25
IH NMR spectra of ICN24DNB and NaOH in ds-DMSO

a) Smins after mixing and b) at completion.
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Figure 4.26
UV/Vis spectra of 1CN26DNB in DMSO 1) in the absence of hydroxide, 2) with
hydroxide (int. = Smins) and 3) 30min.
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Figure 4.27
'H NMR spectra of ICN26DNB and NaOH in dg-DMSO at completion.
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4.4.3 Discussion

The visible spectra provide evidence for the initial rapid formation of sigma
adducts by hydroxide attack on both the 2,4- and 2,6-dinitrobenzonitrile. These spectra
were obtained with parent concentrations of 104M with hydroxide in large excess in
DMSO containing very little water. The NMR spectra did not show the presence of
appreciable concentrations of sigma-adducts probably because of the smaller excess of
hydroxide and because the medium contains more water (D;0). It is known 2 that the
basicity of hydroxide solutions increase dramatically with increasing proportion of
DMSO in DMSO-water mixtures.

H
0
H Y~
NS M- ' %
0 P N\ + NC ol . +N\'
O- O-
4.27) (4.28)

The results for hydroxide attack indicate that nucleophilic substitution of the
cyano group occurs to give dinitrophenols and there is also evidence for competitive
attack at ring-carbons carrying nitro groups to give nitro-cyano-phenols.  This
behaviour differs from that observed with methoxide ions where methoxydenitration
was the only substitution reaction observed (section 4.2). The reasons for this
difference are unclear. It is possible that the intermediate in hydroxydenitration, and
the transition state leading to it, may be stabilised by intramolecular hydrogen bonding
with an ortho-nitro group.  Structures (4.27) and (4.28) show this involving,
respectively, direct hydrogen-bonding and hydrogen-bonding involving a water
molecule.

The reactions of the dinitrobenzonitriles with hydroxide were not investigated

further since they do not constitute processes central to the theme of this project.
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CHAPTER 5

T EACTI FMETA-DINITROBENZENE, 2,4- AND 2,6-DINITRO-
BENZONITRILE WITH CYANIDE IONS IN DMSO-RI DIA

It was thought to be of interest to compare the reactions of the isomeric
dinitrobenzonitriles with cyanide in DMSQO with the reactions in methanol.
- Measurements were made by uv/vis spectroscopy and by proton NMR spectroscopy.
Because of the likelihood of the formation of radical species in these systems it was
decided to examine their e.s.r. spectra. Some polarographic measurements were made

of neutral compounds and also of reaction mixtures containing cyanide.

5.1 2.4- AND 2.6-DINITROBENZONITRILE WITH CYANIDE IONS IN DMSO
AND 25%/75% v/v METHANOL/DMSO.

5.1.1 UV/Vis Spectra.

The uv/vis spectra of the reactions between 2,4- and 2,6-dinitrobenzonitrile with
cyanide in DMSO or 25%/75% v/v MeOH/DMSO have been recorded.

The uv/vis spectrum of 2,4-dinitrobenzonitrile (1CN24DNB) in 25%/75% v/v
MeOH/DMSO shows a shoulder at 300nm which extends to 400nm (table 4.1). In the
presence of a large excess of potassium cyanide (0.015M) in 25%/75% v/v
MeOH/DMSO 1CN24DNB (1x10-4M) initially produces a species Amax 645nm, which
decays over the next 2min (fig.5.1). A species Anax 550nm is produced slightly more
slowly which reaches a maximum absorbance after a minute, and then fades over the
next Smin. The spectrum after 7min shows a broad band Apax 420nm. Isosbestic
points are observed at 290 and 405nm.

The results in DMSQ are rather similar to those in the mixed solvent. Thus the
uv/vis spectrum of 1CN24DNB in DMSO is similar to that described above. In the
presence of a large excess of potassium cyanide (0.01M) in DMSO 1CN24DNB
(1x104M) initially produces a species Ayax 670nm, which fades over 30sec (fig.5.2). A
species Admax 555nm fades over 4min. The spectrum after Smin shows a band Amay
440nm. In the presence of a smaller excess of potassium cyanide (0.001M) in DMSO
ICN24DNB (1x10-4M) shows a similar spectrum, but with considerably less

absorbance at 550nm (fig 5.3).



The uv/vis spectrum of 2,6-dinitrobenzonitrile (1CN26DNB) in DMSO shows a
tail extending down to 400nm (table 4.1) without a distinct peak or shoulder. In the
presence of a large excess of potassium cyanide (0.01M) in DMSO the uv/vis spectrum
of ICN26DNB (1x10-4M) (fig.5.4) shows a broad absorbance with a shoulder at
450nm. After 1min a sharp peak is discernible at 550nm and absorbance has increased
at 450nm. The peak at 550nm fades over the next few minutes while the absorbance at
450nm remains steady. In the presence of a smaller excess of potassium cyanide
(0.001M) in DMSO 1CN24DNB (1x10-4M) initially produces a species Amax 580nm,
which fades over the next few minutes (fig.5.5). A species Amax 455nm is produced

more slowly and reaches a maximum intensity after 8min.

5.1.2 NMR Spectra.

The reactions between 1CN24DNB and 1CN26DNB and a slight excess of
cyanide in dg-DMSO have been studied using proton NMR. .

The NMR spectrum of 1ICN24DNB in dg-DMSO shows the three coupled
signals of the ring protons (table 4.6). The spectrum recorded initially after adding a
slight excess of sodium cyanide (0.04M) to 1ICN24DNB (0.02M) showed no signals
above 6ppm (c.f. fig.4.21). After 7 days the spectrum of the reaction mixture (fig.5.6)
shows two singlets at 8.12 and 7.82ppm and two doublets at 7.58 and 6.66ppm (J =
8.28Hz).

The NMR spectrum of 1CN26DNB in dg-DMSO shows the two coupled signals
of the ring protons (table 4.7). In the presence of a slight excess of sodium cyanide
(0.06M) the spectrum of 1CN26DNB (0.02M) shows (fig.5.7a) only two doublets at
7.58 and 6.66ppm (J = 8.28Hz). No signals of the parent can be observed; an identical
spectrum is observed after 24hr. When the day-old reaction mix is neutralised with
[2H]-HCI the two doublets shift downfield to 8.09 and 7.57ppm (J = 8.78Hz) (fig.5.7b)”

5.1.3 Discussion.

On the basis of the NMR spectra it is possible to make some tentative
assignments as to the probable reaction products in these systems. The shift downfield
on acidification of the proton NMR sample strongly suggests the presence of

phenoxides which are protonated in acid solution (eqn.5.1).
The spectrum of the product from 2,4-dinitrobenzonitrile shows two singlets of

equal intensity, strongly suggesting a 1,2,4,5-tetrasubstituted benzene. The common
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Fioure 5.1

UV/Vis spectra of ICN24DNB (1x10*M) + KCN (0.015M)
125%175% viv MeOH/DMSO (int. = 40sec).
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Figure 5.3
UV/Vis spectra of ICN24DNB (1x104M) + KCN (0.001M)
/DMSO (int. = 60sec).
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Figure 5.4
UV/Vis spectra of ICN26DNB (1x104M) + KCN (0.01M)
/DMSO (int. = 60sec).
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Figure 5.5
UV/Vis spectra of ICN26DNB (1x10M) + KCN (0.001M)
/DMSQO (int. = 60sec).
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Figure 5.6
Proton NMR spectrum of 1CN24DNB (0.02M) + NaCN (0.04M) /dg-DMSO
after 7 days.
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Fisure 5.7

Proton NMR spectra of ICN26DNB (0.02M) + NaCN (0.06M) a) /ds-DMSO,
b) /dg-DMSO + [2H]-HCl. '
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species, showing a pair of doublets with a typical ortho-coupling (8.3Hz), produced
from both substrates is most likely to be a 1,2,3,4-tetrasubstituted benzene.
OH

O -
z H' z
EWG ey | _— EWG T | Eqn.5.1

Comparison with known data suggests that the chemical shifts of the species
produced are in accord with the formation of dicyanonitrophenols. For comparison it is
shown in chapter 6 that the chemical shifts of 5-cyano-2,4-dinitrophenol and its

phenoxide are as shown (eqn.5.2).

O- OH
6.89 NO, H* 7.79 NO,
- Eqn.5.2
CN 8.70 CN 8.86
NO, NO,

The chemical shifts of the dicyanonitrophenols are expected to be smaller than
those of the dinitrocyanobenzenes so that likely structures are (5.1-3). It is possible to
distinguish between (5.2) and (5.3) by comparing the shifts of the phenols with
simulated spectra. The spectra were simulated using a computer programme which
calculates additively the effects of the various functional groups at ortho, meta or para
positions. Clearly the spectrum simulated for (5.2) agrees better with the observed data

than that simulated for (5.3).

O- O- O-
CN 7.82 6.66 CN CN CN
8.12 6.66
. NO, 7.58 NO, 758 NO,
CN CN
5.1) (5.2) (5.3)
OH OH OH
1.57 CN 7.63 CN CN CN
8.05
8.09 NO, 8.05 NO, 826 NO,
CN CN
observed simulated simulated

Hence the NMR data indicates the formation of (5.2) from 2,6-
dinitrobenzonitrile and a mixture of (5.1) and (5.2) from 2,4-dinitrobenzonitrile. These
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highly activated phenols would be expected to absorb strongly in the visible spectrum
so that the absorbances observed at c.a. 450nm after completion of the reactions

(figs.5.1-5) support the structures proposed.

There are at least three possible mechanisms for the production of nitro-
dicyanophenols from dinitrobenzonitriles and cyanide. The first possibility is a Nef-
type reaction, discussed in chapter 1 (section 1.4.2). This mechanism (scheme 1.20)
was postulated ! without any real evidence for the transformation of 2-nitrobenzonitrile
into 2,6-dicyanophenol (eqn.5.3). The Nef reaction requires that a nitro group is
replaced ortho to the added cyanide and would require the formation of (5.3) rather than
(5.2) from 2,6-dinitrobenzonitrile (i.e. eqn.5.4). The fact that the NMR evidence
supports the formation of (5.2) argues against this mechanism, as does the fact that no
gas evolution was observed experimentally. The Nef reaction involves the formation

of nitrous oxide gas (scheme 1.18).

0-

©/ CN'/DMSO. CN CN Eqns3
CN
0, NO,
CN/DMSO_ Eqns.

(6.3)

The second possibility is that neutral dicyano-dinitrobenzenes are produced as
intermediates and that these produce phenols by hydroxydenitration (eqn.5.5). The
hydroxide necessary might be produced by hydrolysis of cyanide ions by adventitious
water in the solvent. NMR spectroscopy was performed using fresh ampoules of dg-
DMSO in which the water content was at a low level. Nevertheless spectra showed a

band due to water absorbed by the solvent.

CN
NO, NO,
CN'/DMSO. Eqns.s

(5.2)

There is some evidence from recent synthetic work 2 that suggests that ortho-
nitrobenzonitriles may exist as neutral species in the reaction between activated nitro-
compounds and cyanide ions in DMSO (section 1.4.2). When substitution occurs in
these compounds it is the nitro group ortho to cyano groups which are most readily
displaced. Hence formation of (5.3) might be expected rather than (5.2) which is
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observed. There is also evidence > from the literature and the present work (section 4.4)
that reaction of dinitrobenzonitriles with hydroxide in DMSO results in the
displacement of the cyano group rather than the nitro group. Hence it is thought to be
unlikely that this second possibility is the actual mechanism.

A third possibility is a mechanism involving addition of cyanide followed by
proton transfer to give the radical anions of the respective dicyano-dinitrobenzenes (e.g.
5.8). Fragmentation of these radical anions would be expected to produce radicals that
would lead to phenol production. Evidence from e.s.r. spectroscopy for these radical
anions as reaction intermediates is given below (section 5.3). An outline of the
possible mechanism for reaction of 2,4-dinitrobenzonitrile with cyanide in DMSO is
given in scheme 5.1. The NMR suggests that both phenols (5.1) and (5.2) are produced
from 2,4-dinitrobenzonitrile, indicating that products derived from both of the sigma-
complexes (5.4) and (5.5) are observed. '

Scheme 5.1
CN CN _ CN
NO 2 N02 ~ NO2
+ CN : ——— H + H ( 1 )
CN CN
NO, NO, NO,
(5.4) (5.5)
CN CN CN - CN -
H + = H + @
CN CN _
NO, NO, NO, - NO,
(5.4) (5.6) 5.7
CN CN.
NO, " NO,
H —_— 3)
CN g
CN
NO, NO,
(5.6) - (5.8)

The first step (1) is rapid reversible formation of either the C-3 (5.5) or the C-5
(5.4) sigma-complex. This species is observed by uv/vis spectroscopy in media rich in
DMSO as an absorbance band c.a. 650nm (figs. 5.1-5). Itis known * that C-5 sigma-
adducts from nucleophilic attack on 1-halo-2,4-dinitrobenzenes are more
thermodynamically stable than their C-3 counter-parts, so structure (5.4) is more likely
than (5.5).

The second step (2) is an electron transfer from the sigma-complex (e.g. 5.4 and
5.5) to the parent, yielding a sigma-aryl radical (5.6) and the anion radical of the parent
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(5.7). There are precedents for this type of electron transfer in the literature.” This
step is further discussed in chapter 6.

The ipso proton of (5.6) will be acidic due to the neighbouring electron
withdrawing groups, and its removal should be facile in the basic media employed in
this reaction (step 3). Elsewhere in this work (section 5.2) there is also evidence for
replacement of a ring hydrogen by cyanide. The anion radicals of dicyano-
dinitrobenzenes (e.g. 5.8) are likely to be relatively stable due to the four electron
withdrawing groups on the ring. There is also no obvious nucleofuge from (5.8).
Evidence is discussed below (section 5.3) for the existence of species such as (5.8) in
these systems and others (sections 5.2 and 6.3).

There are two possibilities for the introduction of oxygen onto the ring of (5.8)
to form the observed phenoxide products. The most likely nucleofuge from (5.8) is the
nitrite ion (NO;"), which would produce the radical (5.9). It is then possible that (5.9)
could react with dissolved oxygen in the solvent to produce a phenoxide species (5.1)
(scheme 5.2). Another possibility is that (5.8) rearranges internally to an oxiridine
(1.71) isomer and then expels the nitric oxide radical (scheme 1.20), leaving an oxygen

bonded to the ring (scheme 5.2).

Scheme 5.2 CN CN
. 0, 0-
D ——
-NO; CN CN
CN NO, NO,
NO, (59) G.1)
CN rearrangement
N02 CN
O -
CH + NO'
CN
NO,

(5.1)

If the starting substrate is 1ICN26DNB the only likely sigma-complex is (5.10).
This would go on to form the radical anion (5.11) via scheme 5.1, and from there to the

observed phenoxide products.
CN CN

NO, NO, NO,
H
CN

CN
NO,
(5.10) (5.11)



This mechanism (scheme 5.1) should be compared with that (scheme 6.4) for 1-
chloro-2,4-dinitrobenzene with cyanide in DMSO rich media (section 6.4.4) in which
the radical anion (6.17) is proposed as a key intermediate. This species is unlikely to
be as stable as (5.8) since it has an obvious nucleofuge, the chloride ion. This allows
the nitro groups to remain bound to the ring and consequently yields a cyano-

dinitrophenoxide product.



5.2 THE REACTION OF META-DINITROBENZENE WITH CYANIDE IN DMSO-
RICH MEDIA.

The reactions of meta-dinitrobenzene (13DNB) and excess cyanide in DMSO
and methanol-DMSO mixtures have been studied by uv/vis spectrophotometry and
proton NMR.

The uv/vis spectrum of 13DNB (1x10-M) in DMSO (fig.5.8) shows absorbance
tailing to 400nm, but with no definite absorbance maximum above 300nm. In the
presence of KCN (0.02M) in 25%/75% v/v MeOH/DMSO the uv/vis spectrum of
13DNB (5x10-3M) initially shows two broad absorbance bands at 665 and 550nm
(fig.5.9). Both of these peaks increase in intensity over the next few minutes, the latter
more than the former. There is also an increase in absorbance below 500nm. After
Smin the predominant feature in the visible region is a fairly sharp band at 550nm with
a shoulder at 520nm. Because the parent concentration is high in these spectra, the
extent of conversion to the absorbing species is probably fairly low. A similar sharp
band has been observed in the reactions of 2,4-dinitrobenzonitrile (section 5.1) and 1-
fluoro-2,4-dinitrobenzene (section 6.3) with cyanide in DMSO rich media. The nature
of the species giving rise to this band is discussed below (section 5.5). It is likely that
the species causing the band at 665nm is either (5.12) or (5.13).

O,N O,N O,N

H H
Chy Cho
NO, NO,

NO,
H” “cN
(5.12) (5.13) (5.14)

In the presence of a slight deficit of KCN (2x10-3M) in 25%/75% v/v
MeOH/DMSO the uv/vis spectrum of 13DNB (5x10-3M) shows a broad absorbance
band at 550nm (fig.5.10). No other absorbance bands are observed. There is evidence
from other parts of this work (chapter 3) to suggest that, especially at lower
concentrations, there is a significant amount of methoxide ions produced by
methanolysis of cyanide in methanolic solutions. Consequently it is possible that the
broad absorbance at 550nm is due to the sigma-complex (5.14).6

The uv/vis spectrum of 13DNB (5x10-4M) plus KCN (0.01M) in DMSO initially
shows three bands Agay : 665, 555 and 495nm (fig.5.11). Band Amax 665nm fades over
the next few minutes. The sharp band Amax 555nm develops over the next 10min to a
steady absorbance in the final product. Band Amax 495nm develops over the next 2min,

but then fades slightly. The spectrum of the final product is shown (fig.5.11).
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It is possible that, similar to the reaction in 25%/75% v/v MeOH/DMSO, the
species causing the band at 665nm is (5.12) or (5.13). It is known 4 that in substituted
meta-dinitrobenzenes that attack of the nucleophile at the carbon inbetween the nitro
groups is faster than attack at a position para to one of the nitro groups. However, the
sigma-complex from the attack at the latter position is more thermodynamically stable
than that formed by attack at the former position. It has also been shown 7 that 2,6-
dinitrocyclohexadienyl anions (e.g. 5.12 and 5.14) absorb at longer wavelengths than
the 2,4-dinitrocyclohexadienyl anions (e.g. 5.13). Consequently it is likely that in
DMSO the band A,y 665nm is due to (5.12), and band A 495nm is due to (5.13).
The nature of the final product is discussed later in this section.

The reaction of 13DNB with a slight excess of sodium cyanide has been studied
in dg-DMSO by proton NMR. The spectrum of 13DNB in dg-DMSO (fig.5.12) shows
the three coupled signals of the aromatic ring protons (table 4.7) at 8.85, 8.67 and
7.97ppm. In the presence of a slight excess of NaCN (0.04M) in d¢-DMSO the
spectrum of 13DNB (0.02M) is initially blank downfield of 6ppm. This is probably
due to the presence of radicals in the solution. After one week the spectrum is clear,
and is shown in fig.5.13. Amongst other signals which remain to be assigned it is
significant that two doublets of equal intensity are observed at 7.58 and 6.66ppm (J =
8.28Hz). These signals, together with a uv/vis spectrum Apax 430nm, are common to
the reactions of 2,4- and 2,6-dinitrobenzonitrile with cyanide under similar conditions

(section 5.1), and have been assigned to 3-nitro-2,4-dicyanophenoxide (5.2).



Fioure 3.9

UV/Vis spectra of 13DNB (5x10*M) + KCN (0.02M)
125%175% viv MeOH/DMSO (int. = 30sec).
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Figure 5.10
UV/Vis spectrum of 13DNB (5x10-3M) + KCN (2x10-3M)
125%175% viv MeOH/DMSO.

8.5

fs%%L

391 +
a0+
sed+
s0d+
684

na



Figure 5.11
UV/Vis spectra of 13DNB (5x10#M) + KCN (0.01M)
/DMSO a) (int. = 30sec), b) final product (30min).

a) . b)

2,4

Figure 5.12
Proton NMR spectrum of 13DNB /ds-DMSO.

Proton NMR spectrum of 13DNB (0.02M) + NaCN (0.04M) /ds-DMSO.
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S 3ES.R. MEASUREMENTS.

In an attempt to find evidence for the existence of radical anions such as (5.8)
and (5.11) in the systems described above some e.s.r. spectrometric studies have been
undertaken. Thanks are due to Prof. B.C.Gilbert and Dr. A.C.Whitwood of the
University of York for running these spectra. The author has studied the reactions of
meta-dinitrobenzene, 1-fluoro-2,4-dinitrobenzene, 2,4- and 2,6-dinitrobenzonitrile with
potassium cyanide in DMSO and in methanol-DMSO mixtures.

CN - CN
NO, NO,

CN CN
NO, NO,
(5.8) (5.11)

5.3.1 Results.

After mixing 13DNB (3x10-3M) with an excess of KCN (0.02M) in 25%/75%
v/v MeOH/DMSO there is a steady build-up of an e.s.r. signal over 20min. The
spectrum of the mixture after 8min is shown (fig.5.14). Initially after mixing the
mixture is a faint violet colour, but a stronger orange/brown colour soon develops.
When 13DNB (3x10-3M) is mixed with an excess of KCN (0.01M) in 3%/97% v/v
MeOH/DMSO there is a steady build-up of an e.s.r. signal of approximately the same
intensity as (fig.5.14) over the first Smin; this signal subsequently decays. The
spectrum after Smin is shown (fig.5.15). When 13DNB.(3x10M) is added to a large
excess of KCN (0.01M) in DMSO there was a build-up of a weak signal over the first
Smin, which then subsequently faded. The spectrum of this mixture after Smin is
shown (fig.5.16).

After mixing 1-fluoro-2,4-dinitrobenzene (1F24DNB) (2.5x10-*M) with an
excess of KCN (0.02M) in 25%/75% v/v MeOH/DMSO there is a broad e.s.r. signal
initially present after 1min (fig.5.17), which fades continuously over Smin. Initially
after mixing the reaction mixture is a blue colour, which rapidly becomes violet.
Gradually the solution becomes an orange/brown colour. When 1F24DNB (1x10-3M)
is mixed with an excess of KCN (0.01M) in DMSO there is an initial steady build-up of
a strong e.s.r. signal over the first Smin; which then subsequently fades. The spectrum
after 4min is shown (fig.5.18). The reaction mixture is initially a blue colour, but
quickly becomes orange/brown. When 1F24DNB (0.025M) was added to a deficiency



Figure 5.14
E.S.R. spectrum of 13DNB (3x10-3M) + KCN (0.02M)

125%175% viv MeOH/DMSO (8min).
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Fioure 5.15
E.S.R. spectrum of 13DNB (3x10-3M) + KCN (0.01M)

139%/97% viv MeOH/DMSO (5min).
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Figure 5.16

E.S.R. spectrum of 13DNB (3x10-*M) + KCN (0.01M)
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Fioure 3.17

E.S.R. spectrum of 1F24DNB (2.5x104M) + KCN (0.02M)

125%/175% viv MeOH/DMSO (1min).
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Figure 5.18
E.S.R. spectrum of 1F24DNB (1x10-3M) + KCN (0.01M)
/DMSO (4min).

Fioure 5.20

E.S.R. spectrum of ICN26DNB (1x10-3M) + KCN (0.01M)
/DMSO (10min).
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Fioure 5.19
E.S.R. spectrum of ICN24DNB (1x10-3M) + KCN (0.01M)

/DMSO (initially).
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Figure 5.21

Simulated e.s.r. spectrum for 2an = 1.80G, 2ay = 1.15G,
ag = 2.30G, ap = 1.80G.
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Figure 5.22

Simulated e.s.r. spectrum for 2ay = 2.65G, 2ay = 1.32G.




of KCN (1.5x10-3M) in 25%/75% v/v MeOH/DMSO only a very weak e.s.r. signal is
observed (radical concentration of approximately 10-7M) which fades with time.

On mixing 1CN24DNB (1x10-3M) with an excess of KCN (0.01M) in DMSO a
strong e.s.r. signal is observed initially, but this gradually fades over the next few
minutes. The initial spectrum is shown (fig.5.19). When the same concentration of
substrate is added to a larger excess of KCN (0.02M) in 12%/88% v/v MeOH/DMSO a
similar spectrum is initially obtained, but this rapidly fades. No significant e.s.r. signal
can be observed when 1CN24DNB (1x10-3M) is mixed with NaOMe (0.05M) in
DMSO. Initially after mixing ICN26DNB (1x10-3M) with an excess of KCN (0.01M)
in DMSO a strong, relatively simple e.s.r. signal is observed, which subsequently fades
over the next few minutes. The spectrum after 10min is shown (fig.5.20). The e.s.r.
spectra of the radical anions of ICN24DNB and 1CN26DNB were measured. The

coupling constants are given in table 5.1.
Table 5.1

E.S.R. data for the radical anions of some dinitrobenzonitriles.

coupling constants (a) /G
2an(NO2) 2ay ay aN(eN)
1CN26DNB * 3.3 2.9 0.9 0.3
1CN24DNB * 3.2 3.2 0.5 0.5
1CN35DNB ° 3.0 5.0 2.8 —

a) This work.
b) 3,5-Dinitrobenzonitrile; from electochemical reduction in DMF.8

5.3.2 Discussion.

The rate at which the e.s.r. signal during the reactions between meta-
dinitrobenzene, 1-fluoro-2,4-dinitrobenzene and 2,4-dinitrobenzonitrile with excess
potassium cyanide in DMSO or methanol-DMSO develops and fades appears to follow
that of the sharp band at 550nm in the uv/vis spectra of these reactions. It is therefore
possible that the same species gives rise to both.

The e.s.r. spectra of the reaction of 1-fluoro-2,4-dinitrobenzene and 2,4-dinitro-
benzonitrile with cyanide in DMSO (figs.5.18 and 5.19) appear to be very similar; both
have 26 lines and a total spectrum width of 15G. In each spectrum the peaks at each
end are separated by 1.1G from the neighbouring peaks. The e.s.r. spectra obtained
from meta-dinitrobenzene contain all the lines observed in the above spectrum together
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with additional lines. Hence it is likely that a common species is produced in these
reactions, with a second radical being present in the dinitrobenzene reaction.

A similar spectrum to that obtained from 1-fluoro-2,4-dinitrobenzene and 2,4-
dinitrobenzonitrile with cyanide can be computed using the model coupling constants:
2an = 1.80G, 2an = 1.15G, ag = 2.30G and ayg = 1.80G (fig.5.21). These coupling
constants could be caused by a species with two pairs of nitrogens in different
environments, and two hydrogens in different environments. It is possible that the
radical anion (5.8) would give an e.s.r. spectrum with these coupling constants. The
radical anion of 2,4-dinitrobenzonitrile does not give a similar e.s.r. spectrum to that

observed experimentally.

- 1.80 265
N N
1.80 NO, 132 NO,
NC @ 230 ’ 132 @ CN
|  No, 265 —NO,

115 (5.8) (.11) -

A relatively simple e.s.t. spectrum is observed on mixing 2,6-dinitrobenzonitrile
with excess cyanide in DMSO (fig.5.20). Each line is separated from the others by
approximately 1.3G. There are 11 lines, with a total spectrum width of approximately
12.4G. A similar spectrum (fig.5.22) can be calculated using the coupling constants:
2an = 2.65G and 2ay = 1.32G. These coupling constants could be due to-a species with
a pair of nitrogens and a pair of hydrogens coupling with the unpaired electron. It is
possible that the radical anion (5.11) would give an e.s.r. spectrum with these coupling
constants. If this were the case then the coupling between the unpaired electron and the
cyano-nitrogens would be slight (<0.5G).  Again, the radical anion of 2,6-
dinitrobenzonitrile does not give a similar spectrum to that observed experimentally.

However, this is not conclusive proof of the existence of either (5.8) or (5.11) in
these reaction systems. It is possible that the e.s.r. spectra observed arise from species
different to (5.8) and (5.11), but which have similar coupling constants. More
conclusive evidence would be gained from recording the e.s.r. spectra of the anion
radicals from neutral species that are known to be the respective dicyano-dinitro-

benzenes in the solvents used above.

5.3.3 Feamres of E.S.R, Spectroscopy.

It has been shown ? that in aromatic anion radicals the coupling constant for a
nitrogen of a nitro group is much larger than that for a cyano group nitrogen; e.g. for the
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radical anion of para-nitrobenzonitrile formed by electrochemical reduction in DMF,
aN(®M = 0.76G and ayNO2) = 6.24G. This effect arises because the nitrogen of the

nitro group is directly bound to the aromatic ring, and consequently has a greater spin
population than the nitrogen of the cyano group, which is not directly bound to the ring.

A difference in spin density also effects the coupling constants of the ring
protons. The coupling constants of protons meta, ortho and para to an electron
withdrawing group increases in that order; e.g. for the radical anion of benzonitrile ?
prepared by electrolytic reduction in DMF agpera = 0.03G, aHormo = 3.63G and appara =
8.42G.

A solvent effect has been observed '®in the e.s.r. spectra of substituted meta-
dinitrobenzene radical anions when changing from protic solvents (water or alcohols) to
aprotic solvents (e.g. DMF). Any solvent that favours charge localisation (protic
solvents) causes the spin density of the radical anion to gather on one of the two
nitrogens. Consequently the nitrogens of the nitro groups are no longer equivalent and
different coupling constants are observed. With the two nitrogens now non-equivalent,
the fluctuation between the two possible structures causes a certain degree of line
broadening.11 In aprotic solvents, which do not favour charge localisation, line
broadening is not as pronounced since both nitrogens are equivalent.

The dependence of coupling constants on solvent is exemplified by the anion
radical of 3,5-dinitrobenzonitrile. In DMEF the e.s.r. spectrum shows 8 two identical
nitro group nitrogen couplings (3.00G), two identical proton couplings (2.84G) and a
single proton coupling (5.00G). The cyano group nitrogen coupling is not observed
(<0.3G). The single large proton coupling is due to the hydrogen in the 4-position; the
smaller twin proton couplings are due to the hydrogens in the 2- and 6-positions.
However, in 20%/80% v/v MeOH/DMSO, the e.s.r.spectra shows only one nitro group
nitrogen coupling (9.62G). There still remains a twin proton coupling of 2.98G. Note
that now these proton couplings are similar, there is little difference in spin densities on
the aromatic hydrogens because the main spin population is now centred on the one
nitro group. The author has not observed any similar solvent effects in this work.

Association of radical anions with alkali metal cations is also possible.12 In the
case of such an association, there is an overlap between the M.O. of the unpaired =-
electron in the radical anion and the orbitals of the gegenion, so that the unpaired
electron can delocalise into the gegenion orbitals. The spin population thus donated to
the gegenion is generally small. However, in the case of alkali metal cations as
gegenions, such an effect can be observed by e.s.r. because the s-character of the spin
population at the cation gives rise to a sufficiently high spin density, and the magnetic
moments of the abundant isotopes 7Li, 22Na and 39K are all non-zero (I=3/2).

This effect has been demonstrated > using meta-dinitrobenzene. At room
temperature in DME (dimethoxyethane) the e.s.r. spectrum of the sodium and potassium
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salts of the radical anion show two distinct nitrogen couplings, one vary large (9.85G
for Na salt and 9.00G for K) and one vary small (0.29 and 0.22G respectively).
However, with the cesium salt, twin nitrogen couplings are observed (4.66G). In the
case of the sodium and potassium salts the metal cation spends sufficient time close to
one of the nitro groups to allow association with it. In the case of cesium, cation
motion is faster and consequently the cation can be said to associate with each nitro
group equally. The author has not observed association in this work. This failure to
observe association with cations is expected since measurements were made in DMSO
or in media rich in DMSO. In such systems the cations and anions will be well

solvated so that interaction between them is unlikely.



5.4 POLAROGRAPHIC MEASUREMENTS.

S.4.1 Reduction Potentials of Some Neutral Substrates.

Table 5.2

Reduction potentials (V) of some neutral substrates.

Substrate Solvent
nBuyN.Br KCIO4
(0.0078M) /DMSO & (0.2M) /DMSO "
TNB * -1.24 -0.47,-0.99
13DNB ° -0.82, -1.27 -0.76, -1.08
24DNA © -0.95, -1.34 -0.90, -1.16
1F24DNB -0.81, -1.23 -0.76, -1.05
1C124DNB ¢ -1.38 -0.72,-1.16
1Br24DNB -1.21,-1.30 -0.73, -1.07
1124DNB -1.10, -1.23 -0.75, -1.13
15DF24DNB °© -1.15 -0.75, -0.99
1CN2MeO4NB -0.98, -1.56 -0.68
1CN4MeO2NB -1.80 -0.69
1CN2MeO6NB -1.70 -0.70
1CN24DMB -2.53 <15
1CN26DMB 237 <15
24DNP f -1.42 -0.58, -1.22, -1.50
26DNP -1.46 -0.50, -0.85, -1.15, -1.70
1CN24DNB -1.03 -0.47, -0.93
1CN26DNB -1.06 -0.54, -0.92

a) lit:3 -0.46V (ref: "BugN.ClO4 (0.1M) /DMF).

b) lit:> -0.83V (ref: "BugN.ClO4 (0.1M) /DMF).

¢) 2,4-dinitroanisole, li:14 -1.28, -1.55, -1.88V (ref: Ag/AgNO3 (0.1M) /DMSO).
d) 1i:14-1.09, -1.43, -1.80V (ref: Ag/AgNO3 (0.1M) /DMSO).

&) 1,5-Difluoro-2,4-dinitrobenzene.

f) 2,4- and 2,6-dinitrophenoi.

g) Dropping mercury electrode.

h) Platinum electrode.

Polarographic measurements have been made to record the reduction potentials
of some neutral substrates that have been used throughout this work. The reduction
potentials observed are given in the table 5.2. The polaragraphs have been recorded
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Figure 5.23
Polarographs (0 - ~1.5V) of "BuyN.Br (0.0078M) /DMSO

a) in the absence and b) in the presence of 13DNB (5x10+M),

and ¢) in the presence of 13DNB (1x10-3M).
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using two different media because tetrabutylammonium bromide shows two peaks at
-0.38 and -0.54V (fig.5.23) which might have obscured peaks due to the substrates.
Potassium perchlorate shows no peaks in the potential ranges studied. Figs. 5.23 and
5.24 show the polarographs of mera-dinitrobenzene in tetrabutylammonium bromide

and potassium perchlorate respectively.

5.4.2 Oxidation Potentials of Some Sigma-Complexes.

The oxidation potentials of the two methoxy sigma-complexes (5.15) and (5.16)
have been recorded. Complex (5.15) was formed by mixing 13DNB (5x104M) with a
large excess of NaOMe (0.01M) in DMSO. An oxidation potential was observed at
0.77V using a platinum electrode. There were no other peaks between -0.2 and 1.3V.
Complex (5.16) was formed by mixing 2,4-dinitroanisole (5x10-4M) 15,16 or 1-chloro-
2,4-dinitrobenzene (5x10-4M) 718 ith a large excess of NaOMe (0.01M) in DMSO.
An oxidation potential was observed at 0.93V using a platinum electrode. There were

no other peaks observed between -0.2 and 1.3V.

MeO H MeO OMe H OMe
@ NO, @( NO, NO, @/ NO,
NO, NO, NO,
(5.15) (5.16) (5.17)

When TNB (5x10-4M) was added to a large excess of NaOMe (0.01M) in
DMSO no oxidation peaks could be observed below 2.0V although the solution was the
characteristic orange colour 19 of the complex (5.17).

1-Chloro-2,4-dinitrobenzene (5x10-4M) was added to a large excess of KCN
(0.01M) in DMSO but no oxidation potential was observed below 1.3V with a platinum
electrode. The solution rapidly turned the characteristic yellow colour of phenols.

5.4.3 The Reactions of 2.4-Dinitrobenzonitrile, 1-Fluoro-2.4-dinitrobenzene and meta-

Dinitrobenzene with Cyanide in DMSO.

Polarographs have also been recorded for the reactions of 1CN24DNB, 1-fluoro-
2,4-dinitrobenzene and 13DNB with an excess of KCN in DMSO between 0.8 and
-1.2V. Some common peaks are observed for these reactions. A platinum electrode

with potassium perchlorate as the background electrolyte is used throughout.
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When 1CN24DNB (5x10-4M) is mixed with KCN (0.005M) in dry DMSO
under nitrogen the polarograph of the mixture after 2min shows (fig.5.25) peaks at 0.30,
-0.19 and -0.78V. These peaks fade slowly with time, but are still evident after 90min.
A small amount of air was allowed into the system after 90min. The polarograph then
showed further small peaks at -0.97 and -1.10V. On further aeration only the peaks at
-0.97 and -1.10V were observed.

Similar behaviour is observed when 1-fluoro-2,4-dinitrobenzene (5x10-4M) is
mixed with KCN (0.005M) in dry DMSO under nitrogen. The initial polarograph
(fig.5.26) shows peaks at 0.30, -0.19 and -0.77V. These peaks slowly fade with time.
After aeration these peaks have faded completely, and new peaks are observed at -0.62,
-0.89 and -1.04V.

Similar behaviour is also observed when 13DNB (5x104M) is mixed with KCN
(0.005M) in dry DMSO under nitrogen. The initial polarograph (fig.5.27) shows peaks
at 0.29, -0.17, -0.70 and -1.10V. These peaks slowly fade with time. After aeration
these peaks have faded completely, and new peaks are observed at -0.52, -0.68, -0.94
and -1.08V.

Some similarities between these systems are evident. The initial polarographs
in the absence of oxygen show peaks at 0.30, -0.19 and c.a. -0.77V; all of which appear
to fade at the same rate. On aeration, these peaks are no longer observed, and two new
peaks appear at c.a. -0.94 and -1.08V.

Unfortunately, in the systems studied in this section cyano sigma-complexes
have been shown to be short lived and so the author has been unable to produce
polarographic data for these species. However, oxidation potentials for two methoxy
sigma-complexes (5.15 and 5.16) have been recorded. The results indicate that it may
be possible for a sigma-complex to reduce its parent substrate in these systems. This is
often an essential step in the mechanisms proposed throughout this thesis.

Common intermediates and products have also been observed in this work for
the reactions of these three substrates with cyanide in DMSO using uv/vis spectroscopy,
NMR and e.s.r. spectrometry. The possible natures of these species are discussed in the

section that follows (section 5.5).
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Figure 5.25
Polarographs (0.8 - “1.2V) of 1CN24DNB (5x 10-+M)
+ KCN (0.005M) /DMSO 1) 2min, 2) 7min, 3) 16min, 4) 90min,
5) slightly aerated and 6) fully aerated.
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3.5 THE NATURE QF THE COMMON INTERMEDIATE.

5.5.1 The Evidence.

The author has reported evidence for the existence of a common intermediate in
the reactions of 2,4-dinitrobenzonitrile (section 5.1), meta-dinitrobenzene (section 5.2)
and 1-fluoro-2,4-dinitrobenzene (section 6.3) with excess cyanide in DMSO-rich media.
The uv/vis spectrum of this species shows a narrow absorbance band at 550nm, with a
shoulder at 520nm. 2,4-Dinitrobenzonitrile and 1-fluoro-2,4-dinitrobenzene with
excess cyanide in DMSO both give a common e.s.r. spectrum (section 5.3); the e.s.r.
spectrum of the reaction of mera-dinitrobenzene with excess cyanide in DMSO appears
to include this common spectrum. The polarographs of each of the three reactions
(section 5.4) show common bands, both during and at completion of the reactions.

5.5.2 Discussion,

It will be shown later (chapter 6) that the reaction of 1-fluoro-2,4-dinitrobenzene
with cyanide ions differs markedly from the reaction of 1-chloro-, 1-bromo- and 1-iodo-
2,4-dinitrobenzenes with cyanide. This difference probably derives from the rate of
attack by the nucleophile at the 1-position relative to attack at unsubstituted ring-
positions in these substrates. It is known 4 that nucleophilic attack at the 1-position of
1-fluoro-2,4-dinitrobenzene is faster than attack at unsubstituted ring positions, while
attack at the I-position in other 1-halo-2,4-dinitrobenzenes is at least an order of
magnitude slower than attack at unsubstituted positions. This difference probably
arises 1) because of the higher electronegativity of fluorine relative to the other halogens
which increases the positive charge at the 1-position and ii) the smaller size of fluorine
which will minimise any steric repulsion between the entering and leaving ions.

. F.__CN N
NO, NO, NO,

CN /DM3O +F Eqss6

——
—
—_—

NO, NO, NO,

Hence the major reaction between 1-fluoro-2,4-dinitrobenzene and cyanide will
be direct nucleophilic attack at the 1-position leading to rapid formation of 2,4-
dinitrobenzonitrile (eqn.5.6). There is no evidence for build-up of an intermediate

sigma-complex so that the first step, cyanide addition, is likely to be rate determining.
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The initial reaction of the other 1-halo-2,4-dinitrobenzenes with cyanide will involve
attack at an unsubstituted position and this leads on to other products as discussed in

chapter 6.

The fact that there are common features in the reactions of 2,4-
dinitrobenzonitrile and 1-fluoro-2,4-dinitrobenzene with excess cyanide is thus
explained. It also appears that a common species is also produced by reaction of meza-
dinitrobenzene with excess cyanide in DMSO. However, the evidence from uv/vis and
e.s.I. spectroscopies is that this species is produced much more slowly from meta-
dinitrobenzene.

A possible mechanism for the production of 2,4-dinitrobenzonitrile from meta-

dinitrobenzene and cyanide is shown below (scheme 5.3).

Scheme 5.3
NO,
@: H (5.12)
NO, / CN
+ CN’ / NO, 1)
\\\\ NO,
NO, H @ (5.13)
CN
. NO,
NO, NO, NO, NO, 17
H @ + Q _— H @ + @ @
CN CN
NO, NO, NO, NO,
(5.13) (5.18)
NO, . NO, 1- ) NO,
-H - e
H —_— —_— 3
N CN CN
NO, NO, NO,
(5.18) (5.7

The production of the adducts (5.12) and (5.13) (step 1) has been discussed
above (section 5.2).

Hydride is a poor nucleofuge, consequently mera-dinitrobenzene is unlikely to
yield 2,4-dinitrobenzonitrile by simple nucleophilic aromatic substitution via (5.13).
Hence a mechanism involving electron transfer from (5.13) to the parent (step 2) is
proposed. It has previously been shown (section 5.4.3) that this step may be possible.
The rate-determining step may be proton abstraction from (5.18) (step 3), yielding the
relatively stable radical anion of 2,4-dinitrobenzonitrile (5.7). This step involves the
cleavage of a chemical bond, and is therefore likely to be slower than the fast electron

transfers involved in this mechanism. It is known ~ that nitro-aromatics can act as
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electron acceptors and so it is possible that any free parent may oxidise (5.7) to 2,4-
dinitrobenzonitrile. The presence of radicals other than (5.8) in this mechanism
(scheme 5.3) explains the recording of other e.s.r. signals in the reaction of meta-

dinitrobenzene with cyanide (section 5.3).

CN

CN
NO,

(5.8)

It seems probable that the species giving the observed visible and e.s.r. spectra
and polarographs is the radical (5.8) which is intermediate in the conversion of 2,4-
dinitrobenzonitrile to 2,4-dicyano-5-nitrophenoxide (5.1) described in section 5.1. It
has been shown that the e.s.r. spectrum observed is compatible with this structure.
Also the radical anion might well be expected to show an oxidation potential
corresponding to loss of an electron, so that the band at +0.3V may be attributed to this.
The reduction potentials at -0.19 and -0.78V would correspond to electron additions to
the radical anion. The new polarograph obtained after exposure to oxygen can be
attributed to oxidation possibly resulting in phenolic products.

The above arguments do not of course constitute a proof that the radical anion
(5.8) is actually responsible for the observed characteristics. A method to test this
would be to synthesise 1,3-dicyano-4,6-dinitrobenzene and then generate the radical
anion from it. Unfortunately time did not allow an attempt of this synthesis.
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CHAPTER 6

THE RE IONS OF 1-HALO-2,4-DINITROB
DINITROANISOLE WITH CYANIDE 1 INMETHA D DM

6.1 INTRODUCTION.

It is well known - that 2,4-dinitrophenol (6.5, R=H) (or phenoxide) is produced
from the reactions of 1-halo-2,4-dinitrobenzenes (6.1, X=F,ClL,Br,I) with hydroxide ions
in aqueous DMSO (scheme 6.1). There is uv/vis spectrophotometric evidence 13 for

two sigma-complex intermediates (6.2 and 6.3, R=H).

Scheme 6.1
X
NO,
H (62
OR
NO,
X / OR
RO_ _X
NO, NO, NO,
+ RO /ROH/DMSO  ———m— fast
NO, \\\\ NO, NO,
6.1) X = F.Cl,Br, I, OMe. (6.4) (6.5)
X
NO,
H (6.3)
RO
NO,

When 1-chloro-2,4-dinitrobenzene (6.1, X=Cl) is reacted with hydroxide in
aqueous DMSO it is possible to observe the 3-hydroxy complex (6.2, R=H, X=Cl) by
rapid-scan spectrophotometry.3 The thermodynamically more stable 5-hydroxy
complexes (6.3, R=H, X=Cl,Br,I) have been observed ! by slower uv/vis
spectrophotometry in 20%/80% v/v water/DMSO. No 1-hydroxy complexes (6.4,
R=H) have been observed, implying that loss of halide ion is fast. The phenolic
product (6.5, R=H) exists as the phenoxide in these basic systems.

Similarly, 2,4-dinitroanisole (6.5, R=Me) is produced from the reactions of 1-
halo-2,4-dinitrobenzenes with methoxide ions in methanolic DMSO,""5 and there is
uv/vis spectrophotometric evidence for two sigma-complex intermediates (6.2 and 6.3,
R=Me). When 1-chloro-2,4-dinitrobenzene is reacted with deficient sodium methoxide
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in 2%/98% v/v MeOH/DMSO * the first species observed is the 3-methoxy complex
(6.2, R=Me, X=Cl); with other 1-halo-2,4-dinitrobenzenes (6.1, X=Cl,Br,I) the
kinetically controlled formation of (6.3, R=Me, X=Cl,Br,I) can also be observed. In
high concentrations of DMSO (>55%) with excess methoxide the product 2,4-
dinitroanisole reacts further to produce the 1,1-dimethoxy sigma-complex (6.4, R=Me,
X=0Me).

1-Chloro-2,4-dinitrobenzene undergoes normal nucleophilic aromatic
substitution with excess sulphite ions in aqueous DMSO.®  There is kinetically
controlled production of the C-5 sigma-complex (6.3, RO=S0O3", X=Cl) together with
slower attack at the 1-position to give the C-1 sigma-complex (6.4, RO=S03-, X=Cl)
which loses chloride yielding the expected product (6.5, RO=SO37). Attack of the
nucleophile at the C-5 is twelve times as fast as attack at C-1. No phenolic/phenoxide
products are reported.

Electron transfer reactions have been observed in reactions of 1-chloro- and 1-
iodo-2,4-dinitrobenzenes 7 with potasssium iso-propoxide in iso-propanol/benzene
mixtures. In the absence of potassium-complexing crown ethers normal nucleophilic
aromatic substitution yields quantitatively 1-iso-propoxy-2,4-dinitrobenzene (6.5,
R=Pr). In the presence of potassium-complexing crown ethers (e.g. 18-crown-6) the
production of (6.5, R=/Pr) is faster, but production of significant amounts of 2,4-
dinitrophenol via an electron transfer process prevents quantitative conversion to the
substitution product. The nature of this process has been discussed elsewhere (sections
1.3.1 and 6.4.4).

The nucleophilic attack of 1-halo-2,4-dinitrobenzenes by cyanide has yet to be
systematically investigated. The following sections describe the authors work in this
area. Since the author has previously presented evidence (chapter 3) of the significance
of methanolysis in methanolic cyanide solutions a brief study of the reactions of the
possible product, 2,4-dinitroanisole, with cyanide and methoxide ions in DMSO and

methanol-DMSO mixtures is reported.



6.2 THE REACTIONS OF 2.4-DINITROANISOLE WITH METHOXIDE AND
CYANIDE IN DMSO-RICH MEDIA.

2,4-Dinitroanisole (24DNA) in methanol/DMSO mixtures and DMSO shows an
absorption at 295nm (€ = 1x104dm3mol'lcm'l). In the presence of methoxide in media
rich in DMSO the parent is converted to the adduct (6.6) 8 (Amax 505nm, € = 2.2x104
dm3mol'1cm'1) (figs.6.1 and 6.2). 24DNA (1x104M) is stable (for at least 15min) in
the presence of KCN (0.015M) in 25%/75% v/v MeOH/DMSO (fig.6.3); but a
complicated reaction is observed in DMSO (fig.6.4). In the initial (after 20sec)
spectrum absorbance bands at 595 and 300nm are seen. The spectrum 1min later
shows these bands fading with two other bands at 490 and 550nm forming. The band
at 490nm continues increasing over the next few minutes while the other three bands
fade. An isosbestic point is observed at 331nm over the first few minutes. The
spectrum after 90min shows three bands at 350, 400 and 425nm. An isosbestic point at
285nm is observed throughout the reaction.

MeO ON{SO
i i 7 2

NO,
(6.6)
Scheme 6.2
OMe OMe
NO, NO,
H + H
CN CN
OMe / NO, NO,
NO, 6.7 (6.8)
+ CN’ /MeOH/DMSO
MeO__CN ™
NO, \\\\ ¢ NO, NO,
24DNA st
NO, NO,
(69) 1CN24DNB

The data are interpreted in terms of the scheme 6.2. The band at 300nm is due
to 24DNA, and this fades throughout the reaction due to the consumption of the
substrate. The bands at 595 and 490nm are attributed to the sigma-complexes (6.7) and
(6.8) respectively. Sharp absorption peaks at 550nm have also been observed in
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DMSO-rich solutions of 1CN24DNB of 1F24DNB containing cyanide. Presumably
the 1,1-complex (6.9) formed by cyanide attack at the 1-position would be unstable to
methoxide loss, yielding the substitution product 1CN24DNB, and hence this band is
attributed to a reaction product of the benzonitrile and cyanide. The nature of this
species has been discussed above (secion 5.5).



Fioure 6.1
UV/Vis spectra of 24DNA (1x10*M) + NaOMe (0.015M)
125%175% viv MeOH/DMSO.
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Figure 6.3
UV/Vis spectra of 24DNA (1x10#M) + KCN (0.015M)
125%175% viv MeOH/DMSO.
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Fiocure 6.4

UV/Vis spectra of 24DNA (1x104M)
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6.3 THE REACTIONS OF 1-FLUORO-2.4-DINITROBENZENE WITH
METHOXIDE AND CYANIDE IN DMSO-RICH MEDIA.

6.3.1 UV/Vis Spectra.

There is evidence in cyanide solutions in methanolic media for competitive
attack by cyanide and methoxide ions.

In DMSO, the addition to the parent of concentrated methanolic sodium
methoxide (no cyanide present) results in the rapid and quantitative formation of the
adduct (6.6) as shown in fig.6.5.

In 25%/75% v/v MeOH/DMSO the dominant reaction of 1F24DNB (2x104M)
with KCN (0.01M) and NaOMe (0.005M) produces 2,4-dinitroanisole. Fig.6.6 shows a
strong absorption due to 24DNA with a weak band at 505nm due to the adduct (6.6).
In this medium the equilibrium in eqn.6.1 will be to the left so that the adduct is
relatively disfavoured. The equilibrium will shift to the right as the proportion of
DMSO in the solvent is increased and as the methoxide concentration is increased.

OMe
MeO OMe

NO, NO,
+ OMe~ — Eqn.6.1

NO, NO,
(6.6)

UV/Vis spectra were recorded for 1F24DNB (1-4x10-4M) with KCN (0.002-
0.02M) in 25%/75% v/iv MeOH/DMSO. The most rapid reaction, observed by rapid-
scanning spectrophotometry, showed the development of a band at 620nm, with a
shoulder at 530nm (fig.6.7). This occurred within the first Ssec of the reaction. These
bands faded and a narrow band at 550nm (shoulder 520nm) developed to reach a
maximum intensity after 100sec and the final spectrum showed an absorption at 295nm
(fig.6.7a, p170).

The data are interpreted in terms of scheme 6.3. The first bands observed after
Ssec are attributed to the cyanide adducts (6.10) and (6.11). Tt is known "*®? that 3-
hydroxy adducts of 1-halo-2,4-dinitrobenzenes absorb in media rich in DMSO at 560-
580nm, while the isomeric 5-hydroxy adducts absorb at 505-510nm. Carbon bonded
adducts are expected 19t absorb at longer wavelengths than oxygen bonded adducts so
the bands at 620 and 530nm may be due to the adducts (6.10) and (6.11) respectively.

The strong sharp absorption at 550nm has been observed both in these solutions
and also in solutions of 2,4-dinitrobenzonitrile containing cyanide. Hence this band is
attributed to a reaction product of 2,4-dinitrobenzonitrile and cyanide. Presumably
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Figure 6.5
UV/Vis spectra of 1F24DNB (1x104M)
+ NaOMe (0.001M) /DMSO.

—_—

2.3

2.0

1.5

.0

3.8

'5

7.

1.5
ABS

T,

8.5

-8.1

+
—%
®
br:

nis

Figure 6.6
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Figure 6.7
UV/Vis spectra of 1F24DNB (4x10*M) + KCN (0.002M)
125%/75% viv MeOH/DMSO (int = 1sec).

Figure 6.8
UV/Vis spectra of 1F24DNB (0.025M) + KCN (0.003M)
125%175% viv MeOH/DMSO (int = 30sec).
(—————=final product)
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once the cyanide has displaced fluoride the reaction of the substitution product with
excess cyanide is rapid.5 The nature of this species has been discussed above (section
5.5). The shape of the band is much narrower than would be expected for a sigma-
complex. E.S.R. signals have been observed that have a similar time dependance to
this band in these reaction systems (section 5.3). The final spectrum shows absorption
at 295nm indicating that some reaction with methoxide has occurred to produce 2,4-

dinitroanisole.
Scheme 6.3 F .
NO, NO,
H + H
CN CN
NO, NO,
/ (6.10) 6.11)
F CN
NO, NO,
+ CN _
NO, OMe~ NO,
1F24DNB \\\\
OMe
NO,
NO,

Spectra were also recorded (fig.6.8) in 25%/75% v/v MeOH/DMSO with
1F24DNB (0.025M) in excess of KCN (0.003M). The spectra provide evidence for the
rapid formation of the 3-cyano adduct (6.9), with Apax 620nm, followed by the
formation of the 5-cyano adduct (6.11) with Apax 530nm. These species gradually fade

but the products were not investigated.

6.3.2 Proton NMR Spectra.

The proton NMR spectra of the reactions of 1-fluoro-2,4-dinitrobenzene with
potassium cyanide in dg-DMSO have been recorded.

The NMR of 1F24DNB shows three coupled signals due to the aromatic-ring
protons at 8.84, 8.63 and 7.87ppm (table 6.1). In the presence of a deficiency of KCN
(0.02M) in dg-DMSO the NMR spectrum of 1F24DNB (0.03M) after 10min shows
(fig.6.9) the signals of the parent, and those of 2,4-dinitrobenzonitrile (8.93, 8.74 and
8.50ppm) and 2,4-dinitrophenoxide (8.54, 7.73 and 6.26ppm) (table 6.1). After lhr the
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NMR shows a slight increase in the amount of phenoxide relative to benzonitrile. The
formation of 1CN24DNB is presumably by nucleophilic aromatic substitution of the
fluoride ion by cyanide via the C-1 sigma-complex. No sigma-complexes could be
detected by NMR in this system. A water resonance at 3.3ppm shows that the ds-
DMSO used is wet, and this may cause the substitution of fluoride ion by hydroxide in
the basic medium, forming 2,4-dinitrophenoxide. In this reaction with deficient
cyanide there is no broadening of the NMR signals which could be caused by the

presence of radical species.

Table 6.1
Proton NMR chemical shifts (8) and coupling constants (J)
of some 1,2,4-trisubstituted benzenes.

d /ppm J/Hz
Substrate Solvent H3 H5 Hb I35 Jse
1F24DNB?* dg-DMSO 8.84 8.63 7.87 2.85 | 9.85

1CI24DNB | CD;0D/ds-DMSOY 890 | 8.50 | 8.06 | 2.56 | 8.97
ds-DMSO 9.04 | 8.62 | 8.19 | 2.80 | 8.88

1124DNB | CD;0D/ds-DMSOY 8.72 | 8.19 8.42 | 2.09 | 857

1CN24DNB ds-DMSO 8.93 8.74 | 850 | 2.21 8.62
CDCl3 9.04 | 847 | 7.35 | 293 | 9.26

2,4-Dinitto | CD30D/ds-DMSOY 8.63 | 7.86 | 642 | 324 | 9.67
-phenoxide ds-DMSO 8.54 | 7.73 6.26 | 3.18 | 9.75
2,4-Dinitro CD3OD/d6-DMSOb 8.73 838 | 738 | 2.78 | 9.12
-phenol ds-DMSO 859 | 833 | 7.23 | 2.86 | 9.11

a) JeF = 9.85Hz, J3(5)F = 6.47Hz.
b) 25%/15% viv.

The NMR spectrum of the reaction mixture of 1F24DNB (0.025M) with a two
times excess of NaCN (0.05M) in dg-DMSO shows the simultaneous formation of the
signals of 1CN24DNB and 2,4-dinitrophenoxide described above. No parent is
observable after 90min (fig.6.10). Additional bands (singlets) are observed at 8.67,
8.17, 7.83, 6.88 and 6.83ppm. Some of these bands appear to be paired in terms of
their intensities: 8.67 and 6.88ppm, 7.83 and 6.83ppm. Pairs of singlets are best
interpreted in terms of 1,2,4,5-tetrasubstituted benzenes with the protons at the 3- and 6-
positions giving single bands. Discussion of the nature of the species produced is given
below (section 6.4.4). It is thought that the abnormally strong peak at 6.39ppm is not
due to the reaction mixture since this peak remained at the same position and intensity

throughout the reaction.
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Figure 6.9
Proton NMR spectrum of 1F24DNB (0.03M) + KCN (0.02M)
/ds-DMSO (after 10min).
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Bands labelled: A - 2.4-dinitrobenzonitrile. B - 2 4-dinitrophenoxide.

C - 1-fluoro-2.4-dinitrobenzene.



Figure 6.10
Proton NMR spectrum of 1F24DNB (0.025M) + NaCN (0.05M)
1dg-DMSO (after 90min).
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Bands labelled: A - 2,4-dinitrobenzonitrile, B - 2 4-dinitrophenoxide.



6.3.3 Preparative Experiments.

A simple preparative experiment has been performed using a slight excess of
1-fluoro-2,4-dinitrobenzene with potassium cyanide in dry DMSO.

1F24DNB (6.41g) was added to a solution of KCN (2.28g) in dry DMSO
(350ml). The mixture was stirred for Smin and then swamped with ice-water and
filtered. The filtrate was washed three times with chloroform. The organic layers
were combined and the chloroform removed by evaporation leaving a brown liquid.
This liquor was washed with water in an attempt to remove any parent or phenolic
products (e.g. 2,4-dinitrophenol) present, leaving a small amount of thick brown liquid;
the proton NMR spectra of which in d-DMSO is shown (fig.6.11). Together with the
resonances of the parent described above the signals of relatively small amounts of
1CN24DNB and 2,4-dinitrophenol (table 6.1) can be observed.

In an attempt to improve the yield and quality of 1CN24DNB produced from
1F24DNB and cyanide equimolar quantities of reactants have been used, and the
cyanide added more slowly. T —

Small (0.4g) aliquots of solid KCN (16.3g, 0.25moles) were added over 3hr to a
stirred solution of 1F24DNB (46.25g, 0.25moles) in dry DMSO (250ml). The reaction
mixture was then stirred for a further hour and then swamped with ice-water (21). The
resulting mixture was filtered and washed three times with chloroform. The organic
layers were collected and the solvent removed by evaporation. Water was added to the
remaining viscous brown liquid and allowed to stand for 24hr. Filtration then yielded a
solid that was washed throughly with warm water to yield a small amount of solid: m.pt,
94-98°C (lit:11 1CN24DNB 104-5°C); t.1.c. (CH,Clp) gave two spots r¢= 0.61 and r¢=
0.80 (1CN24DNB = 0.63, 1F24DNB = 0.82); 'H NMR in CDCl3 (fig.6.12) shows the
three coupled signals of 1ICN24DNB at 9.09, 8.47 and 7.35ppm (table 6.1), a small
triplet can be seen at 7.54ppm which is possibly due to unreacted parent.

6.3.4 Discussion.

It is reasonable to conclude that 2,4-dinitrobenzonitrile can be produced from
the reaction of 1-fluoro-2,4-dinitrobenzene with cyanide. Presumably this reaction
proceeds via normal nucleophilic aromatic substitution. Analysis of the unwashed
viscous brown liquid showed that 2.4-dinitrophenol is a major by-product of this
reaction; this is removed by washing with warm water. Production of 2,4-dinitrophenol
may be due to residual water in the solvent despite distilling the DMSO, using dry
glassware and peﬁomﬁng the reaction in a vessel protected with a desiccator.
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Figure 6.11
Proton NMR spectrum of the product of the reaction between
excess 1F24DNB and KCN Ids-DMSO.
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Figure 6.12
Proton NMR spectrum of the product of the reaction between

equimolar quantities of 1F24DNB and KCN /CDCl3.
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Figure 6.7a
1F24DNB (2x10-4M) + KCN (0.02M) / 25%ﬂ 5% v/v MeOH/DMSO,

a) 150sec interval, b) 45sec interval.
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§.4 THE REACTIONS OF 1-CHLORO, 1-BROMO- AND 1-I0DQ-2,4-DINITRO-

BENZENE WITH CYANIDE IN METHANOL-DMSO MIXTURES.

These reactions have been investigated using uv/vis spectrophotometry and also
proton NMR spectroscopy. The concentration ranges of the substrates were necessarily
very different in the two sets of experiments. Typically for the uv/vis work the parent
concentration was ca. 1x104M and cyanide was in at least 100-fold excess. In the
NMR experiments the parent concentrations were ca. 0.02M with cyanide in the range
0.02-0.08M. '

The results are not clear cut and several attempts to isolate products of reaction
did not yield conclusive results. Hence it is necessary to rely on spectroscopic
measurements of the species present in situ in order to attempt to analyse the course of
these reactions. It will be shown that there is sound evidence for formation of 2,4-
dinitrophenol and of another phenol, probably 2,4-dinitro-5-cyanophenol, as major
products of the reactions. The results will be described and then an analysis attempted.

6.4.1 UV/Vis Spectra.

The uv/vis spectra of the products of reaction between 1-chloro-, 1-bromo- and
1-iodo-2,4-dinitrobenzenes (1C124DNB, 1Br24DNB and 1124DNB respectively) and
large excesses of KCN in methanol-DMSO mixtures have been recorded. When these
substrates are added to an excess of KCN in 50%/50% v/v MeOH/DMSO they produce
a species with a uv/vis spectrum similar to that of 2,4-dinitrophenoxide (figs. 6.13 and
6.14). No transient colours are observed in this medium.

In higher concentrations of DMSO (25%/75% v/v MeOH/DMSO) a transient
blue colour (Anyax 640-660nm) is initially observed when 1-chloro-, 1-bromo- and 1-
iodo-2,4-dinitrobenzenes are mixed with an excess of KCN (figs.6.15-17). This colour
fades within 2min. No absorption bands Amax S50nm are observed (c f. the reactions of
13DNB, 1F24DNB and 1CN24DNB). Throughout the reaction there is slow formation
of a species with a spectrum similar to 2,4-dinitrophenol.

Addition of an excess of NaOMe (0.005M) to a solution of 1C124DNB
(1x104M) with an excess of KCN (0.013M) in 50%/50% v/v MeOH/DMSO causes
steady build-up of a species Amax 295nm (fig.6.18); presumably 2,4-dinitroanisole
(fig.6.14). No transient species are observed. Buffering a solution of 1CI24DNB and
excess KCN in 50%/50% v/v MeOH/DMSO with HCI prevents any reaction.
Degassing these systems appears to have no effect on the species produced, or their rate

of formation.
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Fioure 6.13
UV/Vis spectra of the final products of i) IF24DNB (2x10-M)
+ KCN (0.02M), ii) ICI24DNB (1x10*M) + KCN (0.01M),
iii) 1Br24DNB (1x10+M) + KCN (0.013M) and iv) 1[124DNB (2x10~M)
+ KCN (0.025M) /50%/50% v/v MeOH/DMSO.
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Fisure 6.14
UV/Vis spectra of 1) 24DNA (2x10*M) /50%/50% v/iv MeOH/DMSO
and i1) 2.4-dinitrophenol (1x10~+M) /MeOH.
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Figure 6.15
UV/Vis spectra of 1CI24DNB (2x10+M) + KCN (0.02M)
125%175% viv MeOH/DMSQO (int = 2min).

Fioure 6.16
UV/Vis spectra of 1Br24DNB (2x10-*M) + KCN (0.02M)
125%/75% viv MeQOH/DMSO (int = 3min).




Figure 6.17
UV/Vis spectra of 1124DNB (2x10-+M) + KCN (0.02M)
125%175% viv MeOH/DMSO (int = 3min).

Figure 6.18
UV/Vis spectra of |CI24DNB (1x10+M) + KCN (0.013M)
+ NaOMe (0.005M) /25%/75% viv MeOH/DMSO (int = 2min).
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It is known ' that alkoxide/alcohol systems can produce 2,4-dinitrophenol from
1CI24DNB via an electron transfer process. In the reactions of 1-halo-2,4-dinitro-
benzenes with excess KCN in methanol/DMSO mixtures, the uv/vis spectra of the
products is compatible with the formation of 2,4-dinitrophenol as a major product. It is
shown in fig.6.19 that 2,4-dinitrophenol is simply ionised to 2,4-dinitrophenoxide (Amax
365nm, shoulder 410nm) by excess KCN in. 25%/75% v/v MeOH/DMSO.

The rate coefficients for colour formation at 350nm in the reaction of
1CI24DNB with excess cyanide in 25%/75% v/v MeOH/DMSO were measured.
Individual runs showed good first-order kinetics, and values of rate coefficients
obtained with the parent concentration of 1x10“M and with varying concentrations of
cyanide are shown in table 6.2. The plot of keps versus the cyanide concentration
(fig.6.20) is an excellent straight line with gradient 0.38dm3mol-1s-1. The intercept is
indistinguishable from the origin which might mean that the reaction being followed is
irreversible or that the reverse reaction has a very low rate coefficient.

Table 6.2
Observed rate coefficients for the increase in absorption at 350nm
in the reaction between 1C124DNB and varying concentration of KCN
(25%/15% viv MecOH/DMSO).

[KCN]/M | 0.002 0.004 0.008 0.012 | 0.016 |- 0.02
103 kobs /571 0.7 1.4 2.91 4.61 6.34 7.66

[1C124DNB] = 1x104M

Measurements were also made (table 6.3 and fig.6.21) of the rate coefficient at
constant cyanide concentration (0.02M) but with varying substrate concentrations. The
results show that as the substrate concentration increases the observed rate coefficient
tends to decrease. The absorbance values at 350nm at completion of the reactions
increase with increasing substrate cohécntration (fig.6.21).

1-Iodo-2,4-dinitrobenzene (1124DNB) shows a band Apax 280nm (€ = 9x103
dm3mol'lcm’l) in 25%/75% v/v MeOH/DMSO. In the presence of a large excess of
KCN (0.02M) 1124DNB (1x10-4M) in 25%/75% v/v MeOH/DMSO produces a species
with two bands at 420 and 375nm (cf. fig.6.17). The isosbestic point at 340nm
indicates that"thc reaction is clean.

The observed rate constants under pseudo-first order conditions for the increase
in absorbance at 375nm have been measured with varying concentrations of KCN. The
results are shown in table 6.4. The plot of kqps versus cyanide concentration (fig.6.22.)
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Figure 6.19
UV/Vis spectra of 2 4-dinitrophenol (1x10-+M) i) in the absence and,
1) in the presence of KCN (0.01M) /25%/75% v/v MeOH/DMSO.
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Ficure 6.20

ey e

Graph of kqpg vs. [KCN] for the reaction of 1C124DNB (1x104M)

with excess KCN /25%/75% viv MeOH/DMSO.
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Graph of kqps (), and absorbance values (+) at 350nm at the completion
of reaction (Ap,y), vs. [ICI24DNB] for the reaction of excess KCN (0.02M)

with 1CI124DNB /25%/75% viv MeOH/DMSO.
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Graph of ko vs. [KCN] for the reaction of 1124DNB (1x10-4M)
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has a slope of 0.15dm3mol-1s-! and there appears to be a small positive intercept,
although a line through the origin would be within experimental error.

Table 6.3
Observed rate coefficients for the increase in absorption (kops) and absorbance
at the end of the reaction (Apax) at 350nm in the reaction between KCN
and varying concentration of 1CI124DNB (25%/75% v/v MeOH/DMSO).

105 [ICI24DNB] /M | 103 kops /57! Am;ai
2.0 14.0 0.31
2.0 17.0 0.32
2.0 154 0.36
5.0 10.3 0.67
7.0 9.65 0.88
10.0 8.56 1.2
14.0 7.54 1.6
20.0 6.39 2.2

a) lcm path length.

Table 6.4
Observed rate coefficients for the increase in absorption (k,ps) and absorbance
at the end of the reaction (Apax)at 375nm and in the reaction between 1124DNB
and varying concentration of KCN (25%/75% v/v MeOH/DMSO).

[KCNI/M | 0004 | 0008 | 0012 | 0016 | 0.020
103 kops' /51| 0.81 1.4 2.0 2.5 3.4
Amax’ 1.53 1.43 1.43 1.41 1.58

a) [1124DNB] = 1x104M
b) lcm path length.

6.4.2 Proton NMR Spectra,

The proton NMR spectra of some reactions between 1C124DNB and 1124DNB
with potassium and sodium cyanides in dg-DMSO and CD30D/dg-DMSO mixtures

have been recorded.



The spectrum of 1CI24DNB in 25%/75% v/v CD30D/ds-DMSO shows three
coupled signals at 8.90, 8.50 and 8.06ppm (table 6.1). After 10min in the presence of a
four-fold excess of NaCN (0.08M) in this medium, the signals due to three species can
be observed (fig.6.23a). The signals of the parent are broad. Sharp coupled signals of
2,4-dinitrophenoxide can be seen at 8.63, 7.86 and 6.42ppm. Two sharp uncoupled
signals are evident at 8.71 and 6.88ppm. After 50min no signals of the parent can be
observed (fig 6.23b). The two singlets at 8.71 and 6.88ppm have grown in intensity
relative to those of 2,4-dinitrophenoxide. Other uncoupled signals can be observed at
8.50,7.97,7.77 and 7.69ppm.

The system was also examined using a two-fold excess of cyanide. The
spectrum of 1CI124DNB (0.02M) with KCN (0.04M) in 25%/75% v/v CD30D/ds-
DMSO shows broad signals of the parent and sharp singlets at 8.71 and 6.88ppm after
Smin. After 3hr the spectra of the same reaction mixture shows (fig.6.24) the sharp
signals of 1C124DNB and 2,4-dinitrophenoxide (table 6.1); the most intense signals
remain the two singlets at 8.71 and 6.88ppm, the nature of the species giving rise to
these signals is discussed below (section 6.4.4).

When an equimolar amount of 1C124DNB (0.08M) was added to NaCN (0.08M)
in 25%/75% v/v CD30D/dg-DMSO the proton NMR spectrum recorded after 10min
showed signals at 8.71 and 6.88ppm. Coupled signals due to 2,4-dinitrophenoxide
were just apparent. The spectrum recorded after the reaction mixture had been left
overnight showed signals due to the parent and 2,4-dinitrophenoxide, together with the
two singlets at 8.71 and 6.88ppm (fig.6.25a). Acid (HCl 0.1M) was added to this
mixture and the specrum recorded (fig.6.25b). The signals of 1CI24DNB remain
unchanged at 8.90, 8.50 and 8.06ppm. The coupled signals of 2,4-dinitrophenoxide are
shifted downfield to 8.73, 8.38 and 7.38ppm, as expected for 2,4-dinitrophenol (table
6.1). The two singlets formerly at 8.71 and 6.88ppm are shifted downfield to 8.86 and
7.79ppm.

2,4-Dinitrophenoxide can be written as an equilibrium between four canonical
forms (6.12). Consequently in the NMR spectrum the signal of the ring hydrogen in
the 6-position is considerably upfield of the other ring hydrogen signals. When a basic
solution of 2,4-dinitrophenoxide is acidified the phenoxide is protonated, forming 2,4-
dinitrophenol. Hence the H-6 signal moves a relatively long way downfield. The
other ring hydrogen signals move slightly downfield due to the inductive effect of
protonation. That this phenomenon is observed in the reaction mixture above confirms
the presence of 2,4-dinitrophenoxide, and also indicates that the species giving rise to
the two singlets may also be an aromatic phenoxide in which one proton is ortho or
para to the hydroxy group, and the other proton is meta. That these two signals are
uncoupled (or coupled so poorly that splitting is not observed i.e. J < 1Hz) indicates that

the species may contain a 1,2,4,5-tetrasubstituted benzene ring.
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Figure 6.23
Proton NMR spectrum of 1CI24DNB (0.02M) + NaCN (0.08M)
125%175% viv CD30D/dg-DMSO, after a) 10min and b) 50min.
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Figure 6.24
Proton NMR spectrum of 1CI24DNB (0.02M) + NaCN (0.04M)
125%175% viv CD;0D/d,-DMSO after 3hr.
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In an attempt to determine the nature of this unknown species the reaction of
1CI24DNB (0.02M) with a two-fold excess of NaCN (0.04M) in 25%/75% v/v
CD30D/ds-DMSO was follwed by NMR and then the reaction mixture was studied by

mass Spectroscopy.
The proton NMR spectrum of the reaction mixture after 45min showed two

singlets at 8.71 and 6.88ppm (fig.6.26a). Also present were the signals of 2,4-
dinitrophenoxide and singlets at 7.73, 7.66, 7.33 and 7.26ppm.

The electron ionisation (E.I.) mass spectrum of 1CI124DNB shows the molecular
ion peaks at 204 and 202mu of intensity 1:3 (fig.6.27). The chemical ionisation (C.L.)
mass spectrum of 1C124DNB shows the peaks of 186 and 172mu, due respectively to
the loss of oxygen and nitric oxide (NO) from the 35C1 molecular ion (202) (fig.6.29).
Peaks at 188 and 174mu of one-third intensity compared with 186 and 172mu are due to
loss of the above fragments from the 37Cl molecular ion (204). The E.L spectrum of
2,4-dinitrophenol shows the M+1 peak at 185mu (fig.6.28). It is common for phenols
to self-protonate in these systems. The C.I. spectrum shows a peak at 172mu. The
carrier gas used was ammonia. It is common in this system for nitroaromatics to be
ionised by addition of the ammonium ion (18mu) and then to lose nitric oxide (30mu),
giving overall a M-12 peak (M=184mu).

The E.I. mass spectrum of thé' acidified reaction mixture of 1C124DNB (0.02M)
and NaCN (0.04M) in 25%/75% v/v CD30D/ds-DMSO (as above) shows (fig.6.26b)
peaks at 209 and 184mu. The peak at 149mu is an effect of the mass
spectrophotometer. The peak at 84mu is due to dg-DMSO. The peak at 184mu is the
molecular ion of 2,4-dinitrophenol. It is therefore likely that the peak at 209mu is the
molecular ion of the 2,4,5-trisubstitutedphenol which may cause the two singlets in the
proton NMR spectra.

A species that satisfies the NMR an MS evidence is 2,4-dinitro-5-cyanophenol
(6.13), and it is pos§ible that the phenoxide of this species is a product of the reaction of
1C124DNB with cyanide in 25%/75% v/v MeOH/DMSO.
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Figure 6.26
a) Proton NMR spectrum of 1CI124DNB (0.02M) + NaCN (0.04M)
125%175% viv CD30OD/ds-DMSO after 45min.

b) Mass spectrum of the acidified reaction mixture.
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Fioure 6.27
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Mass spectra of 1CI124DNB.
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NO,
(6.13)

The proton NMR spectrum of 1124DNB in 25%/75% v/v CD30D/ds-DMSO
shows the three coupled signals of the three ring protons at 8.72, 8.42 and 8.19 (table
6.1). The spectrum after reaction between excess NaCN (0.08M) and 1124DNB
(0.02M) in 25%/75% v/v CD30D/de-DMSO after 30min shows the signals of three
species: the parent, 2,4-dinitrophenoxide and the two singlets at 8.71 and 6.88ppm of
2,4-dinitro-5-cyanophenoxide. The spectrum of the reaction mixture left overnight

shows no signals of the parent, only those of the two phenoxides (fig.6.29).

The proton NMR spectrum of 1CI24DNB in dg-DMSO shows three coupled
signals at 9.04, 8.62 and 8.19ppm (table 6.1) due to the three ring protons. After Smin
in the presence of excess KCN (0.02M), the spectrum of 1CI24DNB (0.01M) shows (fig
6.30) the coupled signals of 2,4-dinitrophenoxide at 8.54, 7.73 and 6.26ppm, and the
singlets of 2,4-dinitro-5-cyanophenoxide at 8.67 and 6.88ppm. Other signals are
observed at 7.82, 7.52 and 6.82ppm. An identical spectrum is observed after 30min.

6.4.3 Preparative Experiment,

A simple preparative experiment was carried out with 1C124DNB and a two-fold
excess of NaCN in 25%/75% v/v MeOH/DMSO in an attempt to prepare 2,4-dinitro-5-
cyanophenol.

To a solution of NaCN (3.92¢g, 0.08moles) in 25%/75% v/v MeOH/DMSO (11)
solid 1C124DNB (8.10g, 0.04moles) was added and then stirred for 1hr. The reaction
mixture was neutralised with dilute HCl and then washed with aliquots of
dichloromethane. The organic layers were collected, washed with dil. acid to remove
any DMSO and then dried overnight with sodium sulphate. The solution was then
filtered and the dichloromethane removed by evaporation. The resulting solid was
recrystallised from water to yield a small amount of solid: m.pt. 137-8°C; obs: 20.8% N,
43.5% C, 1.6% H (calc. for dinitro-cyanophenol: 20.1% N, 40.2% C, 1.4% H); 'H NMR
dds-DMSO /ppm: 8.76(s) and 7.25(s) in base, 8.85(s) and 7.64(s) in acid; mass spectrum
(direct current ionisation) shows molecular ion of 227 (M+18) and 197 (M+18-
30(NO)). The uv/vis spectrum of the sample in the basic medium 25%/75% v/v
MeOH/DMSO (fig.6.31) shows a definite band Apmax 420nm (shoulder 480nm).

18



Figure 6.29
Proton NMR spectum of 1124DNB (0.02M) + NaCN (0.08M)
125%175% viv CD30D/ds-DMSO after 30min.
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Proton NMR spectum of 1C124DNB (0.01M) + KCN (0.02M)
/ds-DMSO after Smin.
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Figure 6.31
UV/Vis spectra of the product of 1CI24DNB with excess NaCN
125%/75% viv MeOH/DMSO 1) in the absence of,

and 2) in the presence of acid.
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However, when the sample is acidified in this medium no definite absorbance maxima
are observed, but shoulders are evident at 420 and 480nm.

It seems doubtful that this preparation has produced the desired compound. The
proton NMR spectrum shows two bands due to ring hydrogens, and these shift with pH
as expected for a phenol. The decreased intensity of the uv/vis absorbance on
acidification is also consistent with the product being a phenol. However the chemical
shifts do not correspond to those, 8.67 and 6.88ppm, observed in situ when the reaction
was followed by NMR spectroscopy. Also the elemental analysis is not very close to

that expected for 2,4-dinitro-5-cyanophenol.

6.4.4 Discussion,

The proton NMR spectra obtained with relatively high concentrations of
substrate and relatively small excess of cyanide are in accord with the formation of 2,4-
dinitrophenol together with a second major product.. The NMR and mass spectroscopic
evidence is that this second species is 2,4-dinitro-5-cyanophenol. However, an attempt
to 1solate this product appears to have been unsuccessful.

The uv/vis measurements indicate formation of 2,4-dinitrophenol. However
since the uv/vis spectrum of 2,4-dinitro-5-cyanophenol is not known it is possible that
here also a mixture of the two products is formed. The kinetic experiments at constant
substrate concentration (1x10-4M) seem to indicate a straightforward reaction which is
first order in substrate and first order in cyanide, with the 1-chloro-substrate being 2.5
times more reactive than 1-iodo-2,4-dinitrobenzene. However there is a complication
here in that with increasing concentration of 1-chloro-2,4-dinitrobenzene the rate
coefficient gradually decreases in value, indicating rather more complicated kinetics.

- It is worthwhile to speculate on the possible pathways leading to 2,4-
dinitrophenol and 2,4-dinitro-5-cyanophenol as products, and a tentative mechanism is
given in the scheme (scheme 6.4).

The first step (1) involves attack by cyanide at the aromatic ring to give the
sigma-adduct (6.14). The uv/vis spectra indicate the rapid formation in media rich in
DMSO of species absorbing in the region of 600nm and this provides evidence for the
sigma-complex. It is known ! that sigma-adducts formed by nucleophilic attack at the
S-position of 1-halo-2,4-dinitrobenzenes have higher thermodynamic stabilities than the
isomeric sigma-adducts formed by attack at the 3-position; so that structure (6.14) is
likely. If cyanide attack were rate-determining this would lead to the observed kinetic
behaviour, first order in parent and first order in cyanide. However the colour
formation observed is instantaneous and much faster than product formation, hence it

seems unlikely that this is the rate-determining step.
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Scheme 6.4

Cl Cl
NO, K, NO,
+ CN~ ‘___'—k H (1)
NC
NO, NO,
. (6.14)
Cl Cl Cl Cl
NO, NO, K, NO, NO,
H + — H + (2)
NC NC
NO, NO, NO, NO,
(6.14) (6.15) (6.16)
Cl Cl
NO, iy NO,
H + MeO’ 3 » @ 3)
NC NC
NO, NO,
(6.15) (6.17)
Cl
NO, ke ~_-NO,
— + Cl° @)
NC NC
NO, NO,
(6.17)
o-
~__ NO, NO,
solvent / oxygen
NC NC
NO, NO,
Cl
NO, ~ NO;
ks .
—— + Cl 6)
NO, NO,
(6.16)
o-
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O, solvent / oxygen NG,
—_— )
NO, NO,

The second step (2) is an electron transfer to give a radical (6.15) and an anion
radical (6.16). It is well known 7 that electron transfers may occur to and from nitro-
substituted aromatics. Here the species transfering the electron (6.14) contains four
electron withdrawing groups so there will not be a strong driving force to transfer an

191



electron to the parent. Nevertheless even though the value of Kj is likely to be small,
some electron transfer will occur to give (6.15) and (6.16).

A key step is the loss of a proton from (6.15) to give the radical anion (6.17), as
shown in equation 3 (scheme 6.4). The proton lost from (6.15) will be acidic due to the
neighbouring electron withdrawing groups, particularly the cyano group attached to the
reaction centre. It is noteworthy that here and elsewhere in this work (chapters 4 and 5)
there is evidence for replacement of ring hydrogens by cyanide. The facility of this
reaction is unusual. For example with methoxide as nucleophile there are no examples
of direct displacement of ring hydrogens. The difference can be understood in terms of
the different electronic effects of the cyano and methoxy groups. The cyano group in
(6.15) will acidify the adjacent hydrogen and will stabilise the anionic product (6.17).
The analogous reaction with methoxide (eqn.6.2) is unlikely to occur because the
methoxy group would not similarly acidify the adjacent hydrogen in (6.18) and would
not stabilise the negative charge in (6.19). This appears to be a key difference in the

reactions of methoxide and cyanide nucleophiles.

EWG EWG
H Q ‘) + Base g /@ Eqn.6.2
MeO MeO
(6.18) (6.19)

Steps (4) and (6) involve cleavage of halide ions from anion radicals. Such
steps are well known in the Sgn! radical chain mechanism.”  However the
intermediates (6.16) and (6.17) contain strongly electron withdrawing ring substituents
so that the loss of halide would not be expected to be rapid. Nevertheless it is unlikely
that halide loss is the rate determining step in the reaction since the kinetic experiments
show that 1-chloro-2,4-dinitrobenzene reacts more rapidly than 1-iodo-2,4-dinitro-
benzene and iodide should be more readily lost than chloride from an anion radical
intermediate.

The final steps (5) and (7) involve formation of a bond to oxygen from the
radicals. This oxygen might be derived from the solvent or from molecular oxygen.

It has been shown that the rate determining step in this scheme (scheme 6.4) is
unlikely to be step (1) or steps (4) and (6). It is of interest to consider what kinetic
form would be expected if step (3), the deprotonation of radical (6.15) were rate
determining (calculation 6.1).

It is known ' that values of the equilibrium constant for nucleophilic attack at the
5-position of 1-chloro-2,4-dinitrobenzene are larger than those for corresponding attack
on l-iodo-2,4-dinitrobenzene. Hence the larger value of K; for the chloro-derivative

than for the iodo-derivative may contribute to its faster reaction.
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Calculation 6.1

For step (3) as rate determining (scheme 6.4):

velocity = k;[MeO][(6.15)]

assuming steps (1) and (2) are rapid equilibria:

[(6.14)]
K| = —— ———
[parent][CN]
_ 66161 [(615)°
27 [(6.14)][parent]  [(6.14)][parent]
therefore [(6.15)] = {K,[(6.14)][parent]}'/?
= {K,K;[parent]{CNT}
= (K,K,[CNT}[parent]
KMe[h
But CN + MeOH =—= MeOU + HCN Eqn3.4
_ [MeOJHCN] [MeO]?
Meth = ™ CNT ~ T[CN
therefore [MeO] = {Kpen[CN]}M2
therefore velocity = k3 {Kye [CN1) 12 (K, K,[CNT} 2 [parent]

= k 3{K{K;Kpen } 2[CNI[parent]

...giving the observed first order dependence on the concentrations
of parent and of cyanide.

It is of interest to consider other possible routes to formation of the reaction
products. One route to 2,4-dinitrophenol might be the attack of methoxide at the 1-
postition of the substrate in an SNAT reaction giving 2,4-dinitroanisole followed by
demethylation to give the phenoxide (eqn.6.3). However it was shown (section 6.2)
that 2,4-dinitroanisole is stable in the presence of cyanide under the conditions
employed (25%/75% v/v MeOH/DMSO); hence this pathway is excluded.

al OMe o
NO, _ NO, _ NO,
MeO
©/ e ©’ N, ©’ + MeCN  Eqné3
NO, NO, NO,

It is also of interest to note that Scorrano et.al. 7 have shown that reaction of 1-

halo-2,4-dinitrobenzenes with iso-propoxide ions in iso-propanol/benzene solvent
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produced 2,4-dinitrophenol. Their proposed mechanism involved formation of the
radical anion (6.16) followed by loss of halide to give the 2,4-dinitrobenzene radical
(step 6). The final steps involved reaction of the radical with alkoxide to give a radical
anion which subsequently fragmented to give the 2,4-dinitrophenoxide (scheme 6.5).
These steps seem unlikely in the authors work since reaction can occur to give the same
products in DMSO in the absence of methanol. In DMSO the base responsible for
removal of the proton (step 3) is presumably the cyanide ion itself rather than

methoxide.
Scheme 6.5
OR
~__ NO, NO,
©/ + RO’ —_—
NO, NO,

NO, NO,

O
l

NO, NO,

It should be stressed that the proposed scheme (scheme 6.4) is only tentative but

it is an attempt to account for the observed features.
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