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ABSTRACT

Crystal Structures of Some Complexes of Group IB Ethynyl Compounds

Interest in these compounds centred on the bonding between the
ethynyl groups and the metal atoms. The structures were determined
by heavy atom techniques, and refined by the method of least squares,
uging three-dimensional data.

Phenylethynyl(trimethylphosphine )copper(I), MeBPCuCECPh , is
tetrameric. The centrosymmetric molecules are nearly flat, apart from
the phosphine groups. The four copper atoms form a zig-zag chain,
with Cu...Cu distances 2.45, 2.69, 2.45 £. Two phosphine groups are
attached to each terminal copper atom. Two of the ethynyl groups
lie on a line through the two inner copper atoms, to which they are
o-bonded. The other two are each 'side-én‘ bonded to an inner copper
atom, with the bond to the phenyl group distorted away from the
copper atom. Their terminal carbon atoms each form a bridge bond
with two further copper atoms in the chain. Neglecting any copper-
copper interaction, the coordination around the inner copper atoﬁs
is approximately trigonal, and around the terminal copper atoms,
tetrahedral.

Phenylethynyl(trimethylphosphine)silver(I), MeBPAgC=CPh » has
silver atoms in infinite, almost straight, chains, with Ag...Ag =
3.03 X. Alternate silver atoms lie on centres of symmetry, and are

o-bonded to two ethynyl groups. These are 'side~on' bonded to




adjacent silver atoms, which lie on two-fold axes, and which are
bonded to two phosphine groups. The 'side-~on' bonding is not
symmetrical. (Ag-C = 2.55, 3.0k £.) The silver atoms are alter-
nately in linear, and approximately tetrahedral, coordination.
Phenylethynyl(isopropylamine )gold(I), iPrNHZAuCECPh, has
gold atoms in infinite zig-zag chains, related in pairs by two-fold
axes. Au.,..2u = 3,72 2.; along the chains, 3.27 X. between
chains. Each gold atom is linearly coordinated to an ethynyl
carbon and an amine nitrogen atom, lying in the plane of the
zig-zag. The arrangement excludes association through gold-ethynyl
interaction, the shortest intermolecular distances being gold-

gold or gold-nitrogen contacts.




INTRODUCTION

OLEFIN COMPLEXES OF THE TRANSITION METALS

Very stable complexes with olefins are formed by
platinum and it 1s over a hundred years since the first one
was reported by Zeise, (1827), K[Ptals(czﬂ ] , prepared |
by the reaction of platinous chloride with ethylene and
potassium chloride. Complexes with copper(I), silver(I),
and palladium(II) have been prepared by similar methods,
and olefin complexes with mercury(II) are reported to exist
in solution. The olefin complexes of other tran flon
metals are generally stable if the metal is in a low valency

state and if a chelating diene 1s used. A variety of

clefin complexes has been prepared in recent years (by e.g.
Fischer and Frdlich, 19589) by replacing one or more carbonyl
groups with olefins in the zero-valent metal carvonyl com-
pounds, or in cyclopentadienyl carbonyl compounds. sometimes

chelating dienes will react directly with the normal-valent
halides to form complexes, as in the case of ruthenium and
rhodium. (Abel, Bennet and Wilkinson, 1959). In the case
-of iron, more stable complexes are formed with conjugated
dienes than with non-conjugated dienes. (Guy and Shaw,

1962, p. 86).

ACEIYLENE COMPLEXES OF THE TRANSITION METALS

Sqer
/’:\‘30\“ . @ \’
q}%e“ i\@‘?‘ \-53 )
ﬂmwf““ ' Until recently, only a few unstable acetylene complexes
~1g83)




er and silver were Known. Wow, & vast number of

\}

of

Q

OpPT
acetylene complexes have been prepared, usually by reaction .
of acetylenes with metal carbonyls. Acetylene complexes fall
into two classes - those in which the acetylene is bonded

only to the metal atom{s), and those in which the acetylene

P

reacts tHte form new C-C Dbonds during complex Tormation.
Compounds of the second class are usually formed by reactions
of acetylenes with ilron and cobalt carbonyls when the
reaction conditions are at all energetic, angd the polymerisa-
tion of acetylenes by chromiuwn alkyls presumably occurs with
such complexes as intoermediates, Several structure
determinations have been made of compounds in this class.
(e.z. ¥e5(C0O)g(CgH0=CIT), King, 1962; and Co, 5 (00 ) 41IC=CH,

\

¥ills and Robinson, 185%).

Compounds of the Iirsit class, where no new ligand is

formed, may e divided into three types:

i) Those where the acetylene combines with one metal atom,
and #till contains a recognisable carbon-carbon trivle bond.

amples are the acetylene complexes of platinum described

F“&

-

v Bukhovets and Molodova (1987), and by Chatt et al. {(1961),

O_,'

-

roup IR acetylides, where it is presumed that

and also the

t.a

metal-ethynyl coordination ig responsible for t

i
Y

e polymaric

nature, (BRlake, Cglvin and Coates, 1959). The ethynyl
stretching frequency, v. Tor these compounds is not more

Cc=C,
than 200-300 Cm*l. different from the usual value for




disubstituted acetylenes (2200-2250 cm.ul). Crystal struc-
ture determinations of two ethynyl copper(l) complexes of
this type have been reported by Carter and Hughes, (1957),
but no bond lengths were given. The copper atom is on the

perpendicular bisector of the carbon-carbon triple bond.

ii) fThose where the ethynyl group is effectively reduced to

a double bond, and each carbon atom is joined to the metal
atom by a o -bond. This type of structure is suggested for

the monomeric complexes [ClRe(ac)g(PPhg)] and F%(PPhB)g(aci ,
(ac = acetylene) where the infra-red spectrum shows absorption
tands around l?OOcm—l; in the region expected for C=C stretch-
ing fregquencieés. (Colton, Levitus and Wilkinson, 1960;

Chatt, Rowe and Williams, 19857). Preliminary X-ray studies

on the platinum compounds support the planar structure

expected if two &-bonds to the metal atom are formed. {(Owston
and Rowe, 1962), The structure of the cobalt complex
004(00510(CQH505C0235) involves metal-carbon & -bonds and
reduction of the triple to a double bond, with an increase

in the bond distance to 1.44&, although the bonding here is

complex. (Dahl and Smith, 19562). -

iii) Those compounds where the acetylene is bonded to two
metal atoms. Such structures are proposed for a few

acetylene complexes with binuclear iron and cobalt carbonyls,




and Tor the dicyclopentadienyldinickelethynyl complexes,
where chemical methods show that the acetylene is bonded only
to the metal apoms. (e.g., Tilney-Basset, 1961). The

crystal structure of Cog(OO)6PhCECPh shows that the ethynyl

group lies in a direction at right angles to the Co-Co axis

with its midpoint above the midpeint of the Co~-Co bond,

. C
(sly, 1959). The C=C length has increased to 1.46 i, and
0 !
the Ph-C=C angle is 1407, The C=C stretching freguency has
disa ppepred altogether. The coordination around each

carbon atom is tetrahedral, and 1t may be that both t

cthynyl carbons form €-honds to each metal atom, in st
‘hybridisation, However the view has Dbeen taken that fhe
ethynyl group 1s joined to the metal atom by two emw-bonds of
the type described in the next section (Guy and Shaw, 1962,

PD. 104-5. Bennet, 1962, p. 639).

THE NATURE OF THE METAL-OLERIN OR METAT-ACETYLENE BOND

The theory now generally accepted for the bonding was
first proposed by Dewar (1951), who used the molecular
orbital theory to explain the structure of the silveeoclefin
complexes. The pringiple was adapted to the platinum-

olefin complexes by Chatt and Duncanson, (1953). The

structures are snown 1in Fig. 1.




6 - hﬂ:e bond - h”:e bond

Pig, 1. Schematic structures for the silver-clefin and
the platinum-olefin complexes.

The metal atom is agsumed to lie on the perpendicular bisector

of the carbon-carbon double bond. Overlap of the filled

®

bonding'ﬂ;zp molecular orbital of the olefin with the vacant
L0k

Hag~orpital in the case of the silver complex, or with a
vacant 5@63692 nybrid orbital in the case of the platinum
complex, forms a bond which has the symmetry of a 6-bond,
The essential point in the siructure 1s however the overlap
of a filled 4d-orbital in the case of silver, or a filled
586p-hybrid orbital in the case of platinum, with the vacant

tal of the olefin to form

e

antibonding 1T7* ©p molecular orb

a W -type bond, so that the metal-olefin bond has both donor




!
N
!

w

and acceptor characteristics.
are not‘formed by olefins with acceptor molecules such as
EFS,
the TT-itype bond.,. The bonding has been called 6w-bonding

to emphasize the donor and acceptor characteristics of the

f\
(i

bond. (Guy and Shaw, 1962, p. 80).

The bonding in metal-acetylene complexes 1s expected

i

to be similar, except that in principle an acetylenc could
be inveolved in bonding to two metal atoms, since there are

two sets of bonding and antibonding orbitals.

THE BOND ORDER TH OLEFIN AND ACETYLENE COMPLEXES

Roth the §-donation of bonding electrons fto the metal
atom, and the 1r —acceptance of d-electrons into antibonding
orbitals would be expected to reduce the hond owrder in the
olefin or acetylene. Thig is confirmed by the infra-red
spectra of the compounds, which show that the double bond
does still exist in the olefin complexes, but thut the O=C
gtretching freguency is reduced by about 70 cm. in the case

of the silver ion complexes, {Taufen, Lurray an
. th

d Cleveland,

P - ) S . e .
1241 and by about 150 cm. in the case of, platinum complexes.

{Chatt and Duncanson, 191 att et al, also reported that

¢y
o
c’ ™,
s
ja

(VA was lowered by about 200 cm. ~ in the platinumn-

Stable coordination complexes

where the boron atom has no d-electrons availlable to form




alkyne complexes. (Chatt, Duncanson and Guy, 1961).

X-ray structure anslyses have confirmed that the spatial
arrangement in these complexes 1s such that the carbon-
carbon double or triple bond is 'broadside' on to the metal
atom, and that in general, the C=C or C=C bond length is
increased relative to the free olefin or acetylene,
suggesting a decrease in bond order, The available X-ray
evidence relevant to 6w -bonding in acetylene complexes is
meagre and has already been summarised. Hence the discussion
here is confined to the structures reported for olefin

complexcs,

The lengths of the carbon-carbon double bonds in the
palladium dichloride norbornadiene complex are extended to
1.46 E, and in the palladium dichloride styrene complex,
the double bond is extended to L1.45 &, (Baenziger, Doyle
and Richards, 1961). The length of the double bond in the
platinum ethylene complex studied by Alderman, Owston and
Rowe, (1960) was 1.47 E. and earlier work on platinum
ethylene complexesgs had also indicated extension of the double
bond to about 1.5 E. (Bokii and Kukina, 1957; Wellor and
Wunderlich, 1955). Recently, an increase of the C=C bond
length to 1.44 + 0,07 £. nas veen reported for the

1,5-cyclooctadiene rhodium dichloride complex, (Ibers and




A

Snyder, 1962) and the C=C length in the acrylonitrile
. - . .- , 0
complex of iron tetracarbonyl 1s extended to 1.40 1+ 0,02 A,

(Luxmoore and Truter, 1961).

In marked contrast to the palladium and platinum com-
plexes, the two silver olefin complexes whose structures
have been reported have C=C lengths normal for double bonds.
Bond lengths of 1.36 and 1.34 8. are quoted for the silver
complex with cycloBectatetraene dimer, (Nyburg and Hilton,
1959) and of 1.3 and 1.7 £. (4 0.04) for the 1:1 complex
with cycloBctatetraene, (Matthews and Lipscomb, 1959) and

in the latter complex the bond angles in the cycloBetatetraene
& a

"

part are the same as in the free molecule. Metal-carbon
bond distances range from Z.4-2.8 X, which 1s rather more
than would be expected for a single covalent bond, whereas,
in the pletinum and palladium complexes, metal-carbon
distances are about 2.2 g, and in the iron acrylonitrile
complex, the metal-carbon distance 1s 2.1 E, The results
for the silver-olefin complexes confirm the inference from
the infra-red spectra, that the metal-olefin interaction 1s

weaker in these complexes.

GROUP.IB ACETYLIDES AWD THEIR COMPLEXES

Aryl and alkyl acetylides of the group IB metals,

(RC=CM; M=Cu, Ag, Au) are prepared as yellow powders which




. . . 4 450 .
decompose without melting above 100-1207C, and which are

insoluble in ordinary organic solvents. As already
mentioned, they are regarded as coordination polymers, with

the metal atoms linked to two or more ethynyl groups by

sn-bonding.,. The t-butylacetylides are exceptional in that
they will dissolve in organic solvents, Molecular weilght

meagsurements on the solutions show that the copper compound
is octamcric, the gold compound tetrameric. t-Butylethynyl-
gilver is insufficiently soluble to determine its molecular
weight accurately, but it is certainly at least tetrameric.

It crystailises in very tiny needles, which tend to be

fibrous and which turn black in the X-ray beam.

The ethynyl stretching freguencies for the phenyl and

t-butyl acetylides are given in Table I.

TAPLE I, BEthynyl Stretching Freguencies in RC=CM. XKBr Disc.

M FHg Cu hg AU
Ph 2149 2117 1933 2055 19753
R:
Me,C 2180 2146 Abs. 2055 1950- 2030

1

Shifts of about 200 cm. — relative to freguencies observed

in the mercury acetylides occur in the copper and gold

o . . -1
compounds, and these are similar to the shifts of 200 cm.



http://acetylid.es

10 -

ac

observed in the spectra of disubstituted

they are Omnbonded to platinum. One may comp

ly small drop in frequency for the silver couwp

small effects on

carbon distances in the silver-olefin compl

mis

e

above, e strong coordination in the ethyng

is remarkable, as neither olefinic nor

comolexes have previously been reported.

-\‘
Y]

the ethenyl groups and the long

exes me

lenes when

are the relative-
ound with the
silver-

ntioned

vl gold compounds

acetylenic gold

For the di-ethynyl compounds, PhC=CC=CM, (M = Cu, Ag),
the infra-red spectra indicate that one of the ethynyl
groups absorbs at 2180-21¢0 cm”l and 1t is assumed that this
takes no part in the ew-bonding.

Donor molecules where there are vacant d-
available on the donor atom can brealr down the
gtructures of the acetylides. Phosphine comp

M=Cu, Ag, Au and R' alkyl or aryl, have Dbeen

also some arsine and stibine complexes. ™he phosphine complexes
can usually be crystallised as y@lloﬁ needles. “he

degrees of assoclatlon obtained from molecular weight determin-
ations in solution for three Lypical phosphine complexes

are given in Table IT together with the ethynyl stretching
freguencies. The data indicate that the degree of

complexity in the phosphine complexesgs decreases in the order

Cu-Ag—-Au.

orbitals
polymeric
lexes R%?MCECR,
and

reparad,




TABLE IT. Degree of Association, (n), and EBthynyl Stretching
Frequency, (v), in R PMC=CPh.

Compound n v em T
MeSPCuCECPh 2.70 2019, 2045
MegPﬁgCECPh 26 00% 2075
EtgPAuCECPh 13 2109

Spectra measured 1in XKBr disc.
Molecular weights cryoscopically in benzene. *; ebullioscopi-
cally.

The gold acetylides will also form stable complexes

with primary amines. In contrast to the phosphine complexes,
the degree of association of the amine complexes of phenyl-
ethynyl gold is 3-4, varying with concentration. The

ol

r

ielectric constants of benzene solutions of the complexes
indicate the presence of much less polar sgpecies in the amine
complexes than in the phosphine complexes of phenylethynyl
g0ld,. The ethynyl stretching freguencies in the amine
complexes (2120-2134 cm?l.) are however little removed Ifrom
those found for the phosphine complexes (2109-2129 cm.-l), or
from those expected in disubstituted acetylenes containing

ethynyl-metal ¢ -bonds,

THE SCOPE OF THE WORK PRESENTED

I have been concerned with the determination of structure




in the acetylides by X-ray methods with particular reference
to the interaction between the ethynyl groups and the metal
atoms. Cnly the phosphine or amine complexes of the
acetylides have been studied as 1t is much easier to obtain
crystals of these compounds appropriate for X-ray analysis

than 1t is to obtain sul- table crystals of the highly

ingoluble parent acetylides. The t-butylacetylides present
inconveniently large probvlems for X-ray analysis. I have

carried out complete sitructure determinations in the case
of the three complexes phenylethynyl{trimethylphosphine)-
cooper(I), MPnLCHV—CDh phenylethynyl(trimethylphosphine )-
silver(I1), MSSPAQCECEh, and phenyletnhynyl(isopropylamine)-
gold (1), T LupAHOECPho The three structures are each
expected to be representative of their particular class.
For instance, all the phosphine complexes of phenylethynyl-

copper(I) are expected to have structures similar to that of

the trimethylphosphine complex.

During the course of the study, the unit cell dimensions

ny

and space groups of several of the phosphine and amine
M o} Ko s

complexes of the ethynyl compounds were obtained, and it
ig convenient to list them at this point. (Tablel).

Some of the compounds will be referred to at a later

sta age.
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THE DETERMINATION OF THE CRYSTAL STRUCTURE OF PHENYI-
BIHYIYL(TRIMETHYLPHOSPHINE JCOPPER(T )

INTRODUCTION

Phenylethynyl{trimethylphosphine)copper(I) was chosen
f'or structure determination mainly on the grounds of stabllity.
Crystals of this compound gave good reflections after
several weeks exposure to air, whereas crystals of the
corresponding t-butyl and isopropenyl compounds decomposed
to powder after a few days and after a few hours respectively,
The triethylphosphine complex of phenylethynylcopper{I) was
not considered, as the asymmetric unit contained four formula
units whereas in the trimethylphosphine compnlexes, the

asymmetric unit contained two formula units,.

EXPERTMENTAL

ORVSTALD

A sample of phenylethynyl(trimethylphosphine)copper(I)
had been crystallised as yellow needles from toluene, and
had been kept stored under nitrogen for some months
previous to the investigation. The needles were reduced to
crystals roughly cylindrical in shape, and 0.2-0.3 mm. in

diameter, by rolling them around on a watch glass in benzene.



http://trimeth.ylphosph.ine

The benzene acted as a solvent, and also facilitated the
removal of surface layers of decommposed material with which
the original crystals had become coated. During the time
in which the crystals were used each again became coated
with a laver of decomposition product, but this appeared to
protect the rest of the crystal, as there was no noiticeable

effect on the intensities of the X-ray reflections.

CRYSTAL DATA
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graphy. The unit cell dimensions were obtained from three

zero-layer precéssion photographs teken using MoKd radiation.




(X = 0.71073.) The dimensions given are each the mean of

two values obtained from different photographs, and the
differences between the two values for 'a', 'b', and 'c!

were 0,004, 0,010, and 0.0lSK. regspectively. The statistical
standard deviations in the cell dimensions were 0.00S—0.00éX.,
but if systematic errors are included, the uncertainty is

probably of the order of 0.1%.

COLLECTION OF INTENSTITIES

Partial three-dimensional data were recorded photograph-
ically using Zr-filtered molybdenum radiation, (MoK & ,
N = O.?lO?X.) The precession method was used for layers
with h = 0-2, k¥ = 0-4, and 1 = 0, and the equi-inclination
Weissenberg technique for layers with h = 3-7. A series
of timed exposures was taken for each layer, The intensities
were estimated visually, by comparison with a calibrated scale.
On average, the intensity of each reflection was estimated on

two films within each series.

The intensities on the upper layer Weissenberg photographs
were corrected for épot extension using empirical length—f
curves drawn separately for each layer, The intensities of
the contracted spots were not estimated, The usual Lorentz

and polarisation factors were applied, but no correction was




made for absorption. 1451 independent intensities were

measured, 396 of them on two layers, 4 of them on three,

The structure factors were placed on the same relative
scale using scale factors derived by a least sguares method
from the common reflections. An account'of this method, and
a comparison of the scale factors uéed with those obtained
by two alternative least squares methods, are given in

Appendix A.

STRUCTURE DETERMINATION

The atomic coordinates were found by heavy atom
technigues, and refined by the method of least squares. The
analysis was complicated by the disorder associated with one

of the trimethylphosphine groups.

HEAVY ATOM POSITIONS.

The positions of the copper atoms were first found by
inspection of the Patterson function in projection along

the 'a' and the 'b' axes, The coordinates obtained were:

x/a v/o ' z/c
Cul -0.,013 0.083 0,049

cug 0.156 0.126 0.039




These coordinates imply that the two copper atoms and the
two related by the centre of symmetry at the origin form a
zZlig-zag chain. The copper—-copper distances in the chain
were very short, (2.5, 2.7, Z.BEJ) and the structure is

therefore tetrameric,

The three-dimensional Patterson function was calculated

~with the intention of confirming the cooprdinates of the

copper atoms and of locating the nhosphorus atboms. The

function evaluated was:

Plovw) = 9/\/5 i z‘ w(».u)]p(mf

and 'u' was calceulated at intervals of OoJuX-, (a/40), 'v'

cos2mhy cas2ky cos2wlw

al intervals of 0.22K., (b/60), 'w' at intervals of 0,188,
(c/120).  The coefficients ]F hl{l)l2 were weighted with the
function w(hkl) = eﬁD(lduln 8), = exp(9.lsiﬁge/;b). The

sum of the sqguares of the scattering factors of all the atoms
in the structure falls off with sin® approximately as
expé5sin26/>2) and an analysis of the intensities of the

(nk0) and (0kl) reflections by the method of Wilson (1942) gave
an estimated overall temperature factor, B, of about 32,

The weighted coefficients were intended to be intermediate
between tnose that would be given by a set of stationary atoms,
W o= exp(6sin26/xg) and those given by a set of stationary

point atoms, w = exp(llsine/x%),
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Inspection of the three Harker sections in the
Patterson function due to the screw axes located the copper
atomg, and their positions were determined more accurately
by a least squares analysis of the coordinates of the peaks
corresponding to the 22 independent copper=copper vectors
in the unit cell, The two atoms shifted only 0.01 and
0.0Z&. from these positions diiring the subseguent refinement.
The coordinates of the phosphorus atoms were found by super-
position methods. (Robertson, 1951). The Patterson
function was set down with 1ts origin in turn at each of
the copper positions + (XCug, Y ous? ZCuz)’ A 'minimqm'
function was plotted by taking the lesser values of the
super-imposed functions at every point. There were three
peaks in the minimum function that could have arisen from
phosphorus atoms. An unambiguous choice was made by carrying
out a second superposition, using the coordinates of Cul.
The phosphorus posiﬁions were checked by locating each of
the peaks corresponding. to the 24 independent copper-phosphorus
vectors in the original Patterson function. The heavy atom
coordinates at this stage were:

x/a v/D z/c X(K) y(g) z(ﬁ)

Cul -0.0065 0.05615 0.0465 -0.08 0,89 0.9¢
Cu2 0.1885 0.1272 0.0398 1.97 2619 0.85
Pl 0.2850 0,0683 0,0916 3.62 1.18 196




LIGHT ATOM POSTITIONS

A Tirst set of structure factors was calculated using

the coordinates of the copper and phosphorus atoms. The
. U by [[IARIA
value of The rellablility index, R = ——ngT—- , for these
atoms alone was 0.32, The observed structure factors were ;
|

allotted signs based on the heavy atom contributions, and a
three~dimensional Fourier synthesis was calculated on the
same coordinate grid as the Patterscon function. The

function evaluated was:
h + kz2n

/0(*93) = 4/ }: X Z F(hk) cos2mrhx cos‘.hr(l:j« (z)

hebk -Znol
f z z F(H‘() sinlrhx sm?.ﬂ(ky + h)

where f(xyz) is the electron density at the point (xvz)e

-+

The electron density showed peaks at the positions of
the copper and phosphorus atoms, with helghts 45 and 18 e/ﬁ.o
respectively. The positions of the phenylethynyl carbon

atoms were clearly recognised, and all the peaks were regolved,

o

except that the two representing the y1l carron atoms €9
and Cl0 overlapped congiderably. The peak helghts ranged
from 5540 e/ga s with an average hclght of 4 6 OKA

There were eight peaks near the phosphorus atoms with

£




- R o = 3
heights ranging from 3,0-4.5 e/X., and several other smaller
ones. Tt was not possible to place the methyl carbon

atoms with confidence,

A new set of stiucture factors was calculated on the
basis of the heavy atoms and the phenylethynyl carbon atoms,
except that coordinates were not assigned to the atoms CO and
C10. Agreement with the observed structure factors improved
to R = 0.25. The signs were used to calculate a second
Fourier synthesis. From this synthesis, coordinates could
be obtained for the ethynyl carbon atoms C9 and C1l0, and the
average height of the peaks corresponding to the phenylethynyl
carbon atoms was now 5.8 e/.LOx.3 There were seven unassigned
peaks with heights of more than 4 e/ﬁ.,5 and six of these
were designated as methyl carbon atoms, The average peak

height for these atomsg was 4,7 e/?&.5 The unassigned peak lay

in a position which ruled out the possibility of it representing

a carbon atom.,

D

The coordinates of all thp atoms except hydrogen had
now been obtained, and they were refined through a cycle of
least squares. The value of R for structure factors
calculated during this cycle was 0,176, In the two previous
structure factor calculations, the temperature factor

U= 0,04 ﬁ.z had been used for all the atoms, where U = B/an.

In this case, the temperature factors used for the copper,




- 22 4

N

prnosgnhhorus, phenylethynyl carbon, and methyl carbon atowms

L5 ‘ . =0 2
vere resnectively 0,048, 0,040, 0.065, and 0.035BA.

A third Fourier synthesis was calculated, and this showed
features which suggested that *the methyl groups attached to
P2 were disordered, The peaks representing the carbon atoms

of this phosphine group were more smeared out than
due to the other methyl carbon atows, and the peak heights

It was not really clear whether

0]
n
o5
.

were apprecilably 1
the disorder was due to Iree rotation about the copper—
vhogphorus bond, or whether it was cue to two preferred

orientations of the phosphine group.

REFPINEMENT , AND TREATMBNT OF THE DISORDERED PHOSPHINE GROUP

The refinement was at first continued isotropically, and
the three disordered carbon atoms were 4? eplaced by six
atoms with a statistical weight of a half. The half atoms
were given positions consistent with the electron density
distribution, corresponding roughly to two orientationg of
the phosphine group, related by a rotation of 40° about the

copper~-phosphorus hond., The coordinates and the temperature

factors of the half atoms were refined through a cycle of

least squares, with parameters for all the other atoms exactly




the same ag in the previous cycle. The value of R dropped
0,007 to 0.169, so that there was at least some lmprovement
in using six, rather than three, sites for the carbon atoms
attached to P2. After a further cycle of refinement, two of
the half atoms were only O.?K. apart, and they were only 0.6%.
apart after the next cycle, even though their coordinates had
been altered so as to space them apart in between the two
cycles, There was very little improvement in the value of
R during the last cycle, although the mean coordinate shif't
of 0.0ZB&. was gtilll large. The two half atoms were alarm-
ingly close to one another while the other four were nearly
equally spaced, and it was felt that the disorder should be
investigated more fully before further refinement of the

structure was underitaken.

An (FouFC) synthesis was calculated, where the Fls were
based on all the atoms, except that the contributions from the
disordered carbon atoms were omitted. The electiron density
in the plane of the disordered atoms is shown in Fig. la.

The half atoms which had been very close to one another appear
as a single peak of height 2.6 e/ﬂ.g, and the other four half
atoms as small bulges on a semi-circular ridge in the

electron density, at a height of 1.2-1.5 e/ﬁi.’3 One of the

small peaks is just off +he section and is not shown. The

large peak is gseparated from the ridge by regions where the

. . 3 R R s -
electron density is less than 0.5 e/ﬁ., and the discontinui-
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Electron Density in the Plane of the Disordered Atoms
a First (FO-FC) synthesis b  Second (%—-E:) synthesis

Contours at intervals of O.2 e/A’, starting at 0.4 e/A}

x Final positions of atoms weighted three-fifths

°© . - - 4 . two -fifths




tiesgs would appear to be significant, since the standard
3

deviation in the electron density is estimated to be 0.25 e/,

{(Cruickshank 1949). The distribution of the electron density,

and the positions of the maxima, are consisgstent with the
results of the least squares refinement, and although the

precise nature of the disorder is not clear, it does seem

that it is not due to free rotation about the copper-phosphorus

bond.,

An sttempt was made to represent the electron density
distribution in the region of the disordered carbon atoms, by
using only three atoms, with anisotropic temperature factors.
After three cycles of refinement using anisotropilc
temperature factors for the copper, phospnorus, and all the
methyl carbon étoms, the value of K was 0.089 and the mean
coorainave shitt, mot including shifts in the methyl carbon
atomg attached to P2, wvas U.UO@OK. The vibration amplitudes
Tor the disordered atoms were very large however, and stilt
increasing, and 1t appeared that the three atoms were not
adequate to represent the electron density. The three atoms
were replaced by six atomsiin the positions obtained from
the isotropic refinement, On the basis of the electron
dengity distribution, and also of the temperature factors
obtained during the isotropic refinement, three of the six

atoms were given a weight of 2£/3, and the other three a
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weight of 1/3. (At a later stage, weights of 3/5 and 2/5
were used)., After four more cycles during which all the
atoms were given anisotropic temperature factors, the mean

coordinate shift not incliluding the methyl carbon atoms on

P2 was 0.00263., and the value of R was 0,079,

It was later discovered that the scattering factors used
for the phosphorus atoms were incorrect, as the values of
sin@/x had been taken as if they were expressed 1ln reciprocal
Engstrﬁm units, whereas the original authors of these scattering
factors express siné/y, in atomic units. (Tomiie and Stam,
1958). There is a factor of nearly two between the two units,
and the main effect would be for the temperature factors for
the phosphorus atoms to be calculated too small, Five further
cycles of refinement using an alternative scattering-factor
curve for the phosphorus atoms were requiréd pefore shifts in
all the atomic coordinates and temperature parameters became
no longer significaent. The value of R was now 0,074,
and the mean coordinate shift for all the atoms except the
methyl carbon atoms on P2 was 0.0016K., with a maximum shifit
of 0.0076R. No parameter shift was more than a half of the
corresponding standard deviation. The introduction of the
correct scattering curve for the phosphorus atomg increased
their mean temperature factor, as expected, but also caused

appreciable shifts in the coordinates of the light atows.
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Thirteen of the carbon atoms were moved by wmore OlA.,

. el
and one by as much as 0,035A4.

During these last stages of refinement, part of a

second (FO—FC) s7nthesis was calculated, where the F_'s were

’

Q

again structure factors with contributions from

disordered carpon atoms omitted, A section in the mean

0]

atoms 1s reproduced in Fig. 1b.

g

plane of the disordere
The electron density in this plane is almost identical with

that calculated earlier, and thig establishes that the

previous eleetron densgity distribution had not been asgociated

with the use of the incorrect scattering-factor curve for
PhosSPhoOrusS. The standard deviation in the electron density
was now calculated to be 15 e/ﬁ.

The analysis of the structure is summarised in Table I.
The secona to the fifth columng in the table indicate whethe:

isotropic or anisotropic temperature factors were assigned

for the various groups of atoms in the structu factor/
least sguares rcefinement. The gixth column ghows whelher

three or six atoms were used to represent the disordered
carbon atows, C20-22, and the seventh gives the Factor R at
each stage. The eighth column gives R', which is the
guantity minimised in the least squares refinement, and is

' w 'Fo"'ch"z 2
R o= 2 I / z '“'Fo,

given by:
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where w represents a wveighting coefficient. The table also
shows the points at which the various FO and (FO-FC)

syntheses were calculated,

The weighting schemes used in the refinement were:

for steps 3-4, constant weights, w=0.0625 ;
- w=0. I > = wim {“J/—j: }
5-6, and 8 w=0.03125 ks <z |
w=0,0625 2ag HF | £ 96
w=0,0635x96 /KfF | K | > 98
9-17, and 19-20 W=0.024(0.012 in YIE‘CF%E

the final cycle)

.2
w:l/A+B(KEOD+C(KFJ)’ KF ¥ 33
(A=15, B and C varied)

from step 13 onwards, these welghts were halved for planes

with sin®/s less than O.1. K is a factor introduced for
scaling, and its value was always about 1l.1l. The values of

the constants A, B, C, and K for the final cycle were A = 15,

B=1, ¢ = 0.0085, and ¥ = 1.113,

; o - 112 2 .
The mean overall value of Wx‘ﬁbl-)@c”“=WM‘ in the
final cycle was 0.3Ll., - For the estimated standard
deviations to be theoretically correct, wlll © should not vary

systematically over the observed data. The variation of
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TABLE TI. Structure Determination and Refinement of
(Me,PCuC=CPh),
Step SF/LS Refinement No. atoms R R!
NO. (isotropic‘or used for |
anisotropic) C20-22
Cu,P Cl-16 C1l7-19 C20-22
1.(SF only) Iso - - - - 0.32 Four.l.
2.(8F only) 1Iso 1Iso - - ~ 0.25 Four.2.
Se Iso 1Iso Iso Iso 3 0,176 0.0309Four,. 3.
4. %150 #1s0  %Iso Is0 6 0.169 0.,0287
Se Iso 1Iso Iso Iso 6 0.144 0.0267
Ge Iso Iso Iso Iso 6 0.140 00,0244
7.(SF only) Iso Iso Iso -~ - (FO~FC)1
8. Anis Iso Anis Anis 3 0.128 0.0211
9. Anis 1Iso Anis Anis 3 0.101 0,0131
10. Anis Iso Anis Anis 3 0.089 0.0104
11 8anis %o fAnis  Anis 6 0.086 0.0101
12. Anis Anls Anis Anis 6 0.086 0.,0099
13. Anis Anis Anis Anis 6 0.081 0.,0080
14, Anis Anis Anis Anis & 0.079 0.0076

Introduction of correct phosphorus scattering curve

15, Anis #Anis Anis  Anis 6 0.152 0.0311
16. Anis Anis Anis Anis 6 0.086 0.0150
17. Anis Anis Anis Anis 6 0.076 G.0091
i8.(SFonly) Anis Anis Anis -~ - (FO_FC)Q,
19. Anis Anis Anis Anis 6 0.074 0.0086
20. Anis Anis Anis Anis 5 0,074 00,0084

as these atoms not refined.




vvh},g with’FOL and with sin®/, 1is given in Table II. The
2 . , .

values of w444 , increase slightly for low values of 31n®/&_ ’

and for large values of lFo‘ , but it was not felt that

this was important.

TABLE I1. Weighting Analysis alter the Final Cycle,
KlFU‘ Mean wlal® No. ot Pianes
816 0.45 6

16-32 0,30 &3
32-64 0.30 615
64~128 0.26 504
128~ 0.46 123
5ind/y Mean wial No. of Planes
0-0.1 0.78 17
0.1-0.2 0.61 . 114
0.2-0.3 0.31 307
0.3-0.4 0.22 470
0.,4-0.5 0.29 384
0.5-0.6 0.33 151
0.6~ 0.04 8

During the final cycle, structure factors were calculated

for the unobserved planes, and it was found that for only 73
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out of “1O20!!I were the calculated structure factors greater
than the maximum expected value, Fmir’ and for only 27 of these
i L

were they greater than 1.2F The parameter shifts

T,
min

calculated by including the unobserved planes greater than F

min
in the last cycle of the refinement differed from the shifts
due to the observed planes only, by less than 0.0018. for

the coordinate shifts, and by less than O.OOSX.2 for the shifts
in the vibration parameters. Since their effect was so slight,
the unobserved planes were not included in the refinement, as

it is difficult to decide how these planes should be weighted.

The final parameters are based on the observed planes only.

The shifts in the coordinates in the final cycle are
listed in Table IITI, and the shifts in the anisotropic thermsal
parameters in Table IV. The parameters Ull“‘U15 are defined

by the expression:

(] (] B I»)
f = f_ exp.-2r h“a$2U41+k2b*3U22+1NC*9U
A

o 5+hka*b*U

3 12t
Klb$c$U25+hla*c*U15]

where fo is the atomic scattering factor, for an atom at rest.

The final values of the atomic coordinates and their estimated.

standard deviations are given in Table V, and the anisoiropic

temperature parameters and their standard deviations in Table VI

In these, and in all subsequent tables, (C20a, C2la, and C22a

refer to the carbon atoms with wéights 3/5, and C20b, C21b,




and C22b refer to the carbon atoms with weights 2/5., Table V
also gives the root mean square value of the standard
deviation for each atom. The structure factors calculated

during the final cycle are given in Tgble VII.

The sources for the scattering factors used were:
for carbon, Berghuis et al. (1955),
for copper(0), Berghuis et al./Thomas and Umeda, (1957), as
given in the library of 'f' curves issued by
by the Leeds group,

for phosphorus, Freeman and Watson, (1961).




Shifts in the Atomic Coordinates during
the Final Cycle.

TABLE ITI.

(in R)

Atom X v Z
Cul 0.0001 0.0000 0.,0002
Cug2 00,0003 0.0001 0.0001
Pl ~0.,0003 0.0001 -0,0001L
P2 0.0000 0.0012 -0.,0001
ci 00,0006 00,0010 0.0014
ce 0.0034 ~0,0008 ~-0.0005
C3 0.0025b 00,0000 -0.,0009
c4 0.0012 0.,0013 -0.0013
815) 00,0038 00,0005 0.0028
C6 -0.0025 ~0.0013 -0,0029
cr 0.0041 00,0010 ~0.,0015
c8 ~-0.0003 -0.0013 ~-0,0002
Cc9 00,0020 0,0007 -0.0017
C10 00,0047 -0,0002 -0.0039
c1i 0.0016 -0,0002 -0.0017
cle 0.0026 -0,0041 -0.0009
Cl1l5 -0,0003 ~0.0030 0.0005
Cl4 00,0025 00,0002 -0.0027
cl5 -0.,0013 0.0076 0.0063
516 -0,0011 0.0022 -0.0021
civ 0.0002 -0,006b 00,0010
c18 0.0018 0,.0044 -0.0019
C1i9 -0,00186 -0.0023 0.0010
Ce20a ~-0.0085 0.0106 ~-0.0032
C2la 0.0022 -0.0069 ~0.0047
C22a -0,0054 -0,0160 00,0004
C20b 00,0160 -0,0024 0.0013
C2lv 0.011%8 ~-0.,0061L 0.0026
Cceeb 0.0198 0.0000 0.0209

Only half of the above shifts were applied for the
81X ‘atoms,

last




TARLE IV.

Atom

Ccul
Cul

Pl
Pz

Cl
ce
Cd
C4
co
6
c7
c8
Cc9o
C1i0
cli
cl2
Cl3
Cl4
C156
Cc16
ci7
cis
C19 -

f‘{ﬂoa
C2la
C2la

C20b
Cc21b
Ce2b

-0.0002

0.0004
0.0005

-0,.,0017
~0.0026
0.0007
~-0,0000
0.0027
-0.0015
0.0026
0.0010
-0,0000
0.0007
~0.0019
-0.,0022
-0.0012
0.0006
0.0032
0.0023
0.00156
0.,0026
0,0013

0.0301L
-0.0031

0.0213
0.0008
-0.0197

Only half of

Shifts

~0.0000

0.0004
0.0006

0. 0007
-0,.,0000
0.0009
0.0004
-0.0019
0,0002
06,0019
-0.0021
-0.0013
-0.0003
0.0014
~-0.0022.
-0.0001
0.0093
-0,0046
-0,0011
0.0007
~0,0033
0.0003

~-0,0014
0,0005
0.0074

0.0113
0.0010
-0.0080

0.0000
-0.0001

0.0007

0.000L

0.0012
0,0007
-0.,0009
-0.0015
0.0003
0.0017

0.000L
-0.0015
-0.0005
C.0016
-0.0002
-0,0026
0.0005
~-0,0018
~-0.0020
0.0008
0.0003

0.0047
~-0.,00564
~-0,0122

0.0107
~-0.0023
0.0071

the above shifts
last six

in Anisgotropic Temper
During the Pinal Cycle (in

-0.0000

0.0001L

0.0001
0.,0008

0.0017
0.001%2
0.0041
0.0024
C.0019
0.0004
~-0,0010
-0,0004
-0.0002
0.0031
0.0013
0.0015
0.0030
0.0022
-0.0010
~-0.004%
-0,0018
-0,0021
0.0009

0.0041
~0.021E
~0.0001

0.0300
0.0036
00,0175

atomse.

-0.,0002

~0.0001

0.0003

0,00053
-0,0009
-0,0000
~0,0053
-0.0025

0.0001
-0,0038
-0.0001
~0.0000

0.0000
-0,0018
~0,0011
-0,0020

0.0044
-0.00386
- 0.0041

0.0048
~0,0023
-0.0038

-0.0060
0.0084

-0.0050

-0,0048
- 0.0075

were applie

d

goge Parameters

-0.0002
~-0.0003

~-0,000%
-0.0008

00,0000
0.0004
0.0000
0.0012
0.0001
0.0002
0.0008
~-0.,0020
~-0.0006
0.0008
0.0015
0.0011
0.0021
0.0002
0.000L
0,0021
-0.0041
0.0058
-0,0003

“"O OO\) {
-0.0108

~0,0088

~0.00538

for the




TABLE V.,

Atom

Ccul

Cu?2

Pl
P2

Cci
Cce
C3
Cé
Co
Co
c7
c8
C9
c10
Ccil
Ci2
C1a
Cl4
Cl5
C1l6

’Pi?

P2

cly
GRS
C19

Ce0a

Ckca

c20b
Celb
22

(me ,PCUCSCPh) ,
Coordinates (in

X

-0.093
1.972

34594
©e222

0.281
0.361
0.429
~0.727
-0.638
0.522
1.668
1.627
1.347
1.839
2.872
2.811
34904
4,918
4954
3,946

5.020
4,963
4,494

1.010
1.579
54647

0.897
3.274
3.664
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N 00
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(in 10° X.)
37'
0.888 ( 2) 1.008
2,199 ( 2) 0.857
1.167 é ; 2.003
4,174 ~0.130
2,315 §152 2.295
3.165 (15 3,165
4,185 (13 4,189
4,488 (15 4.927
5.471 519 5,928
6.118 (16 6.161
5.845 (16) 5.421
4.861 317 4,451
0.688 (153 ~0.470
0.114 (14) -1.449
~0.091 (16 -2.474
~1.187 (20) =B3.334
~1.5311 (25 ~4.288
~0.413 (25)  ~4.317
0.679 (25 ~3.458
0.824 (20 ~2.500
~0.313 (19 2.895
0.503 éza% 1.007
2,100 (23 3.5153
5,460 (283 0.7534
4,269 (34 21.073
5.221 (35) 0.093
5.051 (44} ~0.787
4.123 (41 ~1.968
5.163 §44 0.692

Final Values
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2.) and Standard Deviations

Mean
(evs.d.)

0.002

0.002

0.004
0.005

0.016
0.016
0,018
0,016
0.01¢
0.018
0,017
0.016
0.015
0.016
0,015
0,019
0,021
0,021
0.021
0.01¢

0,023
0.023
0.02%

0.039
0.044
0,038

0.061
0,044
0,065




U23 U13

U12

- 35 =
Final Values of the Anisotropic Temperature

Uss

CPh)h :

=

. . i 2
Parameters, ( in X?), and their Standard Deviations. (in 163 24
U22

TABLE VI. (MeSPCuC
Uy

Atom

2
2

=N = NDP-NO «— ND O — VN I
MO NANMNSANANNONO O ON v «— >«
[eNoRoNoReNoloNoNoNoNoNeRoNoNoNel Nelol
L L] L L] L] . L] » L] L] * » * L] * Ld * . .
TTITCCITITTICCTCI°eew
PN TN SN TN AN, SN TN TN N NN P N PN N
€O O\t M~ 5= CO ONON VD M=t P P\D o+ O I~
—rmmrmr NN NNNNANMNN
I A N A L W LW AU L e i N L
M~ ,Jnmhw:JnuzJo‘4.mﬂﬂ4Aunm/oqlszl
o N OCOOQOOOOO~—~0O OO0
8 L] - L] - * - * L ‘0.0.0’0.0.0.0’ - L)
o

TTI999999¢7 ¥ 79
FTNLTNATNTIN SN STNATN TN NN TN TN N SN N
NP N = OO POV — O\~ \O O\ O\
= NANNN -~ NMAMNMNN NN
N e N e N P e S P e (N
N~ NONNO O o — INND «— IO O o r
OO0 [>NoNe OO0OOQOOOCO v«
* 5 @& & & & e e & & 0 * 2 8 o 2 s 10O
OO0

NS~

NN O

o

St N

N~

O N0

Nt et e NtttV et NP et et et N sl etV e e e o
M= ONNANO NSO « NN NN « NINO N
N~ DO v~ NND NP0 OO
OO0 O0O++~000O0OOOO~0O~0O0
& 2 B & & 2 & 0 ¢ 6" T & & S O &
0000000000@00000000

)

o.056(72§

%51 )
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1

58(60) ~0.129
86

o.ozthh)

0.056(63)

y)
0.
0
0

.1
o1

(o)
.085(25) =0.112

15) 0.209
g 0.242(47) -0.068(
27) 0.330(9%)

2

0.0684(21) ©

C21b 0.143(43) 0.065(27) 0.045(24) =~0.042
C22b 0.282(91) 0.044(26) 0.159(55) =0.203

0.033

)

%0

C22a o.ouo§18) 0.107(26

C20a 0,16k
C21a 0.382(71
C20b 0.132{(48) 0.052




DESCRIPTION AND DISCUSSION OF THE STRUCTURE

The complex occurs in the crystal as discrete tetramers,

(Me,PCuC=CPh),. These are centrosymmetric, and nearly flat,
apart from the phosphine groups. A diagram of the molecule

projected onto the mean plane through the copper atoms and
the phenylethynyl carbon atoms is given in Fig. 2. The four
copper atoms are arranged in a zig-zag chain, with the centre
of symmetry between Cul and Cul! Two phosphine groups are
pound to the terminal copper aton Cuz, one of them above, and onej
pelow the mean plane of the molecule, and the inner copper

atom, Cul, is not bonded to a phosphorusgs atom. Cul is

bonded to the ethynyl carbon atom Cl, with the ethynyl group

in the 'end-on' position, and isdw -bonded to the atoms €'

and C10', where the ethynyl group is 'side-on' to the

copper atom. C9!' also comes very close to the copper atoms

¢10) and (C9', C10') are each bonded to three copper atoms.

Around Cul, the four atoms Cl, Cul, €9, and Cul',
together with the point mid-way between C9' and C10', (which
will be written as  £9,10') are situated at five vertices of
a distorted hexagon, The four angles subtended at Cul are

-0

. ¢ =A~0 o} .
respectively 5927, 557, B0~ and 677, and none of the atoms 1s

|
|
Cul! and Cu2', and it appears that the ethynyl groups (C9,
more than 0.06R. from the mean plane of the lexagon. The
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four atoms Cul, Cl, Cul, and C9 are more accurately coplanar,
however, and the equation of the mean plane through these

atoms lag
04666 x —~ 0.6724 v 4+ 00,5747 z = ~0,0840

where x, vy, and z are in K., and are referred to the crystal

=

ne atoms Cul, C1, CuZ, and C9

(e
g

axzes, The distances o

from this plane are respectively 0.023, -0.021, 0.018, and
o)
-0,020A. Cul' and the point C9,10' are at distancesg of

O.145 and 0,162 ﬁ, from the plane, and so do not lie in the

o

plane through the other four atoms. The atomg Cl and C9,
with the point €9,10% are arranged approximately trigonally
around Cul, with angles Cl-Cul-C9, C9-Cul-C9,10' and
C9,10'~-Cul~-Cl of 114, 117, and 130° respectively. Cul lies
at a distance of 0.028. from the plane through Cl, €9, and

C9,10', and the atoms are coplanar within experimental error,

Around Cu2, the atoms Pi, P2, and Cul are arranged
approximately trigonally, the angles PLl-Cu2-P2, P2-Cul-Cul,

and Cul-Cu2-Pl being respeciively 124, 127, and 109°. Cu

- e R o) i l . )
lies at s distance of 0.04A. from the plane through the other
three atoms. However the four atoms PL, P2, CLl, and C9 are

in a distorted tetrahedral arrangement sbout CuzZ, with the

- - ~ N -1 O - E O L,
angles Pl-Cu2-P2 and Cl-Cu2-(CY% equal to 1247 and 1037, the

one con erably greater than, and the other rather less than,




the tetrahedral angle cf 1097,

N

Cu2 is very nearly at right angles

the atoms Cl, C9, and CuZ, but the
phosphorus atoms are such that the

little less for Pl than for P2,

The plane o1 Pi, P2,

and
to the plane through
positions of the

P-Cu~C angles are a

fhe copper-copper distances are very short, with

Cul~Cu2 = 2.4503., and Cul-Cul' =
distances is less than the Cu-Cu s
2.556&., and such short distances
between the copper atoms,
copper atomg is difficult
Apart from

is included. any copp

trigonally coordinated to the atom

ethynyl group (C9'-C10'), while Cu

to P1, P2, C1, and C9. This does

However the

2.693 f. One of these
eparation in the metal,
would suggest bonding

coordination of the

to describe if copper-copper bonding

er-copper bonding, Cul is
s Cl1L and C9, and to the
2 is tetrahedrally coordinated

, of course assume that

there is bonding between the
atoms Cl and C9, and between

will e discussed at a later

arrangement is the usual one

atom Cul and the ethynyl carbon
Cul and 9, and this point
stage. The tetrahedral

for copper(Il), but trigonal

coordination occurs in the Cu(CN), ion, (Cromer, 1987) and is

thought to occur in some complexes of the type (RgP)?CuI,

(Cass, Coates, and Hayter, 1954),

There are other compounds of copper(I) where the coordina-




tion is simple to describe, but where there are in addition
short copper-copper distances which may imply bonding, In
the tetrameric triethylarsine complex of copper(I) iodide,
[(C2H5)5ASCH€)4, each copper atom is described as tetrahedrally
coordinated to an arsenic atom and three iodine atoms, but
there are in addition three Cu...Cu contacts of 2,601,

(Wells, 1936) Also, in the structure of the methylisocyanide
complex of copper(I) iodide, there are chains of copper

atomg tetrshedrally coordinated to iodine atoms, and
nelghbouring copper atoms are 2,891, apart. (Fisher, Tgylor,
and Harding, 1960). In the crystal structure of
diazoaminobenzene copper(I), (Brown and Dunitz, 1961) each
copper atom is linearly coordinated to two nitrogen atoms,

but there is also a Cu...Cu contact of 2.452. in a direction

perpendicular to the direction of the bonds to the nitrogen

atoms. short metal-metal distances are reported in the
crystal structures of some polymeric thiocarbamates of the |
coinage metals. (Hesse, 1961). In some of these cases,
metal-metal bonding is assumed to occur, and in others,

the close proximity of the metal atoms is said to be due to
steric factors, as the atoms are bound to common groups.

The situation is quite different in the case of copper(IIl)
acetate dihydrate, (Niekerk and Schoening, 1953) where weak
copper-copper bonding is known to occur, {Cu-Cu = 2.64&.)

Here the 3d-orbitals are not completely filled. Bach copper




atom in the dimer is octahedrally coordinated, with the

other copper atom occupying one of the octahedral positions.

The ethynyl carbon atoms Cl and CZ are coplanar with
the phenyl carbon atoms C3-C8, and the equation of the mean

plane through these eight atoms is
UeRb24 X - 0,6065 y 4+ 0.,6717 z = 0.,0062

The distances ol the atoms Cl-C8 Ivrom the plane wwe respectively
-0.0U4, 0,004, 0,001, -0.006, 0.004, 0,003, ~0,012, and

0.0lOE., and the mean distance is U.UO6X. The copper atoms

Cul and Cuk lie at distances 0.029 and -0.4648. from the

plane. The bond Cul~Cl is therefore very nearly 1in the

plane of the phenylethynyl group.

The ethynyl carbon atom Co is not in the plane of the

phenyl carbon atoms Cl1-C16, The equation of the mean
plane through the nhenyl carbon atoms is:

1

00,5138 x - 0,5581b y + 0.6872 z = -0,0912

The distances of the atoms C1l1l-Cl6 from the plane are
respectively -0.008, -0.003, 0,003, 0,010, -0,021, and
0.0BlX,, while the atoms C9 and Cl0O are at distances 0.0958
and 0.0212. from the plane, The bond C1l1l-Cl0 is therefore

in the plane of the phenyl group, but CLO-C9 is tilted out of
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. L0 . . .
the plane by about 3 . Since Cul' is at a distance of
only —0.0542. from the plane, the system C9, CLO, Cul' is

approximately coplanar with the phenyl group.

The equation of the best plane through the four copper

atoms and all the phenylethynyl carbon atoms is:

0.4730 x ~ 00,6457 vy + 0.5994 z = O

o
None of these atoms is displaced more than 0.3A. from the plane,

and the mean dilisplacement is 0.118. The phenyl group
(C3-C8) is inclined at about 14°, and the phenyl group (C11~-C1i6)

O - b}
at about 7  to the mean plane,

The bond lengths and angles calculated from the final
coordinates are given in Tables VIII and IX. The standard
deviations in the bond lengths were cglculated using the

formulas

a*(l)= (o‘z(x,) +6‘z(x2)) 1 + (62(9.) + o'z('.Jz)) m* + (0'2 (z))+ Gz(zg))rf

where 1, m, and n are the directlion cosines for the bond 1-2,
with respect to the crystal axes a, b, ¢, and 1,1is the bond
distance 1-2, The formula used to calculate the standard

deviations for the bond angles wass

2 2 2
se) = Sr 4 Lol o2 L6
( ) L‘Z L'stz 2 L3l

(Darlow 1960)
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TABLE VIII. POND LENGTHS IN (MGQPCHCECPh)i

Bond Length E.8,0,
Cul-CuZl 2.450 0.003
Cul-Cu'l Ze693 0.004
cul-Ccu'2 4,067 0.003
Cuz2-P1L 2.838 0.005
Cu2-pP2 2e 228 0.005
Cul-Cl 1.957 0.0186
Cul-C'S 2.085 0.014
Cul-C'10 2.061 0.016
Cul-CS 2,073 0.015
Ccul-C9 2.105 0.015
Cue-Cl LoD 0.017
Cu2-02 2.975 0.017
P1-C17 L.821 0.021
P1-C18 1.818 0.023
Pi1-Ci9 1.843 0.022
P2-C20a 1.97
Pz-Clla 1.70
P2-C22a 1.78
P2~-C20Db 1.72
Pe-C21b 2.12
Pe-C22b 1.95
Ccl-c2 1.218 0.023
Co9-C10 1.237 0.022
Ca2-03 1.449 0.021
C10~-Cc1i1 1.470 0.02%2
Ca-C4 1.404 0.023
C4~C5 1.406 0.024
C5-C6 1.348 0.027
c6-C7 1.391 0.026
Cr~C8 1.38% 0.023
C8~C3 1.401 0.022
Ccll-Cl2 1.394 0.024
Cle-Cl3 1.457 0.026
Cl3-Cl4 1.354 0.031
014~-C15 1.389 0.032
C1lb-C16 1.384 0.087

Cle-Cll 1.411 0,025




TABLE IX.

Cu2-Ccul~-cul!
Cul-Cuz-P1l
Cul-Cuz-P2

Cl-Cul-C9
C1-Cul-C9,10"
C9-Cul-C9,10!

Pi-Cul2-P2
Pl-Cu2-~-Cl
Pl-Cue-Co
Pe-Cud-Cl
P2-Cuz-C9
Cl-Cuk-C9

Cul-C9-Cu2
Cul-Cus-08
1w 11— C (BNl W]
Cu2-Ccul-Ce
Cul-Cl-Cuk

uil-Cul-C1l
Cu2~Cul-ClL

Cul-Ccul'-Co!

Cu'l-Cul-Cl
Cul-Ci-C2
Cus-gl-c2
C1-C2-C3
(9-C1l0-c11
Cul-Ce-C10
Cug-09-C10
Cul-C'eo-q'10
Cul-C'10-C¢'9

Cue-rl-Cc17
Cul-pPl-Ci8
Cuz~pl-C19

Cul-P2-C20a
Cue-pr2-Cela
Cue-Pe-Ce2a
Cuzg-P2-C20b
Cug-P2~-C21b
Cus-Pe-~C22b

Cl7-p1-Cis
C18-P1-C19
C19-p1-017

- A~

Angle c,8.d.

104.4 0.1

109.4 0.2
126.7 0.2

114.0 0.6
129

117

123.8 0.2
04,1 0.4
101.¢ 0.4
109.0 0.4
113.0 0.4
102.7 0.6
71.8 0.5
5.5 Q.4
54.7 0.4
71.5 0.5
49,2 0.4
89.2 0.4
‘;4:9023 O./:}\.'
163.7 0.5
172,00 1.4
116.6 1.4
178.9 1.7
183.7 1.5
152.8 1.3
138.6 1.2
71.6 1.0
3.7 1.0
113.4 7

118.7
119.0

oXeole)
L] L ] L ]
<~

108.5
11i4.7
123.8
122.5
11i4.8
110.5

102.1
101.0
102. 5
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Cd-C4-Co
Ch—CH~-C6
Co—-Co6-C7
C6-C7-C8
C7-C8-03
C8=CE-C4:

C10~Cli-C12
$10-C11-C16

C11~-Cle-C13
Cle~Cl3-Cl4
Clé~014-C15
Clé4-Clo-Cl6
C1l5-Cle-Cl1
Cl6-Cll-Ci2

Mean Cu—~p-C
Iiean Cu-P-C
Mean C-P-C

Bond Angles in_(MegPCuOECPh)é.

Angle e.s.d.

119.1 1.4
120.8 1.4

B 33U
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0
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oo
R
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116,0

1.6
121.5 1.9
i21.1 2.0
120.1 1.9
119.2 1.7
12e.1 1.5

Mean C-C-C(phenyl) 120.0




where 8 ig the angle 1-2-3, and 1 1., and 1., are the
> ’ 19 s p

s RE 5
distances 1-2, 2-3, and 1-3. The ¢'s are the root mean square
standard deviations for the atoms 1,2,3. In this compound

the values of the standard deviations in different directions
are roughly the same for any one atom, so that the error

in the e.s.d.'s for the bond angles will be very small,

The C=C distances are 1.218 & 0.023 Z. for C1-02, and

o
1.”¢7 + 0.022 A, for C9-C10. The average (C=C distances found
- Y . C o e _ N . s .. R-x -
for triple bondsis 1.205A., and the values of t= -——= Tfor

the ﬁwo ethynyl groups are 0.5 for Cl-CZ2, and 1.5 for C9-Cl0.
The two bond lengths are therefore not significantly different
from the value of 1.205%. The angle Cul-Cl-C2 is 172.0 4
1.4, a value significantly different from 180°, The
distortion of the angle at Cl is such as t0o increase the
distance petween the copper atoms Cul and Cul. The angle
C1-C2-C3 is 178.9 & 1.7, close to 180°, but the angle
C9-C10~C1l is 153.7 + 1.5, The distortion of the linear (sp)
arrangement at ©10 is such as to bend the bond to the phenyl

a similar deformation in

[454

group away Trom Cul'. There i:
the ethynyl-copper complexes described by Carter and Hughes,
(1957) where the ethynyl group is reported to adopt a 'cis'-

configuration when i1t 1s enm-bonded to the copper atom.

The bond distance: Cul-Cl is 1.957 4 0.0168. This is
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lightly greater than the copper-carbon disbtances in the
trigonally-coordinated cuprous cyanide complexes, 1.928.

in KCu(CN)g, 1.89 and 1.878. in KCuB(CN)B. (Cromer, 1959;
Cromer and Larson, 1962). The mean of the two- and
four-covalent radii for copper(I), (Pauling, 1960, p.253),
is 1.274. Hence the length expected for Cu-C bonds
with the carbon atom in sp hybridisation would be 1.97&.,

and some bond-ghortening due to 'end-on' m-bonding in the

cyanide complexes is possible. In the present case, this
effect may also occur. The three-covalent radius of the

copper atom seems inappropriate because of the close proximity
of Cu2 and cul', and a larger value might be expected. The
bonding between Cul-and C2'-Cl0' is clearly of the om-type
discussed in the introduction. The distances Cul-CO',
Cul-Cl0' are 2.09 and 2.06&., equal within experimental

error. There are two other types of copper-carbon distances,

Cul-C9 and Cu2-C9, (2.07, 2.118.) and Cu2-Cl and Cug-Cg

- Q . . . .
(2.22 and 2.984. ). The interaction in these cases is
considered in the Discussion. (p. 108). The angles at (9

O

are Cu2-09-010 = 1369, and Cul-09-C10 = 152°.

The mean carbon-carbon length in the phenyl groups is

Il o 1 - -
1.3934A. and the mean bond angle is 120, OO. 1T the individual

w
o
3
[0
Ay}
n
Z
=
=t
D
[N
ct+
o]

values of the pond lengths in the phenyl grow

&

be estimates of the same guantity, a statistical standard

deviation in the bond length of O. 0288, may be deduced, and a

standard deviation in the vond angles of 1.7° is




obtained by similar means. These values are

very similar to the average values of 0.0Z6§. and 1.6°
obtained from the least squares estimates of the coordinate
standard deviations. The carbon-carbon single bonds C2-C3
and C10-C11l are contracted to 1.45 and 1.47%. respectively.
Thege values are in reasonable agreement with an estimated
value of about 1.458, for a carbon-carbon single bond adjacent
to both an ethynyl group and a phenyl groupde. The difference
between the two bond lengths C2-C3 and ClO0-Cll is not

significant.

The values of the phosphorus—carbon bond lengths for P1
are all the same within experimental error, and the mean
distance is 1.838. This is 0.048. less than the sum of
the covalent radii for phosphorus and carbon, (1.87@.) but
the difference is only possibly significant. The phosphorus-
carbon bond lengths in trimethylphosphine and in the
dimethylphosphinoborine trimer, (MeZP.BH2)5, are 1.87 and 1.84%.
respectively. (Springall and Brockway, 1938; Hamilton, 1955).
The Cu-P-C angles at PL are 113.4, 115.7, and 119.00, all

o] . . . .
+ 0,77, Considering the angles in pairs, the values of

t (= Angle 1-Angle 2
I + 67%)
and the differences are therefore significant. The angles

) are respectively 2.1, 3.3, and 5.4,

are all greater than the tetrahedral value of 1090, and the
average value is 116°, The phosphorus-carbon bond lengths

and the Cu~-P-C angles for P2 vary greatly, which is not
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surprising, since the partial atoms CZ20a-C22b may
represent only small maxima in the electron density

2 LI * m 5 @ oty e o g P ~©O 5
distribution. The average values orf 1.87A. and 116~ for
the P-C bond lengths and the P-C angles agree quite well

with the corresponding values for Pl,

The Cu-P distances of 2,22 and 2.24%. are rather less
than would be expected for a single covalent bond, for
which a value of 2.458. is estim ated, using a teitrahedral
covalent radius of 1.358. for copper(I), (Kleinberg et al.
1960). The contraction suggests some double bond character
in the Cu-P bond, presumaply arising from 4dm -34d7™ bonding.
The mean Cu-P-C angle of 1160, and the mean C-P-C angle
of 1029 are consistent with this view, Tor it would Dbe

BN

expecsed that the extra electron density in the copper

-

phosoiorus bond would repel the single pond palrs more than

ligstortion of

O,n

the latter repel each other. A similar
tetrahedral angles is observed in many vhosphorus compounds
where there is double bonding, for instance in PKLBO, where
the Cl-P-Cl angle is 103.57., (Badgley and Livingston,

1954.).

“he packing in the crystal 1s illustrated in Fig. 3,
where the structure is projected along the 'a' axis. Only
. ~ . - - . P g O P~ .
six of the approach distances are less than 3.74., and they

are all greater than 5.52,, @0 that there does not anpear 1o
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be any significant interaction between the molecules.

The intermolecular contacts less than 4.08. are listed

in Table X. There 1is only one pair of phenyl groups with
approach distances of less than 4.0@., and thege contacts

are the ones indicated in Fig. 3. The contacts are between
the atoms C4, C5, C6 at (%, y, z) and Cl4, CL5 at (-3+x,

I-y, =), and are all greater than 3.78. except C5-C15

which is 5.583. Three contacts between phenyl and methyl
carbon atoms are 5.5—5.6&., the others are all greater than
5.,88. Of the methyl-methyl contacts, there is one of

5.56&., which represents the shortest contact between fetramers
repeated by the translation 'a', Within the tetramer itself,
the shortest contactsare C2-C22a = 3,40%., and C16-C21b =

6. 41-8.

The temperature parameters are generally larger fop:-
atoms at the outer parts of the molecule, such as the methyl
carbon atoms Cl7-Cl9, and the atoms C5~C7 and Cl3-Clb5.
Possibly, there is an overall vibration of the phenyl groups
and the trimethylphosphine groups about the bonds linking
them to the centre of the molecule, No attempt has been
made to allow for any effect on the atomic coordinates.

The magnitudes and directions of the vibration ellipsocids for
some of the atoms are given in table XI. The values given

indicate that the phosphorus atoms are vibrating mainly in




TABLE X. (HegPCuC=CPh), Non-Bending Contacts <4 R.

Intramolecular (excluding contacts between atoms
bound to a common atom)

Cul-C17 0,838 ClL-c11t 3.86 Co-civ 3.89
Cul-C12' 3,59 Cl-cie! Hedd Co9-Cl8 5,91
P1-C2 3497 ce-cize! 374 Cl-C17 Se84
Pe-C2 3.91 C1l-C20a 5459 Cl6-C18 5.6
Ce-C20a 3440 Cle-C21b 3.41
Ca-C20a 5,73
Ce-C20a 582
Co-C2la 3.79

Intermolecular

1-x -y -2 X E4Y 2z Z E-y  s4z
Cl4-Cc19 3,82 C7-C17  5.90 Cc5-C2la 5,94
¢l6-C18 3.9 06-C2la  5.50
C7-Cc2la  3.87
cls-cl1s8 3,56 5-X -t+y = o7-021b  3.92
C1l0-C22a 3,94
C12-c21b 5.59
~t+X -y -z Cl7-022b 3.86
04-CL5 3,82 C18-C20a 3,70

Co-Cléa 599
Co-Cl5 5408

¢6-c14 3,97 -TeX Y E-z
C6-CLlo 3.79 C4~-C10 5.61
C6-C1e 3487

Cul-C2ga 3,79
Cl-C22a  3.97  t-xX -y -%+3
Ce~-C21b 3,87 Cl3-CLl7 3.91
C4-C15 377 Cl3-C19 3.80
Cla-Cl7 3.90

C20b-C22b 5,92

-4
i

F+X =Y -z
Clg-C20a 3.98
Cl8-C20b 3.83

L

The first atom in each pair is taken to ve at (x, y, z)
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TARLE XT. The Magnitudes and Directions of the Principal

Axegs of the Vibration Fllipsoids for Some Atbtoms.

b L L

Atom U 10 814 10 &io 10 833
Cul i=1 0,0778 0958 3735 -9223
1i=2 0.0524 9794 -2015 0196
i=3 0.0332 1768 2055 3851
Cu2 i=1 0.08805 2129 0417 ~37E7
i=2 0,0892 9416 - 2774 1934
i=3 00,0389 2620 9601 0984
Pl i=1 0.0721 5770 2230 7858
i=2 0.0613 £518 454:5 -6075
i=3 0.0452 -5319 83444 0608
pe i=1 0.1403 -5 537 1615 7596
i=2 0.0680 7139 ~1832 6761
i=3 0.0401 22638 D740 -02:23
ol i=1 0.1085 5371 3969 7440
i=2 0.0637 Te4 0666 6262
i=3 0.,041% -330% 2162 2506
Cce i=1 0.09956 0637 3254 ~5d43
i=2 0.0553 ~-0491 2435 3278
i=3 0.0401 2919 0884 0916
Cce i=1 0.0678 1527 -27564 2488
i=2 0.08607 -8765 XY $101
1i=3 0.0343 4.260 3860 1842
c10 i=1 0.0855 -4746 0523 8785
i=2 0.05647 8398 ~2762 4680
i=3 0.0473 2605 o582 0255
’gi,' is the direction cosine of the principal axis 'i!
J with respect to the cell axis 'j'.
'yt is the magniitude of the axis of the vibration

ellinsoid in 89,
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directions perpendicuiar to the copper-phosphorus bonds,
as might be expected, The major axes of the vibration
ellipsoids of the copper atoms and the ethynyl carbon atoms
are not perpendicular to the plane of the molecule, but are
all pointing in roughly the same direction, at an angle
of about 45° to the normal of “he mean wolecular plane,
This group of atoms possibly vibrates mainly ag a rigid

bodye
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TABLE VII, -continued.
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610 79 86 9 4L 98 -98 12 2 63
22 20 611 <17 =2 9 5 98 =95 12 3 <17
13 12 612 66 79 9 6 <16 =16 12 4 <17
8 412 613 74 80 9 7 49 =51 12 5 58
3, -3l 6 14 34 36 9 8 <17 5 12 6 20
93 94 615 63 67 9 9 42 <45 12 7 62
207 =192 616 <21 -28 910 <18 <9 12 8 <19
23 =17 617 3 3 9 11 <19 -15 12 9 40
118 -127 912 ¢19 17 12 10 <20
127 -132 7 0 137 138 913 ¢20 =11 12 11 ¢20
76 =87 7 1 <13 =10 9 U 21 19 12 12 <21
95 =100 7 2 141 14 915 24 27 12 13 ¢24
<17 0 7 3 80 =97 916 <21 16 12 14 ¢22
45 =49 7 & 39 46 12 15 32
99 102 7 5 7 -83 10 0 115 =113
33 =33 7 6 249 27 10 4 28 -31 13 0 20
82 86 7 7 90 =92 10 2 51 =51 13 1 20
<21 -15 7 8 <19 =20 10 3 16 =19 13 2 <18
59 40 7 9 28 =39 10 4 43 =45 13 3 3%
<21 =10 710 17 -1 10 5 36 39 13 L 21
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150 133 712 19 =33 10 7 70 7% 13 6 <19
<16 9 713 <19 =17 10 8 81 84 13 7 <19
52 48 7 14 <20 =17 10 9 68 66 13 8 3
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TABLE VII, -continued,
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9 <16 =7 516 29 29 8 5 6, -5, 1012 L3 46
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THE DETERMINATION OF THE CRYSTAL STRUCTURE OF PHENYLETHNYL-
(TRIVMETHY LPHOSPHINE ) SILVER(L)

INTRODUCT ION

4

This compound wes investigated after the gtructure

analyses of the coppur and gold coOmplaexes had been completed,

The rather commlicated bonding in the conpar compound, and
the apnarent lack of metal-etinynyl interaction of the 'side-

on' e¢m-type in the gold compound made the structure of

Ly

f,,J

a silver complex of especial interest, The most readi
available silver compound wags the trimethylphosphine complex

of vhenylethynylsilver(I).

EXPERTMENT AL

CRYSTALS

The compound was recrystallised from acetone as white
needles, which turn black on exposure to light, or to the
¥-ray beam, and which decompose to powder with evolution of

crystals used in this work

D

phosphine after about a day. The

were coated with shellac, applied in several thin layers, and

this slowed down the decomposition. They gave good
reflections even after abou t a fortnight's exposure to X~

radiation, although there were powder lines visible on the

X-ray photographs after this period.




CRYSTAL DATA

Phenylethynyl(trimethylohosphine )silver(I)

Me%PAgCEGPh M = 285.1
L,
Monoclinic; mneedles extended in the direction of 'c'.
a = 11.50 b = 20.58 c = 12.12 &.
e ') vz (::) r Y
B = 1237 25! U = 2394 2% 7 = 8 formula

units

D, = 1.582 D, = 1.57-1.58 gm/om? F(O00) = 1136 e,
Absorption coefficient for MoKd4 radiation, #.: 1743 cm—l
Reflections observed: hkl h+ k¥=2n ‘

hol 1= 2n (h = 2n)

OkO (x =.2n)

. . 5 . .
The space group is elther C2/c, (CQh)’ no. 15 in the Internation-
. 4
al Tables for Crystallography, or Cc, (C.), no. 9. The
pe
centrosymmetric space group was chosen on the basis of the

Patterson function, and confirmed by the subsequent refinement.

The unit cell dimensions were estimated from photographs
obtained by the precession method, using MoK, radiation.
(x= 0.7207 8.) The uncertainty in the cell dimensions is

probably of the order of 0.1-0.2% for the lengths, and 5'

for B .

COLLECTION OF INTENSITIES

Three~dimensional data were collected photographically

3 7 = 3 T g oy 3 . - . O
using zr-filtered MoK& radiation, (X = 0,7107 A.). In some




cases, unfiltered radiation was used, in order to avoid over-
long exposures. The Weissenberg technique was used for the
layers (hkO)-(hk8), and the layers (hol)-a3l), (Ckl), and

(hk%ﬁ) were obtained Dy thc precession method. The sizes of

the crystals used for the photographs are given in table T.

TARPLE I Crystals used Tor Data Collection in
MeSPAgCECQh

Layers Crouu—-ec ion, mi.

Weissenberg: hkil,nk2 0.06 x 0.10

hk3-hk5 0.16 % 0.8¢ % ( o parts of

hko, - 0.20 x 0.98 ) de@;izgql)

hk6-hl8 Ch S B
Precessions hol-h3L Q.25 x 0,37

Ok1,

hkZh

The multiple film technigue was used for the Welssenberg

photographs, with the films interleaved by 0,0008 inch
nickel foil, and the method of multiple time exposures was
used for the precession photographs. The intensities of the
Kd reflections were egtimated viéually, by comparison with a

librated intensity scale. On average, the intensity of
each reflection was estimated on two films for each layer.
The film ratios for the films separated by the nickel foil
were found to have valués ranging from 3.0-4.2, much higher

than expected, A value of 2.65 ig guoted Dby Abrahams and




Sime, (1960) for normal-beam exposures. The cause of the
difference was not known, but much betier agreement between

structure factors for reflections common to both Weissenberg

and precession photographs was ODquﬁPQ using a film ratio of
.66, and so this value was adopted. In view of the

uncertainty, no account was taken of the small effect on the

film ratio of varying the equi-inclination angle,

On the upper layer ¥Welssenberg photogiaphs, the
intensities of poth extended and conitracted reflections were
estimated, BEmpirical estimates of the lengths of the
?eflectioné were obtained by finding an analytical expression
that would gife approximately the observed variation of the
lengths on each layer with singe. Corrections to the
intensities for the lengths of the reflections could then be

applied at the same time as the Lorentz and polarisation

corrections. The GAPPFQ"lOﬂ

pah
A4+ B 611126 + O sin’®

1 - - (3
D + sinee

was found convenient. The term in sinée was included for
the contracted reflections only, in order to allow for the
increase in length of low-order reflections on the uppermbst
layers. Values of the coefficients A-D could he chosen

so that 'R' never differed by more than 3% from the smoothed

.2
length~-sin™@ curves for the extended reflections, or by more




than 10% from the curve for the contracted reflections, each
of the empirical curves being drawn on the basis of a dozeén
or gso reflections,. The procedure was followed only for
reflections on the fourth and eighth layers, as reflections
with 1 £ 4n were very weak, and it was difficult to estimate
their lengths, These were calculated using values of A-D
linearly interpolated from layers with 1 = 0, 4, 8,

For the low-order planes on these layers, the interpolation

was not very successful, and the lengths were obtained by

direct measurement.

The common reflections were used to place the st EUCLu”
factors on the game relative scales, using the least sguares

method due 1o rollet and Sparks. (1960; gee appendix A)
o correcthtion was applied for absorption.
There were 1171 independent reflections observed, 2064 of

them occurring on two layers, and 1€ of them on three.
& 2

STRUCTURYE DETEHEMINATION
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flections with 2 = 4n are all strongly marked, while
those with 1 # 4n are nearly all very weak. The silver atom
will make the main contribution to the structure factors

implying that the cell axis 'c¢' is qguartered for these atoms,




and hence that they form a nearly straight chaln with
repeat distance c/4,. The final results show that the

silver atoms are in the special positions (0,0,0); (0,0,%)
and (0,y,%); (0,V,2), with y small, but the analysis was
first attempted assuming the atoms to be in general

ions.

The arrangement of the silver atoms in chains was
confirmed by inspection of the Patterson function in pro-
jection along the crystal axes. The projections showed
silver-silver vectors almost perfectly aligned with the 'c!
axis, with lengths c/4, c/2, 3c/4, etc., consistent with
silver coordinates very near (0,0,0.125), for space group
Cg/c. It was possible to identify the peaks due to the
sgilver-phosphorus vectors, and a centrosymmetrical structure
was indicated by the numver of these peaks observed, and by
their heights. Coordinates of (0.224, -0.069, 0.278) for
the phosphorus atom accounted satisfactorily for the

silver~phosgphorus vectors, and implied one phosphorus atom

attached to each silver atom, These coordinates for the
heavy atoms appeared to be a reasponable interpretation of the
main features of the Patterson function. However, confirma-

tory evidence from peaks due to phosphor s~phosphorus vectors




was lacking, as these peaks are submerged in the general

background,

Part of the three-dimensional Patterson functlion was
calculated, in order to determine the coordinates of the
gilver atom more precisely. The function was evaluated
at intervals (a/40, »/80, c/50), that is, at intervals of
0,29, 0.26, and 0.243. Sections were calculated in the
regions where peaks due to the silver-silver and silver-

phosphorus vectors were expected to occur. The intensities

. N =
were weighted with the function w = exp(20sin®9) =

(SRl

¢

exp(10.1 sin“9/x ), by analogy with the copper compound,

N

An analysis of the positions of the fourrpesks due to the

t

silver-phosphorus vectors gave the coordinates of the silver

and the phosphorus atoms listed in table I1.

TABLE TI. Preliminary Coordinates of the Silver and
Phosphorus Atoms.

Patterson Refinement
x/a v/b z/c x/a ¥, z/c

Ag 0.0018 -0,0028 0.1248 0.0008 -0.0015 0.1251

g

the

Q
=

As a check on these coordinates, and on the signs

X¥- and y- coordinates of the silver atom, the coordinates

Y

obtained from the two-dimensional projections of the Patterson




function were refined through two cycles of structure factor/

squares refinement. The value of R for structure

;.J
)
)
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factorg calculated during the second cycle was 0.29, and
coordinates obtained are also given in table IT1. They are
similar to the coordinates obtained from the three-dimemsional
Patterson function. The y-coordinate of the silver atom

hag the same sign as that of the phosphorus atom, while

the z-coordinate is almost exactly 4. The x-coordinate of

the silver atom is very small,

ATTEMPTED SOLUTION

SITVER ATOMS TN GENERAT, POSITIONS

AR (FO—FC) synthesis was calculated, at the same intervals
as in the Patterson functicn, The FC were structure factors
based on the coordinates of the silver and phosphorus atoms
obtained from the least sguares refinement. There were peaks

corresponding to not one, but two, phenylethynyl groups in

the asymmetric unit, each well resolved. The peak heights
manoad 1 Q5 2.8 e/2.9Y. o .
ranged from l.4-3.4 e/&. (mean 2.8 e/A.7 ), for peaks in

[
the First group, and from 2.0-3.7 e/ﬁ,g, (mean 3.1 e/8.°) for

1

peaks in the second group. Bach silver atom was apparently
bonded 'end-on' to two ethynyl groups, arranged so that there was
almost a centre of gymmetry at the gsilver atom. In addition,

there were small peaks related by translations of ¢/4 to the




- T4 -

positions of the two pairs of ethynyl carbon atoms.
Including these peaks, each silver atom appeared to bhe
bonded to four ethynyl groups. There were other peaks

. . . . N - o 3

in the electron dengity with heights of 2-3 e/ﬁ. , and some
vere near the position of the phosphorus atom, but it was

not possible Lo assign positions for the methyl carbon

atoms.

If the appearance of more than one set of light atoms
were due to falge symmebry 1mposed on the electron density
because of the arrangement of the silver atoms, cne of
the two well-marked phenylethynyl groups would be the true
one, The positions of atoms in the first phenylsthynyl
group were nlausible, but phenyl carbon atoms of the
second group came too close to the phosphorus atom, and
would also interfere with phenyl carbon atéﬁs of adjacent
chains. Sets of structure factors were calculated baged

on the heavy atoms in the same positions as before, and on

eight carbon atoms placed in positions corresponding to the
firegt phenylethynyl group. 4s a check structure factors

were also calculated with carbon atoms in the second set of
positions. The R Tactors obtained were:

Ag,P A?};:P"‘Bo(l) 1%3P980<2)
R: Overall 0.274 Uei245b O.251

0.554 0,808 0,307




There was a slight improvement in the agreement on including

;

the contributions from the light atoms, but the R factors
were very hlnn for the planes with 1 £ 4n, where the
contributions from the silver atoms were much smaller, The
agreement was equally bad for each of the positions assumed

for the phenyl ethynyl groups, and 1t seemed unlikely that

either position could be correcth.

SITVER ATOMS TN SPECIAL POSITIONS

re-axaninztion of the Patterson tunction schowed thatb

=%

it was egually consistent with a centrosymmetric structure

involving silver atoms in the special vositions 4a, (0,0,07%;

[0,0,%) and 4e, (0, v, +); (0,7,2), with two chosphorus
atomg bhound to the silver at (0,v,1). {The difference

"t
s
m
U
2]
x..!

between the 'z' components of er-phosphorus vectors

wpe

were small, and could pe ilgnored. ) With this arrangement

alternate silver atoms are bonded 'end-on'! to two ethynyl groups.
and around the others are two ethynyl groups ‘'side-on',

and two phosphorus atoms, in a tetrahedral arrangement, which
seemed plausible. An arrangement with two osphorus atoms
pound to the silver atom at (0,0,0) did not fit the

Patterson vectors exactly, nor could the structure pack well,

& set of structure factors was calenlated, hased on the




coordinates (0,0,0) and (0,-0.0024, 0.250) for silver

atoms Agl and Ag2 and (0.223,-0.069,0.398) for the phosphorus
atom, and the value of R was 0.248 compared with the previous
value of 0,274, For structure factors based on the silver
atoms as above, but with the phosphorus atoms Joined to the
silver atom at (C,0,0), the R Tactor was 0.268, confirming
that this arrangement was incorrect. The value of R for
gtructure factors calculated including terms due to the eight

phenylethynyl carbon atoms was 0.172.

These calculations confirmed that the silver atoms were
in the special positions. The earlier coordinates for the
heavy atoms had z coordinates differing by & from the correct
ones. Assigning the silver atoms to general positions meant
that there were no longer two kinds of silver atom, and the

space group symmetry would repeat the phenylethynyl and

phosphine groups so that each silver atom was attached both

to two phosphorus atoms and to two ethynyl groups. (see
fige 1). This exPlains the occurrence of an extra set of

phenylethynyl carbons in the (FO—FC) syntheslis.

A second (FO—FC) synthesis was now ovtained, where the

B 's were based on the gilver, phosphorus, and phenyvlethynyl
carbon atoms, There were three peaks in the electron density
clearly corresponding to methyl carbon atoms, and their

5]
heights were 2.9, 3.8, and 4.1R.% Apart from the regions near
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True Arrangement: silver atoms in special positions

LRL0
Y

False Arrangement: silver atoms in general positions

Fig |. Showing the effect of misplacing the silver atoms




the silver atom, the electron density over the rest of the
: 2
unit cell varied from -1.7 to 1.6 e/ﬁ. s, although it lay

4 = 2
usually between 0 to 0.5 e/R.7.

The analysis of the structure is summarised schematically

in fig. 2.

REFTNEMELNT

The atomic parameters were refined through two cyecles
of least squares refinement, 1n which the heavy atoms were
given anisoiropic temperature factors, and then four further
cycles with anisotiropic thermal parameters for all the atoms,
The mean shifts in the coordinates fell to 0.000Qﬁ. in the

final cycle, with a maximum ghift of 0.0026g., and no shift

in any parameter was wore than 0.36 times the corresponding

estimated standard deviation, Details of the refinement
are given in table ITI. The final value of R was 0,066,

The welighting used in the refinement was of the form

1
|

W o= 1/A+KWJ +B(KFOHQ, with A = 12, and values of B and K near
B = 0.005 and K = 0.8, The values of wlAl tended to be high at
low values of sinQ&, and this was probably due to the large
number of weak planes at low sin®/y , since the intensities

of these planes would be less accurately known, A nob-very-

successful attempt to improve the weighiting was made during
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Schematic Outline of the Determination of the Structure

Values of the reliability index R at each stage are given in brackets.

Patterson synthesis,

giving Ag,P positions

\

SF/LS refinement of assumed
Ag,P positions. (0.29)
SF calculation. (0.274)

/

(FO-FC) synthesis,
giving two sets of positions

for the phenylethynyl carbons

\

SPF calculation including
each set of carbons in turn
1. (0.245) 2. (0.251)
Both equally bad, Ag seen
to be in Special positions
Y
SP calculation, Ag correct.
P attached to Agl: (0.268)
P attached to Ag2: (0.248)
4
SF/LS refinement of Ag, P
and 8 carbon atoms.(0.172)

(FO-FO) synthesis,

giving the methyl carbons

\ /

Six cycles of SF/LS refine-
ment of all the atoms.




TARLE ITT. Refinement of the S+ructure of MeSPAgCECPh.

Cycle Mean shif't Max, shift B B!
No. in coords. of coords, * N
le 0.0837 0.158 0.172 0.0317 (All atoms
isotropicyno
methyls)
2. 0.0313 0.157 0.127  0.0144 (Ag,P
4 anisotropic)
Do 0.0251 0.084 0.080 0.0141 n
4. 0.0052 0.021 0.072 0.0114 (All atoms
anisotropic)
5 0.0037 0.013 0.067 0.0089 H
S 0.0033 0.008 0.066 0.0089 "
7 0.0009 - 0.003 0.066 0.0088 "
R = ZRi- ki R = ZNRl-trilly

the last two cycles, when the weights used were given hys

) )
w = % + KiIRl » B(K'F«l):t X /(ISEne/x—O.Q)b + 0.2

with A = 12, B = 0.01, and ¥ = 0.82. The function in gin8A
was designed to vary.slowly with sin®/n except for sine/A < 0.2,
and Siﬁ@/& > Of?, when it rapidly becomes smaller, The
weighting analysis after the final cycle is given in table IV.

- 2 - i .
The values of w|4] are not particularly even, and this may



effect the estimated standard deviations,

The sghifts in the coordinates in the final cycle are

listed in table V, and the shifts in the anisotrovic
temperature parameters in table VI.

Welghting Anslysis after the
Final Cycle.

TABLE I
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The structure factors calculated during the final cycle

are given in table VII. They include 494 unobserved planes,
only 2 of which calculated more than the maximum value
expected, Fwin' The unobserved planes were not included in
the refinement. The final values of the atomic coordinates,
tegether with the appropriate estimated standard deviations,
and also the coordinates referred to orthogonal axes
parallel to ta%', 'b', and ‘c', are given in table VIIT.

The final values of the anisotropic temperature factors are

given in table IX.

The scattering curve used for silver was that due to

Thomas and Umeda, (1957), based on the Thomas-Fermi-Dirac

(g

model., o correction was made for dispersion, although
A L' for MoK radiation is -1.0 electrons for silver atoms.
Neglect of dispersion is expected to affect mainly the

individual temperature factors. (Dauben and Templeton,
1988). The scattering curves for phosphorus and carbon were
the same as were used in the copper compound. {see p. 51}.




TABLE V. Shifts in the Atomic Coordinates in the
Cycle. (in Zngstr8m:
X v Z.
Agl 0 0 0
ApR C -0.0005 o)
P 0.0000 ~-0.0005 0.0003
c1 0. 0006 0.0000 0.0012
C2 0.,0026 ~0,0013 0.0023
C3 0.0009 0.0016 0.0026
C4 0.0015 -0.0005 -0.0002
Co 0.0008 -0.0002 0.0012
Ccé 0.0025 -0,0014 -0,0008
cv -0.0005 -0.0024 -0.,0003
8 -0.000¢ -0,0006 ~0,0009
co 0.0011 -0,0010 0.0026
c10 -0.0005 -0.,0015 0.0005
011 -0,00058 ~-0,0003 0.0002
TABLE VI. Shifts in the Anisotropic Temperature
Paremeters in the Final Cycle, ( £.2 ),

Uy Uss Uzz Yo Uss
Agl 0.0000 =0,0001 0.0003 ~0,0000 «0,0000
Ag2 00,0001 ~0,0000 ~-0.,0001 0 0
P -0,0000 0.0001 0.0002 -0.,0003 ~0,0005
Cl 0.0012 ~0.,000L 0. 0008 -0.,0004 ~0.0007
C2 -0, 0004 0.0004 -0, 0000 0.0001 <=0.,0001
C3 -0,0010 -0,0002 ~0.0002 0.0008 0.0000
c4 -0.0014 0.0024 -0,0009 ~0.,0008 0, 0004
Co 0.0001 ~0.0003 ~0.0006 0.0003 ~0,0026
co ~0.0014 0.0008 -0,0012 0.0030 0.0014
{4 0.0005 0.0006 -~ 0003 ~-0.0005 ~0.0024
c8 -0.0004 00,0007 0.0001 -0.0015 =0,0023
co -0.,0006 0.0017 0.0001 ~-0.0003 0.0005
C10 0.0002 -0,0008 0.0005 -0,0025 ~0,0013
cii ~0.0007 -0,0008 C.0010 0.001% -0.0003

Final

Ulﬁ

0.0002

~0.0000
0.0002
0.0024
~0.0009
-0.0016
~0.0007
~0.0017
-0.0027
-0.0004
0.0001
~0.0003
0.0005
0.0004
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TABLE IK, Me,PAgG=CPh:

83 -

Final Values of the Anisotropic Temperature

Parameters, (in X?), and their Standard Deviations. (in 103 R?)

Atom U

Agl

Ag2 0.0499(.7) 0.0826(.9)

P

1
c2
€3
Ch
C5
cé6
c7
CS
C9

11

Uso

Usz

U12

U23

Uiz

0.0497(+7) 040705(.8) 0.0663(s7) =0.0127(1.2)=0.0189(1.3) 0.0719(1.2)

0.053( 2)
0.055( 7)
0.042( 6)
0.049( 7)
0.071( 9)
0.098(11)
0;085(11)
0.067( 9)
0.055( 7)
0.082(11)

C10 0.07%(10)

C11

0.093(12)

0.070( 2)
0.065( 8)
0.065( 7)
0.054( 7)
0.09%(11)
0.073(10)
0.077( 9)
0.083(10)
0.,057( 7)
o.1hlL(15)
0.106(13)
0.070( 9)

0.0510(.6) ©

0.045( 1)
0.084( 7)
0.054( 6)
0.055( 6)
0.080( 9)
0.077(10)
0.061( 8)
0.056( 8)
0.059( 7)
0.092(11)
0.069( 9)
0.099(11)

0.012( 3)
-0.022(11)
0.007(11)
0.008(11)
-0.007(16)
0.015(16)
-0.030(16)
-0.023(14)
=0.006(11)
0.034(21)
~0.034(18)
0.032(16)

o
0.008( 3)
-0.0%0(12)
-0.005(11)
0.013(11)
~0.056(17)
~0.029(16)
~0.013(15)
0.000(1%)
~0.015(12)
0.063(21)
~0.031(17)
~0.00%(17)

0.062k(1.1)
0.060( 3)
0.077(12)
0.061(11)
0.0%1(11)
0.073(16)
0.07%(18)
0.050(15)
0.030(13)
0.045(11)
0.128(20)
0.033(15)
0.100(20)




DESCRIPTION AND DISC

ISSION OF THE STRUCTUR
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A perspective diagram of the structure ig given in
Tfige S The gilver atoms are arranged in infinite, almost
straight, chains, lying in the direction of the 'e¢' axis,
with silver-silver distances of 3.033 ﬁ., ahd angles of
175°, Two chains, related by the C centering, pass through

each unit cell,

at centres of symmetry,

Agl ig e-bonded to two

"

Ag?2 is bonded to two phos

'side-on' to two ethynyl

distorted tetraliedral

thus act as bridging uni

atoms along the chain.
of [PhCEC—Ag—CECPh] a

Because of the spec

the coordination at
coordination at Ag2 must

the angle P-Agl-P'" is

Ag2, P, and PY makes an
Ag2 and the carbon atoms
for atoms related by the

The silve:

et

nd B

Agl must be truly linear,

inerea

atoms are situated alternately

-
o

(4gl), and on two-fold axes, (Ag2).

nynyl groups in linear coordination.

iz also bound

phorus atoms, and
groups, the four ligands being in

arrangement. The ethynyl groups

ts linking together adjacent silver

the structure is dbuillt up

gAgJ * ions.

Formally,

Me,P)

ial pogitions of the silver atoms,
and the
at least have symmetry 2. However,

- O 3 - -
ged to 1187, and the plane

Tl Ie O 3 7 4 N 1

angle of 727 with the vlane through
Cl and C1%, (writing a double prime
two-fold axis). If the mid-points

through 7§
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of the ethynyl groups are taken instead of Cl, the planes are

- ) o . . - .
inclined at 59°, An angle of 907 is required for true
tetrahedral symmetry. The distortion results in the angles

- s =0 O o s N
P-4g2-Cl and P-ag2-Cl" being 957 and 12l respectively, and
presumably prevents the methyl carbons coming too closé to
phenylethynyl carbon atoms related to atoms Cl-C8 by the glide

nlane, As in the case of the copper compound, the metal-metal

distances are short, (3.033 ﬁ,), and are comparable with those

. . o aoe @ ce o
in the free element. {(in silver, 2.889 A.) The distances may
imnly some bonding between the silver atoms, but it ig difficult

include any such bonding in a descripition of the coordination.

nerpendicular bisector of the trivle bond, The distances

e ™ o A e z r - . .
Age-Cl and Ag2-02 are 2,55 and 3.04 ﬁ., and the angle between

the di tion of the triple bond and the line Joining Ag2 to the
mid~-point of the ethynyl group is 66°. The 'obligue' bonding
Z- s }

brings the silver atoms closer together, for if the 'side-on'
bonding were symmetrical the silver-silver distance would bhe

0 e
3.5 A, and this could be due to silver-gilver vonding.

The ethynyl carbon atom Cl is not coplanar with the phenyl

carbon

&
o

toms. The equation of the mean nlane through the

rhenyl carbon atoms is:

~0.,7374 x' 4+ 0.6660 ¥ + 0.1187 z' = 0.5044

1




where coordinates are e€xpress

to axes parallel to 'a¥,

atoms C3-C8 from the vlane

00005, —*0.00%, 0.00Q’ a.I]d

b

of 0.008 X., while the atoms
Q

0,131 and 0.033 A, from the

=27

LRa
S 171

therefore not cnd antly

group, but CE~C1

distances of

o
for Agl, and C.,252 A. Tor Ag

silver atoms is appreciably

LFOUD . However the ethynyl

o

coplanar with the

are respectively 0,012,

-0,

vlane.

is tilted out of the plane by about

the silver atoms

86

R

sed in A., and are referred

The distances of the
"'0.00?,

= 0 . .
013 A., with a mean distance

t distances

)

Cl and C2 are

The bond C38-C2 is

out of the olane of the phenyl

e
i

o
5}

-

Q

s from the planeg are 0.504 A,

4
L

AL

[V

2, 50 that the bonding to the

out of the plane of the phenyl

2

carbon atoms Cl and €2 are

silver atoms to 0,05 ﬁ., the plane

0.0248 z!

-0.8284 x' + 0.,5643 y + 0
passing through the two silver atoms Agl and Age, with C1
and C2 at distances +0.048 E The eguation of the vest
vlane through the silver atoms and the atoms of the two
phenylethynyl groups attached to Agl is
-0.7788 x' 4+ 0,6259 v + 0.0426 z' = O
Wone of these atoms is more than 0.2 X. from the plane, and

. . 0
the mean distance is 0.09 A.

at 5° to the plane.

1)

is inclined

The phenyl group




-

The bond lengths and angles are tabulated in table X.
Standard deviations were calculated as in the copper com-
pound. For angles where the coordinate error for Ag2 made
a significant contribution to the error in the bond angle,
the full formula Tor standard deviations of bond angles

was used, because ¢ (x) and 6(z) Tor this atom are zero, but

not o (y).

The C=C distance in the ethynyl group is 1.208 4+ 0.0iBﬂ.,
very close to the mean distance for triple bonds. (1.205&.}
The bonding 1s not guite linear, as the angles Agl-Cl-C2
and C1-(G2-C3 are 172.9 + 1.2° and 175.5 4+ 1.4° respectively.
On the basis of the calculated standard deviations the

180° are 0.001%

)
3
o

b
propbilities that the quoted angles

and O,1% respectively, so that both angles are significantly

different from 180°, The ethynyl group adopts a cis
configuration, and the distortion increases the distance
between the silver atoms by O.1 2. The four atoms Agl, C1,
C2, and C3, are coplanar to vetter than 0.0lﬁ,, and tneir mean
plane makes an angle of about 58° with the nlane of the

phenyl group, so that the distortion of the ethynyl group is

t

out of the plane of the phenyl group. This is in contrast

4 N (P . - = n O 3 4 ~ ¥ O )
to the copper compound, where the 8° distortion from 1807 of
the angle C2-Cl-Cul is in the plane of the phenyl group,

(C5-C8).




TABLE X.

MegPﬁgCECPh:

88 -

Dond

Length e.s.d. (£.)

The double
i.e, Ho the

prime

3,035 0,001

[
e

4.0

o

O 0.004

2.040 0,018
2.002 0,014
0.01%2
0.018

0,018

1,419 0.024
1.350 0,024

1.421 0.02
1.372 0,022
1.825 0,019
1.84z 0,019
1.841 0.016

=

refers to the atom at -x, y, »
vtom related by the two-fold axis.

Lengths and Bond Angl

Angle e,s.d.

i

O

Agl-Agl-ppl"

Apl-Apgl-P
Apgl-Aga-pPhr

= o

P-Ag2-P"
Ci-AgR-Ccit
P-Age~-Cl
P-ag2-Cc1y

C O i

Agl-Agl-Cl
Anl-Cl-Ag2 1.

Agl-Cl-C2
ApR~C1-C2

* L]
OO O =

Cl-C2-C3 175.5
Cl=(C3-C4 120,1
Ca-Cd-C8 1206
C3-C4-C5 118.8
C4-Ch-C6 121.1%
CE-CB-C7 121.4
C6-C7-C8 117.2
C7=-C8=-C3 1l22.1
08-C3-C4 11,4
Ag2-P-C9 109.4
Agz-P-Cl10 122.2
Ag2-P~-011 i1v.2
Ce~P-C10 1083,

C10-P-C11
C11-P-C9 102.2
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The silver-carbon digtance for the 'end-on' bhonded

ethynyl group is 2.040 4 0,013
o)

, shorter than the value of
2,13A. found in KAg(Ci .(z-Ioar«d., 1933)

. The distance is

-

only O, 08f. greater than the distance Cul-Cl in the copper

Tl tetrahedral

BN

compound, vhereas the difference between

BO 0

ovalent radii of silver and copper is O.18A. There may be
rather more 'end-on' m-bonding in the silver compound,

but much of the shortening of the metal-carbon hbond relative
to the copper compound will be Decause Agl is linearly
coordinated, while Cul is trigonally coordinated, The

gilver-carbon distances of 2.55 and 5.048. for the 'side-on!

bonding are long, suggesting only a weak interaction between

the metal atom and the ethynyl group. Similar silver-carbon

distances are observed in the complexes of silver nitrate

o

with cyclooctatetraene, and with its dimer, and also in the

silver perchlorate benzene comple (Matthews and Lipscomb, 185¢

Nyburg and Hilton, 1959; Swmith and Rundle, 1958).

The mean carbon-carbon bond length in the phenyl ring
: - rz {:’K A e ~ ) —m A - s O ey o o~
is 1.3956A, and the mean bond angle is 120.07, and these
values are the same as are found in other compounds, None
of the individual values differs significantly from the

is a regular hexagon,

w

mearn., Assuming that the phenyl ring

0

a standard deviation in the bond lengihs of 0.0288, may




ne deduced, and in the bond angles, 1.9 7. The gtandard
deviations guoted in table ¥ and in the text were obtained
from the least sgquares estimates of the coordinate errors,

and the mean values for bond lengths and angles in the phenyl
gt < Q 4 '.O 1 o 4 . i -1

ring are 0,022A. and 1.4, rather less than the above values.
Standard deviastions obhtained by the least squares method

are sometimes optimistic, and the errors quoted ought probably

4

to be increased by about a third.

. 5 . - Q
The single bond C2-C3 is contracted to 1l.48A., a
value in good agree-ment with the corresponding lengths in

the copper compound.

The phosphorus~carbon bond distances are 1.83, 1.84,
and 1.84&., wifh the mean value of 1.836%. very similar
to the mean phosphorus-~carbon distance in the copper compound.
The carbon-phosphorus—~carbon angles do not differ significantly
from one another but the angles Age-P-(9, Agl-P-Cl0, Ag2-P-C1ll
are respectively 109.4, 122.2, and 117.20,'a11 with e.s.d.'s

of 0.602 As in the copper compound, these values are

“significantly different from one another, although the range

is even greater in this case. Probably the angles are
distorted in order to improve the packing. The three methy

groups lie in between the phenyl group, and a parallel phenyl
group from the chain related by the translation a. The plane

. . 4.0 ,
through the methyl carbons makes an angle of 117 with the




- 91 -

) (- %, - o O
planes of the phenyl groups, whereas the angle would pe 18
if the angles at the phosphorus atom were regular, The

distortion brings €9 within 5.543. of Ag8.

The silver-phosphorus distance of 2.4908. is nearer
the sum of the covalent radii of the atoms, (2.68.), than
is the case in the copper compound, However the slight
contraction does suggest some dw-~-dm bonding. This 1s
supported by the valence angles at the phosphorus atom,
where the mean values of the Ag-P-C and the C-P-C angles are

116° ana 102°

The non-bonding contacts in the crystal of less than

43 are tabulated in table XT. Contacts between groups
attached to the silver atoms in any one chain are all
greater than 3.78. Distances between atoms in adjacent
chains are all greater than o.(ﬁ., except for contac
between phenyl carbon atoms related by the centre of
symmetry at (%,%,0). The planes of the two rings are

o .
parallel, and are only 3.3A. apart, and there are three

12, B Lﬁ. between atoms
2

e

Has

independent contacts of 3.41, 3.

c6, Cr, C8, and the symmetry related atoms.

The magnitudes and directions of the principal axes
of the thermgl vibration ellipsoids for the silver and the
phosphorus atoms are given in table XIT. The Uisz, which

are referred to monoelinic axeg, were Tirst transformed to




than *ﬁ.

et
o
n
[0}

TABLE XTI. MeEAgCECPh: Won-bonding Distances

1., Atoms in the same chain.

Xy Yo Z —Xy Jo T2 Xy =T %‘"PZ

Agl-C9 3,77 Agl-P 3,78 CO=-C7 3420
C1-09 3,68 010-a1 3,95 Cl0-C1 3690
C8-C10 3.92 Ci-C2 3. 99 Cli-CL 3.85

2. Atoms 1n chains related by the C centering.

<

fax, F+y 2z t-x, %=y, 1z
C5-C1i  3.90 CB-C7 3,72
C6-C6 5,95
C6-C7 3,41
C6-C8 3444
7 =7 5,42
C7-C8 3.71

S Atoms 1n chains related by the translation a.

1-%, -y, 1l-z 1-X, ¥, 8/2-z
Cb-C1l 3.99 C6-C 3,969

C7-C9 3489

The first atom is always in the standard position, (x,y,z)

parameters U' referred to orthogonal axes parallel to a#,

ii’
b, and c. (Rollett and Davies, 1955). The equations for
this transformation are given in appendix C. An analysis

of the anisotropic thermal wmotion of the carbon atoms was




TARLE XII. The Magnitudes and Directions of the
Principal Axes of the Vibration Ellipsoids
for the Silver and Phogphorugs Atoms.

Atom

Agl

10% 10%5
U Biy &y
i=3% 00,0430 8662 0714
i=2 00,0593 4028 6440
i=3 00,0781 3462 ~7883
i=1 0.0428 -5318 0000
i=2 0.0b27 3466 0000
i3 0.0826 0000 10000
i=1  0.0409 0762 0069
i=2 C.0511 9518 -2916
i=3 0.,0722 2801 9562
is the direction cosine of +th
with respect tco the cell axis

2

e principal axi

15t
o

10785

~4948
6510
5084

8467
5316
0000

~9970
0925
0367

2]

»

is the magnitgde of the axis of the vibration

ellipsoid in AZ2.

tgt

-




not undertaken, as the Uij}s for these atoms are not

religble.

The major axis for Agl is perpendicular to the two
c-bonds to the ethynyl groups, and the major axis for Agl
lies along the b axis, a direction which involves least
distortion of the tetrahedrally arranged bonds. Ag might
be expected, the major axis for the phosphorus atom is

approximately perpendicular to the silver-phosphorus bond.

§

The vibration amplitudes for the light atoms are large,
as they are in each of the complexes studied. The average
temperature Tactors for the phenyl and the methyl carbon
atomsg corregpond to B values of about 6 and 8 22. respectively.

The temperature factors are generally larger for atoms

furthest from the silver-silver chaln.,
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1 =20

Successive columns give values of h, k, ]FOI
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0120
0 278
0137
0 102
0 55
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236
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29

O R e e

-

25k
259
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4 153
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213
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200
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37
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27
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122
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4 10 103
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11 32
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Observed and Calculated Structure Factors
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T
66

37
30
26

69
L9
62
27
25

55
62
46
33
19

60
3,
28

S

L5
32
35
28
20

2y
39
2y
28

25
41

22 ¢26

23
23

23
30

76
58

32
21

66
L

28
29

52
L5
21

61
38
29
28

45
31
53
26
19

22
38

26

17
38
L7

22
26




1l =20
024 <26 1
2 2 26 27

125¢27 12
325 20 15

026 27 20
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3 57 58
3106 82
3 === 130
+1 3 226-163
3 3 ¢21 +13
5 3<17 #9
2
9

| J 1
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3¢19 -4
3 25 +28
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TABLE VII -continued

24 -11

26 =26
b 32
87 81
188 <136
110 89
<20 ~10
83 +79
2L -18

25 =25
29 31
51 =54
141 124
83 -73
94 +8)
27 +28
33 +31

<34 5
25 20
78 73
18 13
68 +63
19 -26
33 +40

<31 +3

7 <32 12
7 59 6L
7<¢2% 13
7 9% 70
7 33 +39
7 22 -21
7 26 +28
7 <34 +18

8 ¢35 =5
L3 40
31 =33
29 31
2y +23
91 +86
27 +28
33 +34
29 28

L7 =46
55 53

ScoONNONONONONOY Uiy oiaiowm RS W
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3 +31

-1 9 20 18
#1 9 96 +87
3 9¢27 +6
5 9 63 +61
7 9 <36 +15

-8 10 29 26
-6 10 <32 15
-4 10 38 38
-2 10 58 57
010<2y =5
2 10 110 +100
410 21 A7
610 21 +24

-7 11 32 30
-5 11 <31 -8
-311 76 71
=1 11 <26 1
+1 11 79 +71
311 27 +26
5 11 <33 +8
711 34 431

-8 12 4O 44
-6 12 U4 -38
-4 12 25 26
212 26 28
012 <26 15
212 93 +82
L 12 ¢32 +19
6 12 4O +40

-5 13 ¢33 -8
-3 13 42 39
-1 13¢29 13
+1 13 51 +48
313 51 +51
513 ¢35 +13

-6 Ui 28 30
=i 1 27 26
-2 1 35 34
0 14 32 %33
2 14 33 +31
b 14 ¢34 +8
6 1y 26 +19

=515 <35 13
=315 30 2k
-1 15 32 32

+1 15 29 +29
3 15 <31 +12
5 15 3l +36

-6 16 30 24
-4 16 ¢31 -4
-2 16 20 19
016 40 +35
2 16 <% +16
4 16 38 +39

-5 17 4O 38
-3 17 <35 -4
-1 17 36 32
+1 17 <34 +19

317 27 +24

-4 18 29 30
-2 18 ¢35 13
018 L2 +39
2 18 ¢36 -2
418 27 +25

-1 19 34 33
+1 19 ¢28 -4
319 27 +31

1l=2

0<25 =3
0 4O =43
-8 0 21 20
-6 0 80 -83
-4 0 65 62
-2 0«19 19
0O 0 80 73
2 0 25 18
4 0 33 =33
6 0<17 -9
8 0 19 -17
0 0<20 8

1¢38 ©
1<26 -16
-9 1 <24 0
-7 1 27 -3
-5 1 25 -35
-3 1187 171

4176 %
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TARLE VII —-continued

-8 6 26
-6 6 58
= 6 4O
-2 6 86
0 6 L4
2 6 22
L 6 16
-7 7<26
-5 7 21
-3 7 17
-1 7 45
+1 7 <18
3 7 51
5 7«21
-8 8 36
-6 8 21
-4 8 25
-2 8 36
0 8.29
2 8«¢23
L 8 25
-5 9 22
-3 9 48
-1 9 38
+1 9 51
3 9 58
5 9 31
-6 10 21
-l 10 25
-2 10 49
010 54
2 10 23
-5 11 <27
-3 1123
-1 11 36
+1 11 <253
511 21
-4 12 34
-2 12 <253
012 22
2 12 <27

-25
59
=ik
-73
38
-18
19

1y
-23
-17
50

55
-25

12
22
-2,

/36

29

20
-L9
40
-52

-32

16
-2

-50
25

16

42
15

33
18
17

-3 15
-1 13
+1 13
313
=4 14
-2 14

-3 15
-1 15
+1 15

-4 16
-2 16

-3 17
-1 17

-1 19
-2 20
12
2 22

-1 23

|
W
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32
37
55
38

<25

<33
<26
23
L0
21
T4
<17

L
31

30
-39
61

43
-2
36
55

28
13

13
-
16
17
1
11

11

-10
21
-39
21

-8
+14
=1
+36

f
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6 106
6 ¢13

6 ¢22

7 ¢27
7 21
7 25
7 <17
7 10
7 68
7 <19
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49

-45
23
~73

10 <21 -k

4 10 29 -28

-9

11 55 -52

-7 11 ¢22 8
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TABILE VII -continued

11 58 =61
11 <12 -8
11 <38 35
11 61 =60
11 <22 -4
11 31 =35

12 37 =37
12 <23 -15
12 g -65
12 <20 -14
12 31 =33
12¢21 -1
12 36 =37

-31
-19
-4l
-26
-20
-28

13 35
13 <27
15 35
13 24
13 19
13 28

-26
_15
~3is

7
-35
~-21

25

-31
, -12
_ﬁ
~23
~L

=33
-2
-3l
-17

-27
-19
-1
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-29

-1k
-12
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18 ¢ 26
18 36

19 23
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19 31

20 27
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20 29
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218
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97
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32
3
97

175

228

282
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208

181
97
58
33
16

38
46
81
129
181
240
276
235
182
136
66
47

35

49
136
121
197
252
291
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168
132
108
43
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3
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92
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170
131
112
43
35

il
33
9
107
165
233
201
239
143
132
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47

37
41
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71
227
187
212
202
116
87
41
36

29
28
82
90
132
175
205
252
73
121
Sh
40
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TABLE VII -continued

-9 9 80 85 -5 13 81

85

-7 9 88 91 -3 13 133 132

206 197 -1 13 *68

5

9 205 206 313 83
+1 9 155 151 513 32

9 93 100 7 13 40

9

9

38 35 =10 14 31
-8 1, 66
-12 10 32 . 34 -6 14 67
-10 10 B8 62 -4 1y 77
-810 79 80 -2 1 129
-6 10 131 124 014 53
-4 10 175 160 2314 93
-2 10 128 130 b Uy Ly
0 10 190 175 6 14 L5

2 10 106 103
4L 10 88 85 -9 15 27
6 10 L0 47 -7 15 86
8 10 30 35 -5 15 45
-3 15 107
-11 11 39 41 -1 15 68
-9 11 48 59 +1 15 75
-7 11 96 100 315 67
-5 11 114 117 515 33
-3 11 135 126 715 31

-1 11 169 164
+1 11 117 111 -8 16 38
311 87 87 -6 16 59
511 61 62 -4 16 62
711 34 39 -2 16 81
016 42
-12 12 30 30 216 78
-10 12 37 39 4 16 37
-8 12 72 77 6 16 30

-612 91 91
-4 12 117 120 -9 17 27
-2 12 150 145 -717 51
012 105 98 -5 17 48
212 102 102 -3 17 61
4 12 859 59 -117 50
610 50 52 +1 17 58
317 43
-11 13 31 34 517 29

-9 1 Ll
_% 1% 3 4% 818 30

-.68
129 121  +1 13 111 104

85
33

-6 18
-4 18
-2 18
018
218
L 18

-7 19
-5 19
-3 19
-1 19
+1 19

319

-6 20
-4 20
-2 20
0 20

3 21

L2
53

28
29
<25
51
35
37
47
31

28
38

46

<33
28

32
2l

29

45
L3
55
L8
39
29

50
37

L7
26

29
40
30
46

32
23
38
26

26
19
35

18




1l=5

-1l
-12

2¢27
2 <26
2 25
2 49
-6 2 61
-l 241
-2 2<¢22
0 2 18

22 33

L 2«18

6 2¢22

8 2«27

3<¢23
3¢21
-9 3«¢21
-7 3 45
-5 3 84
-3 3 49
-1 3<¢ek
41 3 68
3 3<18

5 3 20

7 323

9 3«2

W <27
39
72
92

i
o
o

-3
13
-17
49
-56
37
-2
+19
+30
~11
11
-5

9
-2
4
Ly
~-70
49
-0
+65
-10
+13
-1
+2

-7
L7
-70
77
Ll
-3
+55

P

+21

-0
52
=Ly
41
20
5k
-5
+1

-10 6 <¢28 -7
-8 2, 26
-6 10 8
-4 1 14
-2 25 4
0 4O +37
2 3 +38
L 6¢19 -1
6 6 22 422

NN O ONON

-9 7<21 10
-7 7 <16 13
-5 7 25 26
-3 7 23 27
-1 7 1L 15
+1 7 L6 +50
3 7<19 «+6
5 7 17 +18

8 ¢23 19
-8 8«¢18 -5
-6 8 41 42
-~ 8 37 38
-2 8 10 12
0 8 37 +36
2 8<¢17 46
L 8 27 +27

-9 9 16 14
-7 9<17 14
-5 9 B4 57
-3 9 15 -19
-1 9 55 57
+1 9 25 +29
3 9¢20 +7
5 9 18 +18

-10 10 27 28

-16
45 50
17 18
~2 10 b Lk
010 25 +17
2 10 <18 7

-8 10 16
-6 10
-4 10

TABLE VII. ~continued

L 10 46 +51
-9 11 17 20
-711¢25 2
-511 55 56
-311 12 11
-1 11 a8 52
+1 11 <19 -16

311 46 +50

-6 12 42 47
-4 12 <17 9
-2 12 38 42
012 24 +19
2 12 <19 +10
L 12 30 +31

=513 29 34
-3 13 17 16
-1 13 46 48
+1 13 <20 -4

313 35 +39

-6 14 18 13
-4 14 31 34
-2 14 18 20
014 25 +23
2 14k 21 425
G 1 2 +24

-5 15 22 21
-315 19 19
-1 15 21 20
+1 15 29 +32

315 18 +11

-4 16 20 20
-2 16 ¢20 17
016 29 +28
2 16 20 +22

=317 22 33
-117<21 8
+1 17 28 +33

-2 18 17 17
018 15 +19
2 18 27 430

-3 19 27 26
-119 --—- 8
+1 19 19 22
=6

-14 0 <22 -10
-12 .0 ¢22 -12
<10 20 19 11
-8 .0 31 -35

-6 20 53 51

-4 -0 81 -71

-2 0 17 20

0 =0 30 =34

2 .0 ¢lé 7

L 0 23 23

6 0 25 -27

8 .0<¢22 6

-1% 1 28 -26
11 1 <25 4
-9 1<¢23 -7
-7 1«19 11
-5 1 57 -57
-3 1 20 15
-1 1 30 29
+1 1 24 -25
+3 1 24 24
5 1 27 <24

7 1<30 4

-1 2<¢29 -9
-12 2 <¢28 -17
-10 2<¢25 8
-8 2 29 -32
-6 2 28 27
=4 2 47 -5l
-2 2 L7 46
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~-11
-11
17
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-2
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-17
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-39
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-6
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9 <26
9 ¢22
5 13
9 35
9 <1
9 12

10 ¢18
10 12
10 15

11 16
11 <16
11 <15

12 18

12 ¢15
12 25

13 <17
13 <16

13 17

1 26
14 20
19

-5 15 <20
=3 15 <18

-1

-6
-l
-2

-3
-1

15

16
16

14

25
17

16 21

17 ¢21

17

27

-4 18 ¢22

-2

-15
-13
-11
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=5

-1
+1

=14
-12
-10
-8
-6
-4
-2

18
19
20
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18
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2k

~J

~
n
o

11
16

28

-1

25
-1
26
18
17
21
18

-10

2 28 +26

2 25
2 ¢26
2 ¢27

3 <2

523
3<¢22
3 Lk
3 13

-21
+7
-1

1
-9
15

L8
14
-45
13
=25
+9
+6
-15
49

11
-17
-36

18
-4.0

L0
._31
-13
"ll{-
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TABLE VII -continued
1=7
2 6¢17 +1 =12 12 21 -17 -6 18 ¢22 -12 2 2 73 %
L 6¢21 +2 -1012 20 -15 -4 18 24 -21 4 2 54 54
-8 12 ¢18 -11 - 6 2 28 23
-11 7 <21 -12 -6 12 26 =27 -9 19 27 -20 8 2 25 18
-9 7 16 -15 -4 12 <16 8 -7 19 <2 -3
-7 7 18 -17 -2 12 62 =59 -519 18 -20 -15 3 32 29
-5 7 Wl =bh 012 13 412 -13 3 46 47
-3 7 20 -18 212 24 -25 -11 3 70 72
-1 7 13 =10 1=28 -9 3127 132
+1 7¢16 -8 -11 13 23 -21 -7 3108 115
3 7¢18 -6 -9 13 ¢21 -8 -5 3180 178
-7 13 28 =28 =16 0<¢32 10 -3 3132 140
-12 8 21 -19 - -513<¢18 -12 -1 O 51 52 -1 3 148 162
-10 8 <18 -9 -3 13 29 -33 -12 0 45 49 +1 3 67 70
-8 8 -11 -12 -1 13 ¢17 =11 -10 0 131 133 3 3 76 77
-6 8 31 -32 +1 13 ¢19 -6 -8 0 92 98 5 3 37 38
-4 8 <¢12 -6 -6 0172 172 7 3 26 23
-2 8¢l1l2 -10 -10 14 <23 <11 <4 0 169 174
0 8 28 -30 -8 14 22 -22 -2 0148 152 =16 4 26 20
2 8«17 -11 -6 14 20 =21 0 0120117 -14 4 35 33
-4 14 24 =25 2 0 64 67 =12 4 55 61
-11 9 29 -29 -2 1y 22 -2 L O 74, 73 -10 4 83 88
-9 9¢17 4 0 14 <19 -2 6 0 25 22 -8 4 130 142
-7 9 39 -39 8 0 =-— 22 -6 L 126 138
-5 9 ¢lh =0 -9 15 ¢22 -13 -4 4 156 161
-3 9 3 =35 -715 18 -19 -15 1 35 31 -2 L4 125 132
-1 9 25 -27 ~515-17-20 -13 1 45 48 0 4 107 99
41 9¢1l7 42 ~315¢i8 -9 -11 1 83 83 2 4 80 81
3 9 17 -18 -115 18 -21 -9 1110 117 L 4 52 55
+1 15¢22 -5 =7 1110 119 6 4 29 30
-12 10 17 -19 -5 1 194 205
-10 10 ¢21 -9 ~—10 16<2k -1, -3 1120125 =15 5 25 24
-8 10 ¢17 -11 -8 16 22 -17 -1 117217 =13 5 40 45
-6 10 49 =47 -6 16 ¢21 -8 +1 1 106 106 -11 5 59 64
-4 10 <14 -13 & 16 23 -25 3 1 54 54 -9 5 84 95
210 50 -48 -~216<19 7 5 1 38 L3 -7 5 146 159
010 15 +11 016 23 -27 7 1 28 21 -5 5131 117
210 14 -17 -3 5 159 166
-9 17 28 =23 =16 2 28 15 -1 5113 114
-1111 22 -21 -7 17<22 =9 =14 2 4B 46 +1 5 101 103
-9 11 <18 =3 -5 17 31 -29 -12 2 54 54 3 5 60 61
7231 3 -3 -317<21 -3 -10 2100 10k 5 5 28 33
-5 11 <17 & -117 <22 -5 -8 2 95 102
-3 11 65 -6y  +117 19 -18 -6 2149 161 -16 6 27 23
-1 11 <16 - 1018 23 -16 -12+ gi'i? 18y —:lug 6 27 23
: - - 5 - - 0 14 - 6 60 61
#1118 515715 10 ¢ 61 68

311 18 =13 -8 18 <23 -15 0
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VII - continued

- 10 108 115 b L 24 27
-210 84 87
010 8 79 =11 15 23 27
210 55 59 -9 15 49 50
4 10 25 27 -7 15 31 35
-515 6é4 69
-1%3 11 2, 28 -3 15 37 42
-11 11 41 48 -115 55 56
-9 11 60 & +115 30 29
-7 11 80 80 315 26 25
-5 11 109 111
-3 11 58 63 ~1016 38 38
-111 79 80 -816 30 32
+1 11 52 57 -6 16 43 42
311 37 42 -4 16 52 54
511 24 21 -2 16 42 47
016 37 43
-1y 12 25 23
-12 12 26 27 -9 17 33 32
-10 12 50 55 -7 17 23 25
-8 12 57 62 -5 17 55 55
-6 12 80 79 -3 17 23 31
-4 12 76 82 =117 50 51
-2 12 76 73 +1 17 16 20
012 6L 69
212 3% 38 -1018 2, 23
412 28 30 =818 25 26
-6 18 41 38
-1%3 13 ¢32 22 -4 18 36 34
-11 13 31 3 =218 24 29
-9 13 52 53 018 32 3
-7 13 50 48
-5 13 76 77 =919 24 19
-3 13 77 83 -719 33 32
-113 70 70 -519 24 26
+1 13 39 43 =319 33 32
313 28 32 -119 16 18
513 25 23
-8 20 2, 21
-4 1, 29 26 -6 20 28 28
-12 14 <31 1, =L 20 26 22
-10 14 46 50 -2 20 23 27
-8 14 L4 L2 '
-6 1 64 63 -7 21 26 28
-4 14 5L 58 =5 21<¢28 13
-2 1 63 67  ~321 26 29
0 14 ,
2 1l Zﬁ SZ -4 22 25 18
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DISCUSSION OF THE STRUCTURNS O THIY COPPmE AND SILVER COMPLEXES

COMPARISON OF THE TWO STRUCTURES

There“are gimilarities bvetween the structures of the
€opper and the sllver complexes. Pormally, the silver
compound ig built up of [(MGBP)QAg] * and 1inear‘ kPhCEG—)ZAg
units alternating along infinite chains., Agl is bonded to
two phosphorus atoms, with the angle P-Agl-P" equal to
1180, and interaction with two ethynyl groups of different

[(PhCEC~)2A ] units completes a tetrahedral arrangement

around AgZ.

One can regard the copper compound as built up from
[(he P)ECQ] * ana kPhCEC—)QCé] T units in an analogous way,
except that these latter units are not linear, as in the
gilver compound. In thisg case, it is ethynyl groups of
the same &Phozﬂ—)gcﬁ] T unit that complete a tetrahedral
arrangement around CuZ. The units are joined in pairs
to form tetramers byew-bonds between Cul and C9'-C1i0' and

Cul' and CO9-C10, with these ethynyl groups adopting a traens

.

configuration, as in the first excited state of acetylene.

(Ingold and King 1953).

To rega 1a the copper complex in this way brings out the

gimilarity with the silver compound, but it is also
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possible to consider the structure as vullt ue from two

kinds of PhC=CCu units. In the Tirst kind, the ethynyl

0}

group Cl-C2 is linear, while in the second kind, the
athynyl group C9-C10 adopts a cis configuration, ag in the
complex of copper(I) chloride with dimethyl acetylene.
(Carter and Hughes, 1957). However, the posgsibility that
the uncomplexed acetylides, PhC=CM, are built up from M

and kPthG—)9M] T units is an interesting one.

THE [NTHERACTION ORF Cul and Agl WITH ETHYNYL GROUPS

One of the chief difference: between the structures of
the copper and silver complexeg is the Lformation of a
symmetrical 67¥-bond between Cul and C9'- U*O' in the copper
compound, The copper-carbon distances, 2.06 and 2. O@g.,
are similar to the metal-carbon distances inw-bonded
systems of iron and cobalt, which are usually around 2.,1A4.,
(e.g. in ferrocene, 2 Oag., Dunitz, Orgel and Rich, 1956;
in btricarbonylifonbutadiene, 2.1ﬁ,9 Mills and Robinson,
1960; and references in the introduction), and in the

2y £ + bt s 3 -4 O
cyclodctadiene complex of rhodium(I) chloride, (2.,124.)

and

tetramethylcyclobutadiene nickel(II)'ohloride, M.O2X 3

(Tbers and Snyder, 1962; Dunitz et al., 1962). The

0o

ethynyl group is in the plane of the sp” hybridised orbitals
of Cul, which 1s different to the arrangement in the olefin

complexes of palladium and platinum, where the double bond
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verpendicular to the plane of the dsp” hybridisation.

is
If the bonding is of the ar-iype discussed in the
£7 R

introduction, the w~bonding must use a d-orbital in

the élane of the spz hybridised orbitals, rather than a

é% hybrid orbital using the unoccupied p-orbital on Cul,

since this orbital ig perpendicular to the plane of the
bonding. The bond distance for the carbon-carbon triple

bond is very near the usual value, which is unusual, in view

of the extension of the double or the triple bond often found
in olefin or acetylene complexes, and in view of the

distortion of the angle (C9-Cl0-Cll. Evidently the conjugation

)

in the phenylethynyl, system is not greatly reduced by the

[

ot

3

distortion, as the length of the bond CLO-Cll is

gsignificantly greater than that of (2~Ca,
g

In the copper compound, the ethynyl group C9-Cl0 lies
more or less symmetrically with respect to the copper atoms
Cul and CuZ, with angles Cul-C9-Cl0 and Cu2-C9-Cl0 of

r-O - - -0 -y o T s LR : Tl
1527 and 136~ respectively, and €9 almost equidistant from

the copper atoms, Cul-C9 and Cul-C%9 being 2,07 and B.lng,equal
within experimental error. C2 would seem to be bonded
equally to Cul and Cul. The system 1s very similar to the

electron deficient compounds of beryllium, boron wnd

aluminium, where amine nitrogen or methyl carbon atoms act
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ags bridging groups. The angle Cul-08=0u2 is 727,

- o . , A s
«le of 767 in aminodiborane, and the

6]
ok
3
i
fot
A
H
o
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o
i
i
]
2
i
]
o
e
tod
g
—

ancies of 56° and 70° ror Be-n-Re =nd AL-C~AL 1n
dimethylberylliun and trimethylaluminium. (Hedburg and Stosick,
1952; Snow and Rundle, 1951; Lewis and Rundle, 1 1953). The
Be...Be and Al...Al distances in the last ftwo compounds are
2,10 and 2.568. res spectively, considerably shorter than the
distances in beryllium and aluminium metal, which are 2.23and
2.29iand 2.86%. The distance Cul-CuZ2 in the present
compound 1is O.lﬁ. shorter than in the metal, consistent
with some metal-metal bonding due to a three-centred bhond.

Bond lengths to pridging atoms appear to be usually 0.1-0.28.

greater than the normal bond lengths, Here the Cu-C

wces are 0.11 and 0,15%. greater than Cul-Cl, although

[
[N
T

some of the difference may be due tov-bonding between Cul,
ana Cil. They are, however, very little greater than the sum
of the tetrahedral covalent radius for copper(I) and the
covalent radius for carbon in the sp hybridised state. (2. OSR.
In the electron deficlent compounds mentioned above, there

are two electrons availlable to form the three-~centred bond, and
similarly in this case, if we consider the bonding separately
from the 67 -bonding of Cul' to C9-C1l0, there are just two
electrons available, It is convenient, therefore, to
consider the system Cul, C9, Cul as a bridge structure,

In practise, there may well be considerable delocalisation of

electrons over (9-Cl0 and the three copper atows CuZ, Cul,




and Cul'.

The possibility of
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compounds. Such bonding is clearest in the silver compound,
where the angle of 118° for P-8g2-P" geems difficult ‘o
explain, if there is no bonding between Ag2 and the ethynyl
groups Cl-C2 and C1V-C2", Obligue bonding between Cu2 and
the ethynyl group Cl-C2 in the copper compound is invoked

by analogy, because in this case too, the bonding completes

a tetrahedral arrangement around Cul. The bond angles

. P w40 5 0 T .
Cu2-Cl-C2 and Ag2-Cl-CZ2 are 1177 and 1027, and the copper-

ol
]
-

o1}
Ul

and silver-carbon bond lengths are 2.22 ~nd 2,978, an

and 04% espectively, with the distances to the
. . ‘ - o o) )
midpoints of the ethynyl groups 2.60 and 2,804, The

far) -1 o] - O
corresponding angles for Cul and Agl are close to 180

and the metal-carbon distance

0]

Cul-Cl eqgual. to 1.96&, and

2t it seems natural to consider

3]
ot

o th

Ay}

. " . Q
Api-Cl equal to 2.044,,

the hondiny of the ethynyl groups to Cul and Agl separately

from the bonding Lo Cul and Ag2.

The infra red sitretching freguencies Tor the ethynyl

groups are 2019 and 2045 cm. ~— in the copper compound, and

2075 cm.”* in the silver compound. (Coates and Parkin, 1961).

~

These values are less than the value of 2122 cm.-l in the

A (3

0ld compound (Coate

’D

£ s and Parkin, 1962), where no
'gide-on' bonding occurs, indicating socwme electronic effect
over and above that due to end-on bonding to metal atoms

for the ethynyl group in the silver compound, and for

both the ethynyl groups in the copper compound.




Strong w-bonds can be formed with only two ligands
by an atom in tetrahedral coordination, (Kimball, 1940;
Arhland and Chatt, 1955). m-bonding to the phosvhorus atoms
is indicated for Poth CuZ and AgZ by the shortening of the
metal-phosphorus bond, and by the valence angles at the
phosphorus atoms, so that w-bonding to the ethynyl groups
would be weak., m-donation to the ethynyl group would also
be hindered by the residual negative charge on the ethynyl
groups resulting from the end-on bonding to copper or
silver, From the view of 'side-on' dw-bonding given in the
introduction, the symmetrical arrangement would be due
mainly to the principle of wmaximum overlap in the formation
of the w-type bond, and if there were very little wi-bonding,
the symmnetry might De less essential, T™e easily deformed
bond could then become obligue due to steric factors,
depending on the regulrements of other bonds. The larger
values of the metal-carbon dlstances are in agreement with

the weaker Donding.

¢

Unsymmetrical ‘side-~on' bonding is reported in the
styrene complex of palladium(II) chloride. {(Dempsey and
Baenziger, 1955; 1961). The angle between the direction

of the dounle bond, &nd the line Jjoining the palladium
3 : S ! . ‘ @] v
atom to the centre of the double bond is 707, The
- . - O 3 e =
analogous angles in the present case are 517 for the copper

. e T . . -
compound, and 66° in the silver compound.
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THE STRUCTURE OF PEENYLETHYNYL(ISOPRODPYTLAMINE)GOLD(I)

INTRODUCTION

The amine complexes of phenylethynylgold(I) are associated
in solution, with n=3-4, in contrast to the phosphine
complexes, which are monomeric. The possibility of metal-
ethynyl group interaction of the 'side-on' type, giving the
oold atom a coordination number of more than two, made
the study of an amine complex of especial interest. Coordina~

tion to more than two ligands is unusual for gold(l).

The isopropylamine complex presented the simplest
problem for detailed analysis, but was too insoluble in
benzene to obtain molecular weights, or to estimate dielectric
constants. Confirmation that this compound had basically
the same structure as ithe more scluble higher amine complexes
was obtained by comparison of the unit cell dimensionsg of
three of the complexes, and from similarities in thelr X-ray
diffraction patterns. The space groups and unlt cell

dimensions of the complexes were:
'Prif,auC=CPh  Pcon a=17.9 b=l7.2  c=7.2 7=8
i —\I—T 1 = - }?c . :220 —'31 . = o‘d = & Z::
C5h11;w2Au =CPh Bl/c a 0 b=17.0 c=7.2 B =98 8

Cg ﬁlgl\r,z_}_gAL E h PC cni 8:29 . 2 b:’: 1'7 . O 027 . 2 Z__—_8

The 'D' and 'c' axes have almost the same length, and




presumably the differences in the lengths of tal! axes are

pecause the hydrocarbon chains extend along this direction.

CRYSTALS

The compound can be crystallised from acetone as white
needles, relatively stable to air, but sensitive to light,
and deteriorating rapidly on exposure to X-radiation.

After 20-30 hours exposure, the reflections obtained frow

a crystal were generally distorted, and in some cases the

crystal itself had become deformed. A crystal selected

from freshly recrystaliised material was used for each X-

ray photograph, and no crystal was used after exposure for

more than 30 hours, except in one case,

CRYSTAL DATA

Phenylethynyl(isopropylamine )gold(TI)

Orthorhombic; needles elongated in the direction of ‘'c',

a = 17.924 D = 17.149 c = 7.2223.
U = 2220&. 7 = 8 Tormula units
D, = 2.08 D, = 2.14 gm/cm.5 F(O00) = 1328 electrons

e

Abgorption coefficient Tor CukKa radlation, /‘::245 cm




rReflections observe

ds hkd wo conditions
k0 h+ k= 2n
Okl 1= 2n
hOl 1 = en
. - T e . e A b . - 10
The space group is therefore uniguely determined as Pccen, (D?h)’

<t

no. 56 in the International Tables for Crystallography.

The unit cell dimensions 'a' and 'b' were obtained From
a Weissenberg photograph of the (hk0) layer, calibrated with
gsodium chloride vowder Lincs. The nositions of 83 high angle
reflections were measured, making use of resolved Kdl and K&E

reflectionsg, and a least squares method was used to obtailn

ta' and 'b'. lost of the high order reflections observed

o

had much greater values of h then of k, so that 'b' was
determined less accurately than ‘'a'. The vaiue of 'c' wag

determined from a rotation photograph, calibrated by means

of some of the high order reflections. The calculated
standard deviations in the values of 'a', 'b' and 'c' were

0.002, 0,018, and 0.0008, respectively, The true uncertainties

are probably around 0.1% for 'a' and 'c', and 0.3% for 'b'.

The density wag determined by flotation in a concentrated

solution of zinc bromide. The 3% difference beiween

+
&

calculated and observed densities may be due to insufficient

Ay

wetting of the crystals.




COLLECTION OF THTENSITIES

Three-dimensional data were obtained on layers

by equi-inclination Weissenberg techniques, using unfiltered

with 1 =

-

copper radiation. It was found difficult to obtain good
photographs by the precession mwethod. The (0kl) and (hol)

reflections obtained by this method were used in ¢

the projections of the Patterson function along th

"Dt axes, but with the exception of the (002) and

reflections, were not included in the subsequent

The intensities of the & reflectionsg were e

alculating
e 'a' and

(004)

refinement.,

stimate

Yisually, by comparison with a callibrated scale made using

reflections from a very small crystal of hydroquin

)

average, the intensity of each reflecti

three films within each series.

one., Oon

on was estimated on

. The multiple film technigque was used, the Tilms being

packed without interleaving black paper. Mean i

1
.

were measured for each layer, and

that the variation with egui-inclination angle, i

fitted *the curve

ln (R‘/ .) = /;.k(secv,, - )

where R is the ratio for the zero layer, R, 1=

0O

1im ratios

the values adjusted so

, roughly

the ratio

0-5
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for laver n, and )rt is a constant, taken as 1.0 (Grenville-
vWells, 1955). The values observed, and those used, are

given in table I,

Ratios for Copper Radiation, without
interleaving black paper,

TABLE T. Film

-

AY Observed Used
nko 0] 5,10 3.08
6
hikl KN Dell

hk2 1

0o
L

A
o
L ]

O
_CD
o
o

hkd 18.6 Do B4 3e 30
hk4d 25e Seld A

hlkd 32.1 5446 3,59

The (hk4) reflectiong were wuch extended, and this may
account Tor the low value observed for the fiim ratio. In

this case, a lover value was adopted.

Intensity estimations were made on the extended reflections,

L3

except for the (hk2) reflections, and those used for
correlation. Tmpirical correctiong for spot extension

were applied. The extensions were irregular, and varied
with w as well as with © . The range of the spol extension

varied from 35% for the (hk0) reflections, to 500% for the

D

(k4 ) reflections




i
Y
S
jas]
1

The usual Torentz and polarisation correctlons were

applied, but no correction was made for absorption. In all,
1032 independent reflections were observed, The sizes of
the crystals used are given in table 1II. With these crystals,

),t varied between 0.4-0.8, and the extreme error in the

intensitieg due to neglect of absorption errors was about 15%.

TABLE II. The Crystals Used to Record the Data.
Layer Crogs—gection, mm, Total HExposure,
hours

hkO 0.018x%0.030 20
hkl 0,0156x0,025 25
k2 0.018x0,030 20
hkd 0.015x0.025 25
nxd (1) 0.022x0.056 30
hkd (2) 0.018x0,030 48 (Same crystal
as for hk2)
hikd 0.025x0.035 28
ela
nko,1,0 0.024%0. 045 7
0.014x0,030 9

0
nk0,4,5,0 0.014x0.028 18

The intensities were placed on the same relative scale
by taking moving Tilm photographe of two or more levels on

different parts of the same film. The first and last

exposures on each film were always of the gzero layer, in order
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to check on any decomposition of the crystals during

exposure. In two of the caseg, the intensities decreased
by avout 10% during the exposure, The random error in

the scale factors for the intensities was estimated to be

about 4%, but appreciable systematic errors may oCCur.
YAl dodin

STRUCTURE DETERMINATION

The position of the gold atom was found by 1lnspection
of the Patterson function in projection along the crystal
axes, In these projections, the Patterson fumction is
equally satisfied by gold atoms in positions (x, v, z)

and (x, v, 1-2). However, it was possible to obtain the

coordinates unambiguously when the three-dimensional data
became available, Indeed, good estimates of each of the
gold atom coordinates can ve obtained simply by inspection

of the intensities.

First, there were marked fringe patterns in the
reciprocal lattice. Reflections with 1 = 0,2,4, were very
weak when k¥ = 3,8, and 14, while reflections with 1 = 1,3,5,

were very weak when k = b-6, and 11, For space group

Pcen, the geometrical part in the expression for the

{F

structure Tactor always contains the ™ cosanky when kK + 1 igs o




even, and the term sin2 ky when k + 1 is odd. Since the
20ld atom will make an overwhelming contribution to the

magnitudes of the observed structure factors, its y-coordinate

mast e such that coslwdy, coszZnliy, cosZwdby, cosl2elly, sinfwdy,

and sin2eby are each very small. These conditions give

an average value of 0,160 for the y-coordinate for the gold

atom.

Secondly, reflections with © + k even were almost absent
when 1.= b, and were weak when 1 = 4. When 1 = 1 reflections
with h + kK odd were wesk. The expression for the structure

factor containg the term cos2mlz when h + k is even, and

singmlz when h + k is odd, and the z-coordinate for the

oold atom must be such thalt cosin is approximately zero,
and cos2mdz and sin2az are both small, This gives the

z—coordinate as 0,08,

3

hirdly, reflections with 1 odd are generally much weaker

[

n

than those with 1 even, indicating that the 'e' axis i

halved Tor the gold atom. With these y—- and z-coordinates
the z—coordinate of the gold atom wmust be near 0,25, The
related nositions (X,y,z) and (4-%,¥,5+2z) then become

The ccoordinates cocbtalined by the Patterson method are
compared with those arrived at by inspection, and with the

final coordinates, in table IIT. The gold atoms are




t

arranged in pairs of infinite zig-zag chains along the ‘c

: : ) 3 52 . = r;( - % - 3
axis, with gold-gold distances of o.oﬁ. between chains, and

jay)

3. 74, along chains,

~

TARLE ITII. Coordinates of the Gold Atom.

x/a v/b z/c
Ry inspection: 0.25 0.160 0.05
Ry Patterson methods: 0.222 0.158 0.051
0

Final Coordinates: 0220 0.188 0.048

POSITIONS OF THE LIGHT ATOMS

-

The coordinates of the gold atom were reflned through one

values for scale and temperature factors. Structure factors
were calculabed on the hasis of the refined parameters,

(R = 0.23), and were used to calculate an (FO—FC) synthesis.
The function was evaluated at intervals of O.50ﬁ. in the 'x!'

direction, (a/60), 0.288. in the 'y' direction, (b/60), and

0.368. in the 'z' direction, (c/20).

The positions of all the light atoms were clearly indicated
- L s

nheight of the peaks representing ten of the

P 4 =

§—t

and the mear

) . j 03 e e e 4
carbon atoms was 4.2 ¢/A. The peak heights for the two atoms

et

attached to the gold atom were exceptionally large, being




9.5 e/ﬂ? for the carbon atom, and 7.5 e/g§ for the nitrogen

atom., There were two spurious peaks in the electron density

listribution related to the posgition of the gold atom by
ranglations of C/5, and the electron density around

the gold atom gave avidence of anisotropic thermal motion,

L'}-

Apart Trom these regions the oackground electron density

. s e - 3
was within the limits -2.0 to 2.5 L,S

REFINIMENT

The introduetion of the light atom eendributions to the

structure Tactors improved ithe

’}3

- ode » " !
aement to B = 0,125, mile

’i

EY
structure was relfined through one cycle of least sguares using
isotronic temmerature factors, and then through two further
cycles in which the gold atoms were given anisotropic
temperature Tactors, These were followed by four cycles in

£

vhich all the atoms were glven anisotropic temperature

factors. The factor R was 0,073 at this stage. The
anlsotronic refinement of the light atoms occasioned

.. . e . - . .
several swifts of 0.02-0,03A. 1in the atomic coordinates.

A check was novw made on the relative scaling of the

layers by calculating mean values of ‘F°|/'F°' for each
layver. The values obtained were 1.04, 0.98, 1.02, 0.91, 0.97,
and 1.07 for 1 = 0,1,2,%,4,5 respectively. The scaling for
two of the lavers appeared to ve in error by more than 5%.

The above factors were used to rescale the layers, and the

ay
n s ~ueh two further cycle
structure was refined through TW ¢




resgcaling the layers after each cycle, There were coordinate
shifts of up to 0.02 2, (for C7) during these two cycles, but
the main effect was to improve the agreement to R = 0.064,

-

ieviations. The

J

T
AL

o
o

and to improve the estimated gtanda
mean shift in coordinates during the final cycle was 0,002 K.,
with a maximum shift of 0.00?ZX., and only two parameter shifts
were more than a half of the corresponding estimated standard
deviations. The change in the overall scale factor during

the final cycle was 0,3%, and changes in scaling for the

various layers were all less than 13%.

BN

Finally, an (FO-FC) synthesis was calculated, in which
the FC were the structure factors calculated during the
final cycle. Near the gold and the nijrogen atoms,
there were regions of electron density 1-2 e/?? in the form
of ridges extending in the direction of 'c', Over the rest
of the unit cell, the electron density was always between
~0.6 and +0.7 e/ﬁ? Of 12-13 sites where the electron density
was greater than O.ée/gi 10 were in positions expected for

el

hydrogen atoms.

The refinement is summarised in table IV, which also
gives details of the least squares weighting. The
weighting analysis after the final cycle is gilven in table V.

2 e - o O 1 P 3 3
The values of w lal fall off noticeably with sin®/% and

with lFo’ .




The scattering factors for carbon and nitrogen were those
given by Berghuis et al., (1955). The scattering factors for

> gold atom were those given by Thomas and Umeda, (1957).

)

Ld

The dispersion corpections for gold are Af' = -5 electrons,

and AfY = +8 electrons, for CuKé& radiation, where
£

h
1l

ot ALY + 14T, (Dauben and Templeton, 1955).

Gorrections for dispersion were made by using the expression
ki

T = [(?;’_‘O+ AT! )? + Afﬂg] 2 fo

factors. This corrects for ATf', and makes an allowance

the gold scattering

4

wd

“or AfY which is of the right sign, and about the right
nagnitude, and is very much simpler to use than the true

expression involving complex coefficients.

The shifts in the atomic coordinates during the Tinal
cycle are ligted in table VI and the shifts in the
anigotropic temperature parameters in table VII. The structure
Factors calculated during the Tinal cycle are given in

table VIII. They include structure factors Tor 552 uncbserved

nlanes, and very Tew of thesge are greater than the maximum

expected value, inn The final values of the atomic
coordinates and their estimated standa deviations are given

in table IX, and the final values of the temperature parameters,

together with the corresponding standard deviations, in table X.




TARLE IV. ‘PrﬂthuCECPh: Analysis of the gtructure.

Coordinate Shift

Mean Hax. R R! Weights
i. Refinement of
the gold atom. 0.0094 0,015 0.42 0.1465  colist.
2. " 0.0086 0,018 0.225 0,0595 "
3, Introduction
of lipght atoms. 0.0455 0.283% 0,125 0,0173 n
4, Gold atom
anisotropic. 0.0231 0.084 0.094 0.0163  w(1)
5. m 0.0065 0.020 0.080 0,0113 r
6. All atoms
anisotropic. 0.,0090 0,028 0.074 0,0088 W(2)
7. " 0.0037 0,016 0.073 0.0083 "
8., " 0.0031 0.009 0.072 0,0081 1
9. g 0.0030 0.009 0.073 0.0083 "
10.Rescaling
layers. 0.0044 0,015 0,063 0.0058 n
11. " 0.0025 0,007 0.064 0.,0057 "
it W 4 | \ P 2 2z
W(l): w = "/a + W)+ BOFPS A= 65‘803
[} —_— <
K = lal
- 4 ol :
W(2): w= /A + HF)+ B(hbopz if ¥p | 32,
w = C + D(HF.)) it K I< 52 E = 53.805
C = 0.0164
D= 0.00134
K = 1.00,
(0.99 in cycles
10 and 11).
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TABLE V. Weighting Analysis after the Final Cycle.
If;tFJ Mean wlA‘z No. of planes
8-16 0.3%L 22
16-32 0.89 305
32-64 1.22 372
64128 1.02 209
128 2496 124
sine/y Mean ﬁwlA]'(a No. of nlanes
0-Cal 8.48 8
0.1-0.2 228 62
0.2-0.3 1.39 165
0e3-0.4 1.20 250
0.4-0.5 0.956 275
0.5-0.6 0.88 212
0.6-0.7 0.70 60
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TALLE VI ghifts in the Atomic Coord%nates during the

Final Cycle.(A.)

X v P
Au G,0003 0.0000 0.00086
i) 0.0060 -0.0006 0.0020
Cl 0.0047 -0.003% 0.0000
C2 00,0029 ~-,0005 -0.0036
C3 ~-0,0089 00,0000 ~-0,0080
C4 0,.0008 0.0000 0, 0051
ChH -0.,0041 0.0012 C.o072
Ce 0.0018 0.,0016 -0.0017
il -0,0050 0.,0032 0.0030
ce ~-0,0014 0.0037 0.0050
C9 0.0008 0.,0004 00,0023
cl0 0.0028 0.0018 0. 0030
cli 0.C008 -0, 0088 00,0032

TASLE VIT. Shifte in the Anisotropic Thermal Parameter
during the final cycle.(R%)
U1 Uog Uss Uls Usg Uig
Aun ~-0,0002 ~0.0002 00,0010 0.0002 0.000C ~0,0002
ity 00,0053 0.0002 0, 0007 0.0021 -0,0007 20,0021
i -0,0008 0.0003 ~0,0001 0,001 ~0.,0033 ~0,0008
C2 0.0009 ~0,0045 0. 0027 ~0,0008 -=0,0014 =0.0010
& ~0.0009 0.0004 0.,0017 0.,0028 0.0022 0, 0007
C4 -0.,0002 0.0009 0.0008 C.0015 0.,0002 ~0,0001
Ch -0.,0011 0.0085 =0.0018 -0,0025 0.0014 -0,0001
C6 -0.0011 0.0030 0.0002 =0.0019 =~0,0016 ~0.0058
g7 -0.0002 -0,0011 00,0009 0.0013 -0.0008 0.0016
8 ~0.0027 00,0005 0.0004 -0.0045 0.0008 -0,0034
9 -0.0014 0.,0026 -0,0017 0.0023 0.0019 0. 0004
C10~-0,0036 ~0,0006 0.0042 ~0.0030 0.C0011 0.0024
Cc1ili 0.0006 -0,0015 0.0058 ~0,0013 0.0018 0.0041
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TARLE IX. 1PPNEPAHCEuPh. Final Values of the Atomic
Co-ordinates (in £.) and the Standard

Deviations. (105 x &)

X v 7 a{r)
Au 4,031 (1) 2,714 (1) 0.324 (1) 0.0009
7 6.052 (13) 2.582 (14)  0.261 (18) 0.014
¢l 2,102  (19) 2,757 (20) 0.496 (20) 0.020
c2 0.908 (21) 2,697 (20) 0.679 (20) 0.020

c3 ~0.558  (19) 2,640 (21) 0.870 (22) 0.021
C4 ~1.298 (22) 1.657  (21) 0.234 (23) 0.022
1

o5 -2.698 (21) 1,638  (24) 0.418 (26) 0,024

6 ~3.332  (21) 2,538 (25) 1.24% (29) 0.025
o7 -2.581 (20) 3.481 (22) 1.864 (28) 0.024
c8 -1.205 (21) 3.572  (23) 1,718 (25)  0.023

c9 6.695 (22) .236  (20) 0.677 (24) 0.022
¢10 8.212 (22) 1,423  (26) 0.798 (24) 0.024

cll 6.%14 (19) 0.199 (g21) -0.320 (24) 0.021




- TABLE X.

Atonm

Au

c1
c2
C3
Ch
C5
cé
c7
c8
€9

€10

Ci1

2

1PrNH AuC=CPh: Final Values of the Anisotropic Temperature

Parameters, (in X?), and their Standard Deviations. (in ,105 22)

U11

U22

Uss

U12

Upz

Y3

0.0622(.4) 0.0767(.5) 0.0863(.8) 0.0097(.9) =0.0031(1.1)=0.0015(1.1)

0.060( 7)
0.07%(10)
0.089(12)
0.072(11)
0.088(13)
0.076(13)
0.07%(12)
0.081(13)
0.083(13)
0.082(13)
0.076¢13)

0.072(12)

0.062( 8)
0.082(12)
0.069(12)
0.076(12)
0.082(13)
0.102(17)
0.120(20)
0.076(15)
0.095(15)
0.067(12)
0.115(19)
0.075(13)

0.052(10)
0.054(15)
0.053(17)
0.064(15)
0.062(16)
0.101(20)
0.111(23)
0.108(18)
0.069(16)
0.103(22)
0.088(21)
0.106(18)

-0,005(13)
0.022(21)
0.007(23)
0.018(21)

-0.011(22)

-0.030(23)
0.050(27)

~0.010(22)
0.036(23)
0.033(22)
0.041(25)

-0.017(20)

~0.002(17)
-0.013(25)
0.000(22)
0.025(22)
0.010(24)
0.019(32)
0.046(34)
-0.007(29)
-0.005(29)
0.001 (24)
~0.008(29)

-0,003(28)

0.019(15)
0.011 (22)
0.015(20)
0.017(19)
-0.013(25)
0.025(29)
0.045(29)
0.030(27)
0.026(25)
-0.011(26)
-0.033(24)
0.015(26)
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DESCRIPTION AND DISCUSSION OF THE STRUCTURE

The structure is illustrated in perspective in fig. 1.
The bond lengths and angles are illustrated in fig. 2,
and tabulated in table XI. Standard deviations were
éalculatéd using the formula on page 31. Contacts and
angles between atoms of different molecules are given in
table XIT. The distances beitween atoms of different
molecules are all 3.272. or greater, and hence the complex

appears to exist in the crystal essentially as monomer uniits,

unlike the copper and silver complexes.

The geld atoms are arranged in infinite zig—zag chéins,
extended along the 'c'!' axis, with the plane of the zig-zag
parallel to (010). The gold-gold distances along the
chains are 5.72&., with angles of 153°, The chains are

through ('lfaiji 30 )

w

grouped in pairs around the two-fold axe
and(2,2,0), with gold-gold distances of 3.278. between the
chains. Bach gold atom is linearly coordinated to a
nitrogen atom and to an ethynyl group in the ‘'end-on'
position, with the bonding almost parallel to the 'a' axis,
i.€., in the plane of the chain of gold atoms. Thus each
gold atom has an ethynyl carbon and an amine nitrogen as near

neighbours, and three gold atoms as wmore distant neignbours.
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'PrNH, AuC=CPh. Bond lengths and angles




TABLE XT. iPrI\EgAuCECPh: Bond Lengths and Bond Angles,
Length e.s.d, Angle

(2.) (Degrees) e.s.d.
Au~C1 1.935  0.019 Cl-Au-N 176.8 0.7
AU~ 2.028 0,013 Au-Cl-C2 174,82 1.8
c1-C2 1.210  0.028 C1-C2-C3 178.6 2.1
Co-C5 1.479  0.028 C2-03-C4h 119.8 1.9
0B-04 1.885 0,030 £2-C3-C8 120,53 1.9
C4-C5 1.413  0.030 C3=-C4-C5 118.7 2.0
C5-C6 1.375 0,035 C4-C5-C6 121.7 2.2
C6-C7 1.356  0.034 C5-C6-C7 118.5 2.3
C7-C8 1.387  0.029 C6-C7-C8 123.1 2.2
C8-C53 1.416  0.031 C7-C8-C5 118.53 2.0
N~-C9 1.549  0.025 C8-(B~C4 119.8 1.9
C9-C10 1.535 0,031 Au~1-C9 117.2 1.1
co-Ccl1 1.488 0,033 11-C9-010 109.0 1.7
W-C9-C1l 108.6 1.7

— G~
0C10-C9-C11l  112.9 1.8 -




TABLE XTT. lPrNH?AuGaCPh: Intermolecular Contacts and

Angles
L?ﬁggg Angle (©)
Au(I)-au(IT) 5.274 Au(II)-Au(I)-Au(III) 86.2
Au(I)-Au(III) 3.722 Au(IV)=Au(I)-au(ITII)  152.7
Au(I)=-N(II) 3447 Au(II)-Au(I1)-1(1) 77 .8
Aun(I)-N(III) 3,70 Au(IIT)-Au(I)-1(1) 7844
Au(I)QN(IV) 3,86 Au(IV)-Au(1)-N(1) 7377
N(I)-c1(I1) 5e 84 Au(IT)-Au(I)-C1(1) 104.6
M(I)-Cc1(III) 3.93 Au(IIT)-Au(I)-Cc1(I) 992.5
(I)-c1({IV) 3,48 Au(IV)-Au(I)-Cc1(1) 108.5
N(I)-c2(1IV) 3.77 Au(I)-M(I)-c1(11) 100.1
c1(I)-c11(Iv) 3.83 Au(I)-0(I)-Cc1(IV) 105.6
H(I)-c2(1I1) 3.88 Co(I)-N(T)-Cc1{I1) 136.2
ca(I1)-c8(vi) 5.88 CO(I)-W{T)-Cc1(TV) 102.0
C6(I)-c1i(v) 3.90 Ci{IT)=-R(I)-Cc1(IV) 83.9

C2(I)-CLO(IV) 3.94

C7(1)-C7(VI) 3.95 Position (I) refers to x y =z

Ca(1)-C1o(IV) 3.96 (11) 10 =X -y 2
C8(1)~-c10(IV) 3.96 (111) 1o 4-X ¥y  F4E
(1Iv) 10 F=X ¥ -%+Z
(V) 10 ~E+x -y f-z
(V1) to X 2y t+z

Other contacts are greater than Q.OX.
&
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The arrangememﬁ igs approximately octahedral, but with one
site unoccupied, the angleg being distorted by the zig-zag
of the chains of gold atoms. The oold atoms are nearer to
nitrogen atomg of adjacent molecules than to ethynyl

carbons, and gold-nitrogen distances between the molecules

are similair to the gold-gold distances.,

Distances from gold atomg to c¢thynyl carbon atoms of
adjacent molecules are all greater than 4.2A., which would
anpear to rule out gold-ethynyl interaction of.the 'side~on'
type. The gold-gold distances of 3,27 and 3, KQA. are
considerably greater than in the metal, (2.u84ﬂ.), whereas in the
previous compounds, the copper-copper and silver-silver
distances were comparable to the distances in copper and silver
metal. rRundle, (1954), postulated gold-gold bonding at
distances of 3.268. in dimethylglyoxime gold chloride,
Au(III)(DMG)gAu(I)Clg, where the coordination of the gold(I)
atoms is sgquare planar if gold-gold bonding is included

In the present compound, the coordination including gold atoms

is less simple to describe, and it seems reasonable to consider
each atom as forming Jjust two collinear honds., The angle

C o , o
¥-Au-~-Cl is 176.8 + 0.7, close to 1807, although the
difference is significant on the basis of the calculated

standard deviations,
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The distance Au-Cl i1s 1.94 4 0.0BK., shorter than the corres-
ponding distance in the silver compound, (“.Oéﬁ.}, and shorter
than the Au-C distance in KAu(CN)g.(Z.lz + 0.148., Rosenzweig
+

and Cromer, 1959) 'End-on' w -bonding to the ethynyl group is

aggain thought to occur, possibly to a greater extent than in the
copper or silver complexes. The distance Au- is 2.05&. A
covalent radius of 1.338. for linearly coordinated gold(I) may

be deduced from the Au(I)-Cl bond lengths in CsgAu(I)au(III)Cl,

and in AuCl.PClS. (2.31 and 2.553. respectively, Elliott and
Pauling, 1938; Arai, 1962). Since the covalent radius of

nitrogen is O.VOK., the gold-nitrogen distance 1s as expected

for a single covalent bond.

The distance G1-C2 is 1.210 + 0.028R., in good égréement with
usual values for carbon-carbon triple bonds. The angle Au-Cl-C2
is 174.2 + 1.80. In the copper compound, the corresponding angle
Cul-Cl-¢2 is 178°, and in the silver compound the angle Agl-Cl-C2
is 1780, and the simil arity of the three angles is interesting.
The angle Au-Cl-C2 is significantly different from 1800, and the
distortion is almost perpendicular to the plane of the phenyl
group, as the plane through Au, Cl, and (2 makes an angle of 84°
with this plane. The angle Cl-C2-C3 is 178.6 3 2.10, not
significently different from 180°.

The bond C2-C3 is'conﬁracted to 1.483., a value similar
to the corresponding lengths in the copper and silver compounds.
The carbon-carbon bond lengths in the phenyl group range

] -4 7o - A Q ] - ] et !
from 1.36-1.42A., with a mean value of 1.5893., and the




angles from 118-123

vhenyl ring is as

standard deviatio
p.:.O

0.0238. and

least squares est

are 0.0328. and 2.
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O Ltan o wala 4O o) TE +
, With a mean value of 120.0 If the
sumed to he a regular hexagon, the
ns in the bond lengths and bond angles are
The mean values calculated from the

imates of the coordinate standard deviations

10

The lengtihs of the vonds (CS-ClO and C9-C1ll are 1,53 4
0.03%. and 1.49 + 0.038., not significantly different from
the length of a single covalent Dbond. The distance N-C9
is 1.55 + 0.038., and this is slizntly longer than the
expected value of 1.488. The valence angles at C9 are very
close to the tetrahedral values, dut the angle Au~1-C9 is
significantly greater, being 117.2 + i.io.

The equation of the best nlane through the nhenyl carbons
(C3-08) is

~-0.1837 x + 0.6143 yv - 0.7783 z = 1.0088

with coordinates in 3., rererred to the crystal axes, The
digtances of the atoms C3 to C8 from the nlane are
respectively 0.007, -0.011, 0.009, and -0.003, ~-0.001,
—0.00SE., with a mean value of 0.00B3. The atomg CL and C2
are at distances 0.040 and o.o1o§., s0 that C2 1s in the
plane of the phenyl group, but propvpavly not Cl. The atoms
Au and 1T are at distances -0.106 and - .3712, frow the plane.




The temperature factors for the gold atom are

-

greatest in the 'y' and 'z' directions, i.e. in directions
perpendicular to the direction of the bonding. The
temperature parameters for the carbon atoms increase as

5

their distance from the gold atoms increases. Fo

3

instance, the temperature factors for carbon atoms CL to

alues of 5.6, b.7, B.6,

<

C8 correspond approximately to B

S 1 - P 2 s -
6.2, 7.5, 8.2, 7.1 and 6.58.7 respectively.

Apart from the gold-gold and gold-nitrogen contacts,

the shortest distances between atomg of different molecules

are nitrogen-carbon disgtances. All other contacts between

O

molecules are greater than 3.8A. The distance N(I)-Ci(II)

a

is 5.548., (between chains) and N(I)-C1(IV) is 3.48%.,

(along chains), using the same notation as in table XIT .

The angles Au(I)-M(I)-C1(IT) and Au(I)-N(T)-C1(IV) are 100°

and 106° respectively, while CO(I)-N(I)-C1(IT), CO(T)-H(I)=CL(IV)

and CL(IT)-10(1)-C1(Iv) are 136°, 102° and 88° respectively.

Corresgponding angles to the midpoints of the ethynyl groups
o}

- . s p @] v =Q e O
C1-C2, rather than to Ci, are 109°, 115%, 1279, 97°, ana 849,

D

t of these angles are not far from

(6]

resnecitively. o

tetrahedral, and the N-hydrogen atoms must point approximately

towards neighbouring ethynyl carbon atoms,. One cannot
assign positions for the hydrogen atoms with certainity, as

. . - N SR o B c s
with the anpgle Au-M-C9 being 1177, it is difTicult to know




c)

what value to ive to the AU~I-H and (9-N-I angles. With

amaQ q - a
values of 1087 for these angles, and N~ distances of 1,0A4..

O

x ——— qzn0 -
the N-H...Cl angles are 130~ and 165° for molecules (II)

and (IV) respectively.

The peossiblility o

kS

aome weak interaction bhetween the

[

SN

nitrogen and carbon atoms cannot be wxcluded, although the
spectroscopic evidence is negative, (Coates and Parkin, 1962).

The ¥-H...C distances are long, but are not wmuch greater

then the MN-H...N digtances of 3.388. in solid ammonia.
(Olovsson and Templeton, 1959). Such interaction may be
linked with the angle Au-N-CY9 being greater than tetrahedral,

and with the distortion of the angle Au~-Cl-C2 to 1749,

LE )




TABLE VIII,

...138-&

Observed and Calculated Structure Factors,

Successive columns give values of h, k, [Fol, Fc
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TABLE VIII. (continued)

18 10 56 =50 2 1 39 39 b 11 <22 2 7 1 238 =224
1842 3, 32 2 2 18 =29 4L 12 49 -8 7 2 106 99
2 3 22 =20 L 13 <22 21 1 3 327 307
19 1 4 =71 2 L 185 180 L1y 62 60 7 4 62 =68
19 3 <20 =13 2 5 <16 =5 L 15 <23 =10 7 5 T& =76
19 5 73 73 2 6 25 25 Ik 16 <23 =9 7 6 28 =3
19 7 43 =38 2 7 72 =72 4 17 €22 =5 7 1 198 =200
19 9 24 =25 2 8 116 =117 4 18 25 =25 7 8 62 66
1911 45 42 2 9 33 3 7 9 164 161
210 31 32 5 4 168 159 710 28 =23
20 0 69 -66 2 11 <20 2 5 2 94 =% 711 <23 12
20 2 25 29 212 3 35 5 3 281 -268 712 35 =32
20 4 L5 44 2 13 <22 -13 5 4 52 50 7 13 105 =107
20 6 58 =52 2 14 23 =26 5 5 63 65 7% 3 26
20 8 <15 7 215 <23 15 5 6 39 41 715 W L6 -
20 10 36 3, 216 <23 14 5 7 166 162 716 <23 =2
217 <¢23 - 5 8 72 =73 717 <22 22
21 1 49 4k 218 <21 14 5 9 153 -147 718 <19 =11
21 3 <16 9 510 23 23 719 34 =33
21 5 40 =40 31 T =79 511 <23 =17
21 7 267 23 3 2 8 8 542 3 30 8 1 78 T4
3 3 222 198 513 8, 88 8 2 369 339
22 0 41 4 3 4 46 =50 544 29 =25 8 3 115 =119
22 2 15 -16 3 5 <17 -~ 515 L2 =36 8 4 219 =212
22 4 25 =24 3 6 <17 =9 516 ¢22 1. 8 5 ¢19 18
22 6 26 - 32 3 7 72 =76 517 <22 =16 8 6 91 =90
3 8 27 26 518 «¢20 8 8 7 50 51
3 9 85 88 519 48 26 8 8 226 220
1=1 310 <20 =9 8 9 52 =54
311 <22 -1 6 1 35 =39 810 73 =79
312 <23 =3 . 6 2 294 =278 8 11 ¢23 =5
1 1 41 62 313 42 =45 6 3 75 78 812 78 -79
1 2 93 =100 344 <23 13 6 L -208 190 813 33 3
13 197 -174 315 33 36 6 5 <19 =21 814 9 95
1 4 131 148 3 16 <23 1 6 6 65 68 815 <2» =15
1 5 «¢16 3 317 <22 10 6 7 30 =38 816 <25 5
1 6 «¢15 =6 318 <21 =7 6.8 205 =199 8 47 <23 «10
1 7 60 68 319 19 =17 6 9 L4 48 8 18 33 w35
1 8 28 -30 610 75 73 8 19 ¢16 12
19 L5 -6 L 1 L9 47 6 11 ¢23 1 8 20 21 23
110 <18 =4 L 2 217 214 612 69 72
111 <20 =2 L 3 49 =49 613 25 =24 9 1 160 168
112 <21 6 L 4 128 -129 6 14 77 =81 9 2 67 =69
113 22 23 L 5 23 49 615 <25 11 9 3 300 -287
1 14 €23 =9 - L 6 B4 =55 6 16 <25 6 9 4 45 48
115 <23 =25 L 7 <19 617 <& 5 9 5 80 83
116 <23 =1 L 8115 119 618 28 28 9 6 3 33
117 <23 8. L 9 24 -2 6 19 <18 =8 9 7 190 188
118 <21 10 4L 10 65 =66 6 20 21 <22 9 8 61 =65
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TABLE VIII, (continued)

35
173
~56
-152

7
=50

57
140
Y
~56

«3
-51

25

55
=14
«11

-2
w22

87
s
-142
26
16
-1
63
«15
~79
14
9

N
47
~12
=31

-2%
«102
30
76
=7
22
15
~75
18

40
1
28
-13
-33
i

15
15
15
15
15
15
15
15
15
15
15
15
15
15

1 53 =49
2 <25 23
3 91 87
4 <23 =16
5 33 =30
6 <16 =10
7 59 =53
8 33 26
9 & 57

10 <27 =12

11 <27 -1

12 <27 =9

13 27 =31

1% <23 10
1 <25 13
2 71 67
3 27 <27
Lo L7 =49
5 <¢25 10
6 <25 =13
7 <25 9
8 47 47
9 <25 =12

10 25 =23

11 <24 1

12 <24 =11

13 <24 5

14 28 24
1 29 26
2 <25 =11
3 L4 -42
L <25 12
5 ¢25 21
6 <25 4
7 32 28
8 <25 ~11
9 32 -27

10 <25 5
1 <25 =3
2 31 =26
L =2
0 452 478
1 Loy -374
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170

145

136
29
21
53
69
357
27

<17
15
14

262
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17
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TABLE VIII, (continued)
285 -262 4 16 42 =45 7 8 <18 =6 10 6 ¢20 =7
92 94 L A7 24 26 7 9 19 16 10 7 <20 -1
26 22 L 18 418 . 18 7 10 4O =44 10 8 <20 =5
61 &y 711 48 =52 10 9 <20 =10
134 ALYy 5 0 165 =164 712 26 29 4010 ¢20 2
8% -88 5 1 157 =161 713 2¢ 24 10 11 <20 -8
92 =97 5 2 36 38 714 <21 6 1012 <20 =13
21 19 5 %3 21 =18 715 <21 12
21 =21 5 4 8 85 7 16 <20 -16 19 0 3 =29
26 30 5 5 153 162 717 19 =17 11 1 18 -16
49 59 5 6 101 =104 11 2 <18 =4
25 -28 5 7 8 =86 8 0 8 9 11 3 26 =28
19 -2 5 8 <¢16 L 8 1 32 -30 11 4 <19 10
5 9 . 44 =43 8 2 36 -36 11 5 19 22
168 172 510 49 B2 8 3 <15 =5 11 6 ¢20 0
228 227 511 88 93 8 4 37 =33 11 7 <20 5
86 -85 512 48 =50 8 5 26 27 11 8 «¢20 0
o 8, 515 26 =27 8 6 62 67 11 9 <21 -6
109 =10k 514 <21 -4 8 7 25 =26 41 10 <¢21 =1
259 -2,9 515 26 =27 8 8 <19 =14 11 11 <21 17
163 152 516 27 28 8 9 <20 =2 1112 ¢21 =7
112 108 517 37, 3k 8 10 32 =33 11 13 ¢21 . =6
<15 3 811 25 26 41 44 <¢21 =2
76 79 6 0 157 =155 8 12 26 28
73 =76 6 1 92 86 813 <¢21 =9 12 0 50 =49
120 =132 6 2 76 77 8 14 <21 L 12 1 40 42
L6 52 6 3 <13 7 815 <21 -4 12 2 23 24
<21 7 6 5 80 =77 9 0 4 -0 42 4 31 29
37 L3 6 6 112 =116 9 1 38 =40 12 5 32 =32
30 =37 6 7 50 56 9 2 ¢20 12 12 6 41 =39
LO =iy 6 8 27 2 9 3 <16 =8 42 7 <21 47
<19 1k 6 9 22 23 9 4L 20 23 42 8 <24 5
' 6 10 63 70 9 5 2 23 12 9 <21 12
227 229 611 L6 <4k 9 6 <18 =7 1210 26 27
147 =14, 612 49 =54 9 7 19 =2+ 1211 26 =27
145 -148 613 21 18 9 8 <19 14 4212 <21 -15
11 =7 6 1 <21 -1 9 9 <19 -1 12 13 <21 2
137 ~441 615 <21 17 910 ¢20 10 42414 <21 -8
168 156 616 29 30 9 11 ¢20 13
200 193 617 19 =16 9 12 ¢20 =9 13 0
&, -87 913 <20 =12 43 1
33 -3, 7 O 103 106 9 14 <20 =1 13 2
101 =107 7 2 40 =42 10 0 17 =18 43 |
.65 70 7 3 20 16 10 14 17 & 13 5
60 65 7 L 6, =58 10 2 21 -20 13 6
21 =24 7 5 8 -86 10 3 <17 13 13 7
<21 11 7 6 8 79 10 4 <19 10 13 8
3l =29 7 7 56 55 10 5 <19 1 13 9
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TABLE VIII, (continued)

13410 26 =30 16 9 20 17 20 4 3 30 2 7 70 =62
1311 25 =25 16 40 40 38 20 5 31 =2y 2 8 46 =46
1312 27 28 1611 25 -2, 20 6 4O =35 2 9 46 40
13 13 <21 1 16 12 26 =24 20 7 W Y 2 10 ¢25 20
13 14 <21 8 20 -8 «¢12 5 2 11 K27 7
17 0 51 57 20 9 13 10 212 27 22
14 0 73 T 17 1 56 62 ‘ 213 28 =20
W 1 36 -3, 17 2 24 =29 21 O 32 26 2 14 <28 =12
W 2 <21 -13 17 3 <21 16 21 .1 35 32 215 ¢28 N
1Uh 3 <21 -7 17 4 39 =37 21 2 <15 -8 216 <27 &
L b 52 -50 17 5 67 -6, 21 3 < 7 _
% 5 37 34 17 6 40 39 21 4 16 -1k 3 14 28 =31
1% 6 52 52 17 7 3 32 20 5 39 =32 3 2 89 88
1% 7 <21 16 17 8 ¢22 o 21 6 14 17 3 %3 87 85
1% 8 <21 6 17 9 22 25 21 7 2018 3 ) 4y =47
% 9 <21 -12 17 10 - 27 =26 3 5 19 -17
1% 10 36 =36 17 11 43 =38 22 0 32 27 3.6 29 =30
14 41 20 19 17 12 17 17 22 1 17 =16 3 7 35 =33
14 12 27 28 22 2 11 =12 3 8 64 59
113 <18 -3 18 0 70 70 22 3 <10 -4 3 9 51 49
1 1L <16 6 18 1 38 =37 22 4 15 =15 310 26 =21
U 15 <15 =7 18 2 32 =30 311 <26 -1
116 19 -16 18 3 <20 w6 312 <26 «13
18 4 4B 45 =3 343 28 =23
15 0 L0 =38 18 5 41 38 344 41 3L
15 1 60 =61 18 6 56 55 315 <28 17
15 2 26 25 18 7 25 =22 1 4 22 20 346 <28 -7
15 3 <21 -6 18 8 <17 -4 1 2 59 =58
15 & 34 31 18 9 <16 -1 1 3 <16 =13 4 4 89 87
15 5 63 62 18 10 41 =35 1 L 4 L2 L, 2 98 102
15 6 40 —42 1811 25 22 15 23 -2 4 3 109 =109
15 7 4O 338 18 12 24 22 1 6 48 49 L 4 70 =73
15 8 <21 -2 1 7<¢22 -13 bk 5 <20 15
15 9 25 -26 19 0 42 <43 1.8 66 -64 L 6 45 =36
15 10 28 29 19 1 49 =50 19 <2 -7 L, 7 85 76
15 11 33 32 19 2 <19 15 1140 <25 11 ) 8 73 69
15 12 <18 -10 19 3 ¢22 =9 1141 <27 N L 9 68 <67
15 13 <16 -5 19 4 29 26 1 12 <27 10 L 10 32 =28
15 14 <15 =5 19 5 53 50 113 <28 &4 b 11 <27 2
15 15 17 =16 19 6 4O =33 11 28 -25 4 12 27 =23
16 0 83 =86 19 8 <15 1 116 <28 8 L 1L 28 29
16 1 L1 by 19 9 17 =17 117 <27 -1 L4 15 28 =21
16 2 3. 30 19 410 25 20 ' 4 16 ¢28 -7
16 3 <21 9 19 41 33 31 2 1 34 =3
16 4 50 50 2 2 Bl =47 5 4 48 51
16 5 50 47 20 0 46 =47 2 3 105 100 5 2 442 =147
16 6 61 =62 20 1 27 28 2 4, 50 55 5 3 97 =99
16 7 21 20 20 2 21 20 2 5 85 =9 5 L 107 110
16 8 <20 -1 20 3 <16 5 2 6 <21 10 5 5 36 35
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31 3
61 63
104 -0
62 =61
41 38
27 =3
45 43
41 35
45 =39
28 -19
<27 0
<26 -5
22 16
93 =93
138 -148
157 166
99 102
26 =27
43 39
9 ~9L
98 -100
92 94
33 34
<26 12
38 37
62 =59
b =1
27 27
<26 2
<2k 12
21 16
88 =96
169 4180
124 136
120 =127
28 =30
55 =55
86 =93
126 126
75
- 48 =50
<28 0
50 =53
50 =50
53 49
27 26
<25 =4

717 <25
7 18 25 =22
8 1 106 11k
8 2 123 137
8 3 175 =190
8 4 92 -1Q4
8 5 2, 18
8 6 35 =36
8 7 109 409
8 8 96 102
8 9 96 =104
8 10 35 =34
8 11 ¢28 -9
812 41 =35
813 65 65
8 1. 4O 42
815 32 =32
8 16 <25 =3
8 17 «25 =15
818 19 =16
9 4 72 &1
9 2 148 -163
9 3 131 =147
9 4L 125 13,
9 5 W 45
9 6 37 39
9 7 N 96
9 8 115 -117
9 9 Th -82
910 4O L2
9 11 ¢28 =10
912 45 47
913 49 50
9 1% 51 =47
915 25 =24
916 <25 5
9 17 <25 =10
91418 2, 22
10 1 76 =83
10 2 125 =131
10 3 4140 153
10 4 70 &
100 5 u32-7a36
10 6 33 39
10 7 101 =103
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TABLE VIII, (continued)
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|
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11
g
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12
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12
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12
12
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13
13
13
13
13
13
13

8 81
9 79
10 33
11 <28
12 31
13 51
1L 42
15 30
1 61
2 123
3 102
L 96
5 24
6 Lk
7 59
8 105
9 61
10 36
11 <28
12 36
13 37
1% 53
15 23
1 60
2 66
3 106
L 52
5 45
6 <28
7 69
8 59
9 64
10 28
11 <27
12 26
13 44
14 23
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TABLE VIII, (continued)

17 15
17 =18
111 =115
175 179
37 37
29 23
72 71
204 =178
81 -83
102 104
<26 9
61 58
L7 b2
95 -98
36 -39
28 23
<2 =7
3 36
21 20
30 =33
184 196
95 99
70 =69
‘25 22
128 =120
62 =60
103 1
33 36
<20 =4
<18 5
79 =80
35 =36
60 60
<28 11
<24 9
23 16
36 =38
<17 -13
4O L1
123 -129
22 =19
<18 =12
36 =35
133 136
37 39
75 -82
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<18 =9
51 =52
33 =32
69 71
28 23
19 =21
<24 0
23 28
<18 =10
20 25
139 -150
38 ~-38
52 50
<23 3
72 72
43 46
103 -108
31 =33
<19 9
<19 -13
53 53
27 27
L2 =47
<2k  =b
<2 -6
<19 =5
25 28
<1% -8
L3 -45
87 95
26 20
2 18
30 27
86 =9
28 =26
52 57
<18 7
31 3
<27 14
49 =52
<2k =14
<2y 20
<23 1
<19 18
<16 9
16 =18
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<29
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TABLE VIII, (continued)

10 6 <31 -4 14 10 <27 =6 18 9 19 =17 3 1 ¢13 =3
10 7 <31 0 1411 26 25 3 2 66 68
10 8 <30 0 19 0 52 46 3 3 16 9
15 0 42 -43 19 1 <22 =13 3 L 51 =50
11 0 31 =33 15 1 <30 =20 19 2 <22 16 3 5 <17 - =k
11 1<29 =17 15 2 29 24 19 3 <22 =2 3 6 19 =12
11 2 ¢29 -2 15 3 <¢30 =7 19 4 29 26 3 7 <16 =7
11 3 <29 1 15 4 32 31 19 5 <19 13 3 8 L4 47
M 4 ¢29 19 15 5 ¢30 19 19 6 35 =3k 3 9 <20 10
11 5 ¢29 8 15 6 41 =40 310 21 -20
11 6 ¢29 -9 15 7 <28 =11 20 0 <18 =14 3141 <21 2
11 7 €29 =3 15 8 ¢27 2 20 1 3 28 312 19 =11
11 8 <29 =3 15 9 <26 -8 20 2 <18 6 313 €20 -
11 9 <29 1 15 10 31 28 20 3 <17 6 31 25 23
20 4 <15 9 315 <19 1

12 0 <30 11 16 0 ¢30 =22 20 5 24 =28
12 1 37 36 16 1 L7 49 b1 51 52
12 2 <30 5 16 2 <29 7 4 2 <16 4
12 3 <30 7 16 3 <29 11 1=5 L 3 91 =81
12 4 <30 =5 16 4 <29 14 ‘ L 4 ¢22 <8
12 5 30 =31 16 5 53 =50 L 5 23 22
12 6 <30 -8 16. 6 <27 -18 11 <11 1 L 6 <1 2
12 7 <30 20 16 7 <27 29 1 2 34 =37 L 7 50 48
12 8 (30 =2 16 8 <25 1 1 3 15 18 L 8 <19 1
12 9 <¢30 12 16 9 2, 20 1 4% 19 17 L 9 41 =39
12 10 <30 3 16 10 ¢22 12 1 5 <19 -12 4 10 ¢21 =2
16 11 33 -27 1 6 ¢18 -2 b 11 (21 =2
13 0 44 42 1 7 23 =24 L 12 <21 #2
13 1 <31 0 17 0 58 55 1 8 <17 =4 4 13 34 27
13 2 <31 -18 17 1 <27 19 1.9 <19 9 L 44 <19 2
13 3 <31 1 17 2 <27 =21 110 <20 6 L 15 AL~k

13 & 31 =29 17 3 <27 2 111 <24 6
12 5 <31 =11 17 4 35 =35 ‘ 5 1 <17 1
13 6 32 33 17 5 <32 -18 2 1 19 =25 5 2 79 =79
13 7 <30 3 17 6 43 14 2 2 <15 7 5 3 <19 =8
13 8 <30 V47 7 <2 1 2 3 43 38 5 4 65 63
13 9 <30 7 17 8 «¢23 =2 2 4k <17 .-15 5 5 ¢19 5
13 10 28 =25 17 9 <21 6 2 5 19 -18 5 6 2% 25
17 10 31 =27 2 6 <18 =6 5 7 <19 7
14 0 37 35 G ‘ 2 7 46 =47 5 8 65 -68
% 1 43 -k 18 0 <26 21 2 8 <17 9 5 9 <20 <6
h 2 <31 =10 18 1 46 =42 2 9 31 36 510 25 26
% 3 <31 -13 18 2 ¢25 =9 210 <20 3 511 <21 1
W 4 <31 =15 18 3 25 =8 211 <21 3 512 29 26
W 5 43 L 18 4 <24 =15 242 ¢23 -1 543 <20 1
4G 6 <30 16 18 5 52 4 213 25 =21 51 29 -28
W 7 <30 -18 18 6 (22 16 2 14 <20 3 515 <1 -3

1 8 <¢29 | =2 18 7 <27 =24 215 <19 10
i 9 <28 -15 18 8 <¢18 0 6 1 71 =68
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<19 =6
126 119
<20 7
23 18
<19 L
€7 =70
<20 -8
61 67
<21 2
<21 7
<21 1
51 =1
<19 =3
19 19
<23 =9
M7 117
<2 13
86 =8I
<21 -i
32 =35
<20 =3
79 81
<21 1
30 =33
<21 =3
40 =35
<19 =2
37 36
<17 3
66 67
<20 3
124 =125
<21 -1
25 24
<20 -2
65 71
{21 12
65 =67
<21 =3
<21 w8
<20 =2
47 42
<16 3
29 =21
<21 5
105 =107
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TABLE VIII, (continued)

-2
87
5
37
10
=92
-9
33
-1
35
5
-36
-2

«68
-22
114
6
~-25
2
-67
-3
60

-62

19

12
12
12
12
12
12
12
12

13
13
13
13
15
15
13
13
13
13

14
1L
14
14
14
14
14
14
14

15
15
15
13
15
15
15
15
15

16
16
16

16 .

16
16
16
16
16
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<21
46
<20
45
<19
<18
<y
29

<21
61
<21
43
<25
<20
€20
L2
<19
22

26
<20
46
<20
22
<19
35
<18
36

<20
30
<20
26
<19
<18
<18
30
<15

20
<17
32
<16
<17
<17
17
<15
20

0
148
5
il
-3
0
-1
26

3
-63
-11

43

6

13

6

-39
-5
18

-2
~5
Wy

8

16

3

27
-7
28

0

31

1
-25
-2
-10
0
28
1

17
0
-30
2

7
2

12
-2
-17
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17
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18
18

O~ AT F o=

N PO~

<18
20
<A
23
<15
<16
<16
13

<17
<15
12

<




APPEVDIX Ax THE CORRULATION OF STRUCTUR: TACTORS FROM

DITRERIT TITMS

In the structure determinationg of the copper and silver
commounds, the structure factors were placed on the same
relative scale using scale Tactors for the various reciprocal

iattice Javers derived by least sguares methods From the

oy

comon reflections. A derivation of the normal equations

Ve write Ki for the scale factor by which the structure
- factors on layer i must be multiplied
to nlace them on a common scale,

® Tfor the magnitude of the structure factor

hi ; i
P(hkl) as observed on layer i.

Wy, Tor the welight allotted to B, in the
least sguares eguations, assumed constant
Tor all the layers on which Fh is
measured, .

Por simolicity, we asswme thait no reflection occurs on
more than two layers, even though there are more than two

zZONe axes concerned. Then the guantity to e minimised

can be written as:

o = W, ¥. R 57 ?
9= Z( B Frg Wik

the summation veing taken over all values of 1 and J.

. . . . w90
For Q to te a minimum with respect to each K, each Q/aKj

-y

mast bhe zero.




now 0 0 o o B
/bk.i = Z\J- 313 (uh 1Py - whh,.Bh.) = 0
J J

There are n such eguations for the n unknovwn XK., and they
S
may be written in watrix notation as

.A.j.JoK = O

where 8s4 = = E}LE}H s the summation being taken over
- all those reflections F,_ which
are common to some other layvers.

a = ZV the mmation being taken over
© h hi~ hd Su g baxen

i
J 11 the reflections F,_ which are
common to both layers™i and J.

The scale factors cannot pe obtained from these equations

they stand, because the only exact solution is the

S

jax]

trivial one with all the Ki equal to Zero. Various means
of obtalning exact solutions have been used, such as taking
one of the scale factors as unity or introducing another
variable. According to Rollett and Sparks, (1860), the
proper procedure 1s to introduce a normalising condition,
%iK? = 1, which reduces the problem to one of finding the
latent vector associated with the smallest latent root of
the

the matrix Aij' The latent vector can be obtained by the

method of inverse ibération.

In the case of the copper compound, the guantity

minimised was

- . i 2
—Z<K1511i - EsFpy - e)

1,3
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where € 1s a constant, intended to be very small, compared

the average value of - K.F L), Differentiating
to the a g (B P4 ﬁa i Differentiating

Q with respect to the various Ki leads to the normal equations:

1 1
ynere .= B . Sanm rer iR 2 riz
where Ry Eﬁhl’ summed over all n Occ urilng

on two or more lavers

Convenient values of the Ki were obtained with a value for e of

about 1/30, The mean value of K;F was then around 100,

hi
so the quantity minimised, Q', is close to the quantity Q,

for which € 1s zcro.

Comparison of observed and calculated Struotufé:factorc
towards the end of the refinement of the conper compound
save rise to misglivings above the relative scaling of the
layers., A check on the scaling was made, by calculating
scale factors using the methods of Dickerson, (BB9) and
Kraut, {1958). Both these methods employ the principle of
least sguares. The scale factors obtained by these methods

P

are comhared with those obtained previously in table I, which

ZFé/éﬂEJ after

T 2l
the final cycle. In sonite of the very diflferent effective

also pives the values for cach layer, of
weighting given to planes by the Dickerson and the Kraut

methods, the results given by these two methods




agree guilte closely with one another, the mean discrepancy

veing about 1%. The results also agree reagonably well
with the scale factors originally used. The maximum individual

discrepancy between scale factors derived by the three
methods is less than 4%. The scaling for the (3kl)
reflections had been in doubt, but the scale factors for
these reflections given by all three methods are in good

agreement,

TABLE I. Film to Film Scaling Constants in (MezPCuC=CPh),.

Used Dickerson Eraut ZE%}/AEFJ
hOol 0.108 0,110 0.108 0.96
hil 0.125 0.129 0.130 1,01
h2l 0.116 0.115 0.118 1,00
h3l 0.119 0,120 0.119 0.99
hal 0,120 O.121 0.122 0.99
Okl 1.031 1.024 1.014 0.95
1k 0.114 0.115 O.117 1,00
2KL 0,409 0,407 0.410 1.01
3kl 0.683 0.684 C.679 1.07
4kl 0.662 0.659 0.651 C.98
Bkl 0.749 0.745 : 0.744 0.98
6k1 0.818 0.809 0.827 1.00
Tkl 0.838 0,850 0.866 0,97

hkO 1.000 1.0060 0.991 0.98




In the case of the silver compound, the expression

minimised was

= . P
o= K.d.. — K.J..
B .Z('{l"la KT5)
<
af'ter Dickerson, where JiJ is the sum of all reflections
' on film i common to J
J"i is the sun of all reflections
It on film 3 comnon to i
and J. . = J.. = 0 1f the films do not
ij Jji PO .
intersect,

This method *treats the reflections in any one reciprocal
lattice row 'en Dlock', and the normal equations are very
mich easier to set up. The scaling constants were
obtained from the normal equations by the method of inverse

iteration, rather than by the method given by Dickerson.




APPENDIX B.

COMPUTER PROGRAL

The extensive calculations were carried out using the
FPerranti 'Pegasus' computer at King's College, Newcastle.
Thanks are expressed to thosgse who have kindly made their

programmes available.

Structure Factor/least Squares Refinement:

This was done using the least sguares programmne due to
D.W.Je Cruickshank, D, &, Pilling and M.R. Truter of Leeds.
The procgramme computes the contributions to all the least
sguares totals Tor each plane in turn, accumulating the
totals on drum storage. The block matrixbscheme is used,
and all the terms in the 3x3 and the 6x6 watrices giving the
shiftes in the atomic coordinates and the shifts in the
anisotropic temperature paramsters, are calculated, It is
possible also to refine a structure using isotropic
temperature factors for some or all of the atoms, The

changes in scale are calculated from the 2x2 matrix obtained

W

by correlation of the scale with the overall tewperature
rTactor. The programie can handle all gspace groups.
Individual welghting routines may be written for each

problem, although standard routines are available.




i
2
o
(@3]

I

These authors were also responsible for a programme

to calculate bond lengths and angles.

Patterson and Fourier Syntheses:

Patterson and PFourier summations in two dimensions were
calculated using a programme due to P.A, Samet, formerly
of King's Collere, Iewcastle, The form of the output is
suitable for drawing contour levels directly. Summations
in three dimensions were obtalined by first carrying out

preliminary sumnations of the three dimengional data in

one direction, using a programme by H.P. Stadler, and then
using the Sgmet programme to calculate egch section in

the Patterson function or in the electron density.

The calculation of Fourier series was aided by a
programme written by H.l.l. Shearer, which would produce
a tape sultable for input to the programme for preliminary

summation from the output tape of the structure

Tactor/ least squares programme.

Other Programmes:

I have written a programme wnilch will calculate the
Lorentz and polarisation factors for reflections on zero-
and woper-layer photogravhs, ovtained by either Yelssenberg
or precession methods. Depencing on the setting of the

hand-switches, the cutnut gives values or 2ine, o

of

3
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reciprocal vaiues of the Lorentz-poliarisation Taciors,

or of the square root of the corrected intensities, or

3

=

else ol the corrected intensities, welphted, snd in a form
suitabie for calculation of o two-dimenslorel nreojiection
of the Pattersdn function, using the Samet progranme.

Both input and cutput are in tabular form, not requiring

values of h, &k, or 1 to be »nunched.

Other minor programnes have been writiten for varticular

needs, A programme for wmaking a rapid calculation of

bond ilengiths at the end of a cycle of least squares
refinement was found useful. (Orthorhombic space groups

only).
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TRANBFORMATION OF Ui"s FROM MONOCLINIC TO ORTHORHOMBIC

3

The equations for transforming the U., in the gilver

..

compound, which were referred to the monoclinic crysis

ey

W
[

axes, to U'ij’ referred tcocorthorhombic axes parallel to

a#, b, and c were:

T —
11 = Uig
1]

Ugg = Ugo

r!.v = r .y + U u i 2
33 Uss/sinPg = 11 cos”B#/sincpx -

Uiz COSB%/Sin%}v

oo
Ul% - UlS

! — —
Ugs = ~Ug COU}&/blhﬁ* * UZS/Sinﬁ*

t — e &
Ujg = 20140080 % qngs 4 Uis/sings
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