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This review summarizes the data for almost six hundred silver coordination and organometallic
compounds, with the silver atom occurring in oxidation states of +1, +2, and two examples of +3
in a square-planar environment. The +2 oxidation state is found in digonal, square-planar,
tetrahedral and hexa-coordinated environments. The +1 oxidation state is by far the most common
in various geometries from two to seven. The nuclearity range from mono- to polynuclear utilizing
a variety of ligand types. There are several examples of distortion isomerism, and a few examples of
polymerization isomerism. Correlations between bond lengths, bond angles, ligating atom radius and
silver oxidation state are discussed.
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0. Abbreviations

absg  o-aminobenzenesulphonyl glycine

adpo  5-aza-2, 8-dioxa-1-pnictabicyclo[3,3,0]octa-2,4,6-triene

anph  acenaphthylene

bet 3,4:3”,4” bis(ethylenedithio)-2,2’ 5,5 -tetrathiafulvalenium

bdtp 1,5-bis(3,5-dimethylpyrazol-1-yl)-3-thiapentane

bp bis[di(tert-butyl)phosphinomethyl]benzo|c]
phenanthrene

bpy 2,2’-bipyridine

bgtp 1,3-bis(8-quinolylthio)propane

Bu'dab 1,4-di-t-butyldiazabuta-1,3-diene

bzttcp 13,14-dibenzo-1,4,8,1 1-tetrathiacyclopentade-13-ene

c cubic

cap caproate
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CF,CN;S,

C,H,NS,
C3H,S,
C4HgO,
C,H0S
CsHgN;
CsH,Ss
CsHuN,
C,H,NCO,
CeHsN,
CcH0S
CeH oN>O,
CeH Ny
Ce¢H, N
CH, S
CeH 5S4
CeH 6Ny
C,Hy
CsHeN,
CgHy
CgH,
1,5-CgH,,
CoHg
CoH,,
CoH S,
CoH; N,
CoH,4N,
C,0HCO5),
C,oH,CS,
CioHjg
C,0HyN,O,S
CioHyo
CioHi>
CioH s
CioH,505,
CyoH2085
C1oH20S6

C 1 0H22N2OS2

C 1 0H42NZSZ

C,,HgN,O,
CyHsAs
Ci1HyN,

SILVER COMPOUNDS

7-(trifluoromethyl)-1,3,5-trithia-2,4,6,8,9-penta-azabicyclo{3.3.1]
nona-1(9),2,3,5,7-penteene
2-mercaptothiazoline

1,3,5-trithian

1,4-dioxane

1,4-oxathiane

adeninium
4,5-di(methylthio)-1,3-dithia-2-thione-4-cyclopentene
pyridine-4-carbonitrile

nicotinate

benztriazole

1,4-oxathiane

cyclosarcosylsarcosine
pentamethylenetetrazole

N-cyclohexylamide

cyciohexanethiolate

1,4,7-trithiacyclononane
ethylenebis(biquamide)
8,9,10-trinorbornadiene

1,8-naphthyridine

1,2,5,6-cyclooctatetrene
exo-tricyclo[3,2,1,0%*]oct-6-ene
1,5-cyclooctadiene

indene

1,4,7-cyclononatriene
1,5,9-trithiacyclododecane
1,4,7-triazacyclononane
N,N,N,N,N’,N’,-hexamethyl-1,3-propylenediamine
1,8-naphthalenedicarboxylate
o-dithionaphthoate

naphthalene

sulphadiazine

fullvalene

1,6-cyclodecadiyne

cyclodecene
3-ox0-1,5,8,11-tetrathiacyclotridecane
1,4,7,10,13-pentathiacyclopentadecane
1,3,6,9,11,14-hexathiacyclohexadecane
1-oxa-7,10-diaza-4,13-dithiacyclopentadecane
3,3,7,7,11,11,15,15-octamethyl-1,9-dithia-5,
13-diazacyclohexadecane
10-methylisoalloxazine
o-allylphenyldimethylarsine

N,N,N,N’,N”,N” N” -heptamethyl-N-hydrodiethylenetriamine
4-benzoylpyridine
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CIZHIO
C12H16
C12H16S3
CpH(5N5S
CIZHIS
C12H S5
C12H,,048
C12H3456
C12H26NZS4
C12HsN,S,
C1 3H1 BNZS
C13H20
C14H10
C,4Hy
C14H26
C14H2882
C14H28NZS4
C14H30N2S4
Cl 5H1 5N2
C,sH,,0CO,
C15H23NO3SZ

C 1 5H24
C16H22N4SZ
Cl 6H 16

Cl 7H27N5
Cl 8H24S6
Ct 8H36N4

C,oH;N,Cl
CyoH,g
Cy0H,404
CyoH7N;S,
C2.Hy N0,

C24H24

CasH;;

C24H32N40282

CZSI“I 1 7N5

C25H24
C28H34P2

C.E. HOLLOWAY et al.

benzocyclooctatetraene

1,7-cyclodecadiyne

2,5,8-trithia[9}ortho-benzenophane
N-(diethylaminothiocarbonyl)benzamidine
1,5-dimethylcyclodeca-1,5,7-triene
2,5,7,10-tetrathia[12](2,5)thiophenophane
1,4,7,10,13-pentaoxa-16-thiacyclooctadecane
1,4,7,10,13,16-hexathiacyclooctadecane
1,4,10,13-tetrathia-7,16-diazacyclooctadecane

[18]-N,S, coronand

thiophene-2-carbaldehyde imine

1,5,9-cyclotridecatriene

anthracene

1,8-cyclotetradecadiyne
1,1,4,4-tetramethyl-cis-cyclodec-7-ene
2,2-dimethylbut-3-enyl methylsulphide

[9]-NS, azacoronand

7,16-dimethyl-1,4,10,1 3-tetrathia-7,16-diazacyclooctadecane
N,N’-di-p-tolylformamidinate
3-hydroxy-4-phenyl-2,2,3-trimethylcyclohexanecarboxylate
6,9,12-trioxa-3, 15-dithia-21-azabicyclo [15.3.1]hemicosa-1(21),
17,19-triene

B-gorgonene
N-[N-(5-methyl-thenylideneO-L-methionyl]histamine
1,4-benzodioxan

quinquedentate macrocyclic ligand
1,4,7,10,13,16-hexathiacyclooctadecane
5,7,7,12,14,14-hexamethyl-1,4,8,1 1-tetraazatricyclo[9.3.1.14%]
hexadecane
2,6-diacetylpyridine-bis(6-chloro-2-pyridylhydrazone)
sac-[2](1,5)naphthalino[2]paracyclophane
di(benzo-18-crown-6)
1,12,15-triaza-3,4:9,10-dibenzo-5,8-dithiacycloheptadecane
1,11-bis(2’-hydroxyethyl)-4,8:12,16:17,21-trinitrilo-1,2,10,11-
tetraazacyclohemicosa-2,4,6,9,12,14,18,20-octaene
[2,2,2]paracyclophane

pentacyclo[12.2.2.2%°.269 210.13].1 5 9 | 3-tetracosatetraene
3,12,19,28-tetraaza-6,9,22,25-tetraoxa-33,34-
dithiatricyclo[28.2.1.1'*!"]tetratriaconta-2,12,14,16,18,28,30,
32-octaene

2,2%:6,2°:6”7,2"7:6"°,2"" -quinquepyridine-2,15-dimethyl-7,
10-dithia-3,14,20-triazabicyclo[14,3,1]icosa-1(20),2,14,16,
18-pentaene

[23](1,4)-cyclophane
2,11-bis(dialkylphosphinomethyl)benzo[c]phenanthrene
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CyoH37NO5
CsoH3o
C30H35N,0,

C30H35N,S,
C34H5304
C34Hs5900
C36H42N8
C38H46N1 0
C38H57N8
C42H55N 10
C441_17401 4
CasHeoNsO2
C47Hg7014
C,0,

cre

cry

cy(mt),
dbp

dea

dep

dmb

dmcn
dmpe
dmpte
dmto

dpac

dppe
dpph
dppm
dppp
dppph
dtde

dtt

dtoco

dtt

dttp

Et
Et,btu
fla
glyH
ar
hmta
htcod

SILVER COMPOUNDS

phomin
[26](1,2,4,5)cyclophane

10-methyl-9-[4-(1,4,7,10-tetraoxa-13-aza-13-cyclopentadecyl)phenyl]-

acridinium
2,2’bis{4-(2-(tert-butylthio)ethyl)thio)-2-imidazolyl} biphenyl
lasalocid A, (antibiotic X-537A)

lysocellin

Nj cryptand
N,N-bis(2-aminoethyl)-2-(aminomethyl)pyridine
N,N-bis(2-aminopropyl)-2-methoxyethylamine
N,N-bis(3-aminopropyl)-2-(aminomethyl)pyridine
emericid
N,N-(3-aminopropyl)-2-methoxybenzylamine
1onophore X206

oxalate

creatinine

cryptate

cyclo(L-methionyl-L-methionyl)
dibenzylphosphate

diethylamine

diethylphosphate

1,8-diisocyano-p-methane
3,7-dimethylenebicyclo[3,3,1]nonane
bis(dimethylphosphino)ethane
bis(2,6-dimethoxyphenylthio)ethane
1,3-dimethyl-2,4,5,6(1H,3H)-pyrimidinetetrazene-5-oximate
bis(diphenylarsino)ethane
bis(diphenylphosphino)ethane
diphenyl(2-pyridyl)phosphine
bis(diphenylphosphino)methane
bis(diphenylphosphono)propane
bis(diphenylphosphinophenylphosphine)
4,7-dithiadecane-1,10-dicarboxylate
dithiolactone
1,10-dithia-4,7,13,16-tetraoxacyclooctadecane
1,3-dithiane-1,1,3,3-tetraoxide
2,6-dimethyl-3,15,21-triaza-6,9,12-trithiabicyclo[15.3.1 }hemicosa-
1(21),2,15,17,19-pentaene

ethyl

1,1-diethyl-3-benzoyithiourea

flavine

glycine

grisorixin

hexamethyltetraamine
1,4,7,10,13,16-hexathiacyclooctadecane
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im
iot
LC
LN,

m

Me
Me,aca
Me,apr
Mead
Me, bpy
Mecyt
9-Mehe
meB
p-MeOacp
mes

Me tacd
Me tacd
Metu
mgly

ml

mor
mpsa
4-NO,pyNO
OHqu
or

otta

pa

pctt

pdp
peA

pfc

Ph

pic
pip
Pmes,
pmqu
pp
pPYP
PrS(CH,),SPr
pta

py
pyac
pycac
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imidazole

2-imino-4-0x0-1,3-thiazolidine
3,4:12,13-dibenzo-1,15-diaza-5,11-dioxa-cyclononadeca-1,14-diene
macrocycle, prepared from 2,6,-diacetylpyridine and 1,9-diamino-3,
7,-diazanonane

monoclinic

methyl

trimethylammoniaacetate
trimethylammoniapropinonate

methyl-9-adenine
4,4°,6,6’-tetramethyl-2,2’-bipyridine
1-methylcytosine

9-methylhypoxantine

monensin B

p-methoxyacetophenone

mesityl

1,4,8,11-tetramethyl-1,4,8,1 1-tetracyclotetradecane
5,5,7,12,12,14-hexamethyl-1,4,8,1 1 -tetraazacyclotetradecane
N-methylthiourea

cyclo-1-methionylglycine

(R,S)-1,2-(5-Me-thio-2-CH = N),-cyclohexadienyl
morpholine

[2-(6-methyl)pyridyl]trimethylsilylamido
4-nitropyridine-N-oxide

8-hydroxyquinoline

orthorhombic

1-ox0-1,2%2,42% 3, 5-trithiadiazole
2-pyridyleneaniline

pentacyclo[12,2,2,2%:°,26:9 219:13].1 5 9 1 3-tetracosatetrene
1-phenyl-3,5-dimethylpyrasole

polytherin A

pefloxacin; 1-ethyl-1,4-dihydro-7-(4-methyl-1-
piperazinyl)-4-oxo-3-quinolinecarboxylate

phenyl

picrate

piperidine

tris(mesityl)phosphine
2-phenyl-8-mercaptoquinolinate
bis(diphenylphosphinomethyl)benzo[c]phenanthrene
phenyl-(2-pyridyl)-phosphane
1,2-bis(propylthio)ethane

(phenylthio)ethanoate

pyridine

pyridinioacetate

3-carboxylato-1-pyridinioacetate
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pypr pyridiniopropionate

rfl riboflavine

sa 2-salicylamide-O-acetate

saca sulphacetamide

S,N,H, tetrasulphur tetraimide

ste stearate

sul succinimide

tacd 1,4,8,11-tetraazacyclotetradecane
tbe 1,2:5,6:9,10-tribenzocyclododeca-1,5,9-triene-3,7,1 1-triyne
tch thiocarbonohydrazide

tg tetragonal

thf tetrahydrofuran

tht tetrahydrothiophene

tmb 2,5-dimethyl-2,5-diisocyanohexane

tmpp  tris(2,4,6-trimethoxyphenyl)phosphine

tosco a-4,7,13,16-tetraoxo-1,10-disulphocyclooctadecane
tpp tetraphenylporphyrine

tr triclinic

trg trigonal

triphos 1,1,1-tris(diphenylphosphinomethyl)ethane
tsc thiosemicarbazide

ttf tetrathiafulvalene

tt(9ob  2,5,8-trithia[9]-o-benzenophane
ttof 8-thiatheophylline
tu thiourea

1. INTRODUCTION

Silver is quite widely distributed in the environment and appears to have certain
uniquely useful properties. The chemistry of silver continues to be a rigorous and
diverse area of study, covering coordination complex, organometallic and solid
state chemistry. Several review articles have been published during the last few
years dealing with various aspects of the solid state chemistry of silver. For
example, an analysis of 22 crystal structures of Ag(I) compounds with hard bases
showed! that the occurrence of a red colouration is related to the coordination
number of the silver atoms. The colourless compounds have coordination
numbers of 1 or 2, whereas the red compounds always show coordination
number 3 or 4. A survey of the literature on organosilver chemistry up to April
1969 was publsihed in 1970.2 Coordination of compounds of unsaturated and
aromatic compounds with silver salts, either in aqueous solution or the solid
state, have been studied extensively.? Silver(I) oxides with a high ratio of cations
to oxygen have been shown to have unusual structural features with respect to
the arrangement of the silver atoms.* Some silver chalcogenides have been
summarized in a separate review.’
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There have been many structural studies of silver compounds included in annual
review over the last few years,® but no overall systematic study and classification of
these structures yet exists. The purpose of this review is to provide such an overview
for structures up to the end of 1991. There are over 600 structures and they are
discussed in terms of the nuclearity and coordination number of the silver atoms.
The compounds are listed in order of increasing coordination number, increasing
complexity of the coordination sphere and increasing covalent radius of the
principal coordinating atom. Under varying conditions silver has been isolated with
coordination numbers from one to ten, with four being the most common. Some
interesting differences between Ag(I), Cu(I) and Au(l) are observed and are
discussed in this presentation.

2. MONONUCLEAR SILVER COMPOUNDS

2.1 Coordination numbers one and two

X-ray analysis of colourless air stable Ag(2,4,6-Ph,C¢H,) shows’ that the aryl ligand
coordinates to the silver atom through one of its ring carbon atoms, giving the silver
an unusual coordination number of one. The Ag-C distance of 190.2(5) pm is the
shortest of such distances found in organosilver derivatives, and is slightly longer
than that of a similar copper(I) complex of 189.0(6) pm.” This would be expected
on the basis of the larger covalent radius of silver (153 pm) vs. copper (138 pm).

Structural data for mononuclear silver compounds with coordination number two
are listed in Table 1. There are over forty such derivatives with the two geometries
of linear and bent, of which the former is by far the most common. Unidentate
N-donor ligands are the most common, building up a homogenous coordination
environment about the silver(I) atoms. There is one example of a silver(Il)
derivative.'” The mean Ag-L bond distance increases as the covalent radius of the
coordinated atom increases. Table 1A shows the mean Ag(I)-L distances, and it is
observed that they are longer than those of the comparable Cu(I)*? and Au(I)*3
values. The mean M-L distances increase with the increasing covalent radius of the
metal: Cu(138 pm) < Au (143 pm) < Ag (153 pm). The L-Ag(I)-L angles are in the
range 180-145°, which is somewhat wider than that found for the Cu(I) and Au(l)
derivatives, 180-154° and 180-155°, respectively.

The compound Ag(C¢Fs)(CH,PPh,)?’ exists in two isomeric forms, triclinic and
monoclinic, which differ mostly by degree of distortion. In several other
derivatives®%19:20.24.28.33.37 twq crystallographically independent molecules are
present, which again differ by degree of distortion. The coexistence of two or more
species of this type within the same crystal is typical of the general class of distortion
isomerism.** A similar set of examples has been found for Cu(I)*? and Au(I)*3
derivatives.

2.2 Coordination number three

Structural data for mononuclear silver compounds with coordination number three
are given in Table 2, where it can be seen that only oxidation state +1 occurs. A
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Table 1 Structural data for mononuclear silver compounds with coordination number one and two.?

Compound Cryst. cl. a [pm] a ] Chromo- M-L L-M-L Ref.
Space gr. b [pm] B ] phore
z ¢[pm] 7y [°] [pm] [°]
Ag!(2,4,6-Ph;C.H,) m 1063.6(2) AgC C® 190.2(5) 7
P2,/c 1510.5(4) 113.55(2)
4 1253.4(4)
[Agl(NH;),INO,® or 1057.3(2) AgN, N 215(2,0) 180 8
Pnmm  811.0(2)
4 628.6(1) AgN, N 218(2,0) 180 9
[Ag'(NH,),]NO;¢ or 808.8(3) AgN, N 211.6(10) 180
(at 223 K) Pnnm 1041.6(5)
4 626.1(2) AgN, N 212.1(10) 180
[{Ag(NH,),]- or 1186.4(3) AgN, N 213.3(10,18) 170.0(4) 10
[Ag,SeO,N(NH,);]2H,0 P2,2,2, 1455.0(3)
4 643.3(2) AgN, See Table 15
[Ag'(2,6-Me,py),]CIO,] tg 1523.4(3) AgN, N 216.6(4,0) 180.0 11
14,/acd —
9 1442.8
[Ag'(2,6-Me,py),]NO;] m 1323.5(3) AgN, N 218.7(6,5) 169.3(2) 11
P2,/n 1428.0(3) 94.54(2)
4 828.4(3)
[Ag(2,6-Me,py),1BF,] tg 1506.9(4) AgN, N 216.3(7,0) 18000 12
[4,/acd  1439.1(3)
Ag(NCCI),]SbF, m 777.9(3) AgN, N 214.0(4,0) 180 13
P2,/n 887.7(4) 113.34(3)
2 824.0(4)
[Ag'(cre),]C10,- 2H,0 m 1140.5(2) AgN, N 210.0(3,0) 177.2(1) 14
P2/c 605.2(2) 95.95(1)
2 1232.5(2)
(NMey)[Ag,(NCO),] or 1086.7(6) AgN, N 204.2(13,27) 177.2(5) 15
Pnma 661.4(5) :
4 1385.2(7)
[Ag'(Im];]NO, or 1092.7(2) AgN, N 212.6(8,6) 172.03) 16
P2,2,2, 1821.5(5)
4 499.9(1)
[Ag"(ImH],]NO; or 1094(1) AgN, N 212¢,0) 172 17
P2,2,2, 1810(2)
4 510(1)
[Ag'(9-Mehx) ,]NO;-  tr_ 998.5(3) 107.26(3) AgN, N 215.1(7.4)  175.1(3) 18
2H,0 Pl 1465.5(4) 95.92(3)
2 660.6(2) 96.71(3)
[Ag'(9-Mehx),]NO;- tr_ 927.1(3) 91.17(4) AgN, N 213(1,0) 173.1(4) 19
ClIOH,0° P1 1018.7(7) 94.08(3)
4 1912.4(7) 93.78(4)
Na[Ag'(suc),]5SH,0°¢ or 685.6(5) AgN, N 207(1,1) not given 20
Cmc2 2174(1)
8 2058.9(6) AgN, N 208(1,1)
[Ag(CcH,N,),]NO, tr_ 2795.4(7) 87.55(3) AgN, N 220.9(4,6) 162.2(2) 21
Pl 635.4(2) 86.21(2)
2 371.0(1) 89.35(2)
[AgHC,,HgNO),]NO;-  tr_ 1703.6(5) 107.74(2) AgN, N 214.73,1) 175.3(1) 21
H,O PT 869.1(3) 97.53(2)
2 784.93) 91.11(2)
[AgY(C,3H,35N,8),] m 1874.6(4) A N 216.1(11,14) 174.7(1) 22
(CF5505) C2 1246.2(3) 119.71(2)
4 1487.8(4)
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[Ag'(py).] [Ag(PY)a)(ClO,),

[AgY(CeH;N;),INO5°
[N(PPh;),][Ag(B;H,NC),]
(at 185 K)
K[Ag'(dtt),]H,O
[Ag'(RNC),PF

Ag'(C6Fs)(CH,PPh,)

[Ag{CH(PPh,)CO,Et},]-
(CIO, - 0.5CH,Cl,

[Ag{CH(PPh,)COPh},]-
(NO,)-0.25CH,Cl,°

[Li(thf),]- [Ag"{C(SiMes)s},]

Agl{CF(CF3)2}2] )

[Rh(dppe).]
(at 203 K)
{K(crypt-2,2,2)][AgCl,]

[N(PPh;);][Ag'(Sg)}Ss
[AgH(C,,H | ;N,8),INO;¢
[Ag'(Pmes;)PF¢
[Ag!{P(NMe,)5},]BPh,
[Ag/{PPh,(CsH,)}L,]CIO,¢
[AgH(C25H34P,)ICIO
[Ag'(Pcy;),]CIO,

[Ag/(bY)ICIO, -
MeCOMe

P2,/n

Pbca

2195(1)

768.4(3)
1004.8(2)
1031.1(3)
1481.7(1)
1797.6(6)
1155.9(3)
1920(3)

2002.2(8)
1082.9(7)
2002.3(6)
889.1(3)

1168.5(4)
1263.6(5)
1213.9(2)
1248.7(2)
1502.3(3)
983.2(3)

1096.5(4)
2179.8(7)
1178.1(3)
1940.7(4)
1951.7(5)
942.6(1)

1204.7(2)
2333.1(3)
2114.2(3)
2226.2(2)

1424.2(8)
1569.5(4)
1161.4(6)
1383.8(4)
1429.5(4)
1540.5(5)
1254.1
4347.0
1109.6
1537.8(2)
1994.5(4)
1197.5(3)
1732.5(3)
2007.9(5)
1057.4(6)
1714.2(11)
1881.2(3)
2356.7(9)
1572.0(3)
1524.5(4)
950.5(2)
979.0(2)
2366.7(6)
1601.5(4)
2005.0(4)
2500.2(6)

98.44(2)
107.23(2)
91.15(3)

94.30(6)

106.4(1)

112.74(3)
108.89(3)
97.28(3)

103.06(2)

77.10(3)
78.23(4)
73.07(2)
86.40(2)
89.91(2)
89.65(2)
94.49(2)
90.09(2)
94.27(2)

1187.7(2)
95.63(5)
62.38(2)
68.05(2)
65.86(2)

106.27

107.08(3)

104.34(5)

96.35(2)
99.03(2)
95.44(2)
115.97(1)

90.0

AgN,
AgN

AgN,
AgN,

AgCs

AgC,
AgC,

AgC,
AgC,
AgC,
AgC2
AgC,
AgC,
AgC,
AgCl,
AgS 2
AgS,
AgS 2

AgP,

AgP,

N 216(1,1) 173.7(4)
see Table 3
N 214.9(3,3) 158.4(1)
N 219.6(3,10) 151.3(3)
C 205.3(12,11) 169.8(5)
C 214.7(-,) 180
C 207.5(14,0) 156.1(6)
C 214.4(5) 178.2(2)
(C,F5)C 210.5(6)
C 213.1(6) 175.4(3)
(C4Fs5)C 210.2(6)
C 218.3(15,2)y 173.4(7)
C 221.9(9,0) 175.6(4)
C 225.6(8,0) 1167.7(4)
C 218.07(7,18) not given
C 201.5(35) 170(1)
219.117)
Cl 232.9(2,1) 178.03(6)
S 236.8(3,1) 166.4(1)
S 240.3(4,5) 159.4(1)
S 240.1(3,5) 158.7(1)
P 246.1(2,0) 179.4(5)
P 239.4(2,1) 166.9(1)
P 242.4(2,7) 145.1(1)
P 240.8(2,11)  153.0(1)
P 237.8(4,1) 164.8(1)
P 239.1(3,2) 167.6(1)
P 243.1(1,2) 147.34(3)
P 239.4(2,1) 161.5(1)

23

24

25

26a
26b

27

27

28

28

29

30

33

34

35

36

37
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[Ag'(pp)ICIO, m 1543.5(3) AgP, P 2409(3,8) 151.5(1) 40
P2,/c  1312.9(3) 100.39(1)
4 1892.7(3)

[Ag{AS(CsHo):},]ClI0, m 1016.2(4) AgAs, As 248.1(2,1) 151.2(1) 36
P2,/n 2321(6) 98.37(2)
4 1435.1(3)

Agl(tmpp)Cl tg 1531.0(1) AgCIP Cl 2342(1)  175.0(1) 41
P4, — P 237.9(1)
4 1236.6(1)

Ag!(tmpp)Br tg 1531.9(4) AgPBr P 237.4(2)  174.40(6) 41
P4, — Br 244.8(1)
4 1244.1(6)

aWhere more than one chemically equivalent distance or angle is present, the mean value is tabulated.
The first number in parenthesis is the e.s.d., and the second is the maximum deviation from the
mean. "The chemical identity of the coordinated atom/ligand. “There are two crystallographically
independent molecules.

Table 1A Mean values of M(I)-L distances in mononuclear two-coordinated derivatives (data for
Cu(I)-L are taken from ref. 42, and for Au (I)-L ref. 43; Mjcovalent radius}).

Coord. atom/ligand Covalent Cu(I)-L [pm] Au(1)-L [pm] Ag-L [pm]
radius
[pm] [1.38 pm] [1.43 pm] [1.53 pm]
LN 75 189.7(42,69) 200.4(64,64) 213.7(122,78)
LC 77 194.6(40,124) 207.5(95,124) 215.4(139,102)
Cl 99 207.7(120,41) 227.6(54,54) 233.6(7,6)
LS 102 213.7 228.8(16,50) 240.2(1,1)
LP 106 216.9(8,28) 227.5(85,50) 240.6(33,55)
Br 114 224.4(35,31) 238.2(5,5) 244.8
LAs 120 234.2 248.1

The first number in parenthesis is maximum deviation from the shortest and the second one form the
longest distance from the mean value.

regular planar geometry is observed in iwo cases, one with 1-phenyl-3,5-
dimethylpyrazole ligands,** and the other with 3,4-di(methylthio)-1,3-dithia-2-
thione-4-cyclopentene ligands.*S Other examples with three identical ligands exhibit
some degree of distortion.*’~#° The silver-anion interaction is responsible for the
deviation from planarity of the AgP; core of the cationic complexes. Distortion
from planarity in the [Agl;]” anionic complex is due to steric hindrance between
the iodine atoms.*° Highly distorted geometry in the remaining examples in Table
2 is due to the presence of different types of ligand around each silver atom, some
of them being bidentate.

The mean Ag(I)-L distances (Table 2A) increase with the covalent radius of the
metal, except bidentate N-donor ligands. In general the distances are longer than
that of the two-coordinate derivatives, as expected.

The5 fompound Ag(C,oH,5)-(NO;) exists in two isomeric forms, cis->* and
trans-.
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Table 2 Structural data for silver compounds with coordination number three.?

Compound Cryst. cl. a [pm] a[°] Chromo- M-L L-M-L Ref.
Space gr. b [pm] Bl phore
Z  c[pm] Y [°] [pm] ']
[Ag'(pdp);INO;  trg 1530(2) AgN, N? 224.3(3.0) 119.83(1,0) 45
R3 —
3 1187(1) = 120.0(2)
[Ag(CsHgSs)3]PFg tr_ 1154.4(3) 104.31(5) AgS; S 250.2(3,12) 119.79(9,1.25) 46
P1 1219.7(6)  94.18(5)
2 1322.3(3) 114.69(3)
[Ag(PPh;);]NO; m 1798.0(2) AgP; P 256.8(3,62) 115.6(1,3.2) 47
P2,/n 1370.92)  94.91(2)
4 1891.5(3)
[Ag}{PPh, trg 1339.8(6) AgP, P 254.5(3,0) 117.4(1,0) 48
(CsHy)}s]BF, P3lc —
4 3050.95(10)
[Ag'(PPh,),;]BF m 1902.9(6) AgP; P 250.6(3), 115.1(1,2.0) 49
P2,/m  1376.4(4) 94.26(2) 256.0(3,17)
4 1801.8(5)
(PPh;Me),[Agll;] m 1646.9(5) Agly 1 274.8(1,7) 120.0(1,4.7) 50
P2, 1251.4(2)  103.64(3)
2 967.3(2)
[Agl(pa)(NO3) tr_ 1063.74(10) 106.35(7) AgN,O N 233.8(3,35) N,NP 72.54(5) 51
P1 862.70(7)  83.42(6) 0O,NO 22593y N,O 142.7(1,7)
2 738.31(6) 75.01{(7)
[Agl(iot),]CIO, m 1375(5) AgN,O N 219.7(16) NN 144.3(6) 52
P2,/c 735(2) 119.9(6) 228.3(17) N,O 94.0(6)
4 1588(5) (6] 254.3(13) 121.7(6)
cis-Ag(CoHip); m 532.9 AgC,0 C 250(-, 1) not given 53
(NO3y) C2/e 1453 92.02 o 250
4 2717
trans-Ag(C,oH, ), or 547 AgC,0 C 244(2,2) not given 54
(NO») Pben 1469 (¢} 249
4 2673
[AgY(C,4H}g)> or 587.9 AgC,O0 C 252(-,3) not given 53
(NO3) C2,2,2, 1686 o 240
4 2839
[Ag(C¢H, ,Ph), or 3217(2) AgC,0 C 248(1,00 C,C 109(1) 55
(C10,) Pmcen 566.6(3) o 266(1) cC,0 87(1)
4 1267(1)
[Ag'(PPh,), - m 1669.2(4) AgP, O P 244.8(1,4) PP 131.1(1)56 56
(2,4,6-C1,C,H,0) P2,/c 1794.2(4)  97.60(1) (6] 223.54) PO 114.4(3,1.0)
4 1285.7(3)
[Ag'(Pcys)(NO3)  tr 925.8(2) 94.73(2) AgP,O P 244.3(3,3) PP 139.0409) 38
P1 982.8(2) 96.35(2) o] 245(1) PO 108.7(3,3.8)
2 2338.5(5)  116.42(1)
[Ag(PPh;),(NO,) tr 1182.1(3) 102.05(2) AgP,O P 244.2(1,2) PP 138.21(5) 57
PT 1199.03) 112.80(2) 0] 246.44) P,0 105.8(7,6.0)
2 1366.0(3) 105.30(2)
[Ag'(PPh;), or 2659.2(8) AgP,O P 242.1(2,7) PP 136.64(5) 58
{C5(CO,Me)s} P2,2,2, 1863.8(6) 0] 246.4(5) P,O 107.5(1,13.4)
4 950.7(2)
[Ag'(pPYNO;) m 949.8(1) AgP,0O P 241.72,7) PP 148.6(1) 40
P2,/n 1765.9(2)  98.34(1) o 247.6(12) P,0 104.3(3,8.7)
4 2181.6(3)
[Ag'(pp)Cl m 940 106.15 AgP,Cl P 243.4(1,22) PP 142.2(1) 40,
P2,/c 1720 Cl 251.2(1) PO 108.5(1,5.0) 59

4 2210
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[AgibP)CIICH,Cl, m  1116.3(3) AgP,Cl P 2442(2,15) PP 142.6(1) 39
P2,/n 2438.28(7) 76.88(2) Cl 256.9(2) P.Cl 108.6(1,8.0)
4 1409.4(4)

[Ag(bp)Br]CH,Cl, m 1117.4(3) AgP,Br P 244.8(515) PP 141.6(2) 39
P2,/n 2432.3(9) 102.69 Br 268.12) PO 109.1(1,7.7)

4 1417.8(4)

*Where more than one chemically equivalent distance or angle is present, the mean value is tabulated.
The first number in parenthesis is the e.s.d., and the second is the maximum deviation from the
mean. * The chemical identity of the coordinated atom/ligand is specified in these columns.

Table 2A Mean values of M(I)-L distances [pm] in mononuclear three-coordinated deriatives
(Cu(1)-L** and Au(I)-L*3; M[covalent radius]).

Coord. Covalent Cu(l)-L [pm] Au(1)-L [pm] Ag-L [pm]
atom/ligand radius

[pm] [1.38 pm] [1.43 pm] [1.53 pm]
LO 73 206.9(152,151) 241.7(182,83)
LN 75 199.2(48,33) 2243

205.8(74,22) 228.6(120,120)* 227.3(76,110)*

ct 99 223.2(106,103) 261.5(115,203)
LS 102 224.5(31,90) 246.8 250.2(12,12)
LP 106 224.3(109,52) 237.3(161,58) 248.3(73,147)

The first number in parenthesis is maximum deviation from the shortest and the second one from the
longest distance from the mean value.
3For bidentate ligands.

2.3. Coordination number four

Structural data for mononuclear silver compounds of coordination number four are
summarized in Table 3. There are over seventy examples, with electronic config-
urations from d'° to d®, the latter having only one example’® and the former being
by far the most common. Silver(I) prefers a tetrahedral environment, but silver(Il)
and silver(Ill) use the square planar arrangement as expected. The ligands range
over uni-, bi-, tri- and tetradentate and various degrees of distortion are conse-
quently observed, especially in the silver(I) derivatives. For the bidentate ligands
there are different sizes of the metallo-ring causing variations in the bite angles. The
effects of both electronic and steric factors can be seen in the variation of the L-Ag-L
bond angles. For the four-membered metallocycles, the L-Ag-L bond angles range
from 48° to 53° for O-donor ligands, and from 65° to 68° for S-donor ligands,
reflecting the difference in covalent radius of oxygen (73 pm) and sulphur (102 pm).
For the five-membered metallocycles, the L-Ag-L angles range from 72° to 77° for
the N-donors, from 84° to 88° for the S-donors and around 84° for the P-donor
ligands.

Comparison of the Ag-L bond distances (Table 3) shows several trends. The mean
Ag-L bond distance increases with decreasing oxidation state of the silver. For
example the mean Ag-L distance increases in the sequence: 216 pm (Ag(Il)) < 232.6
pm (Ag()) for bidentate N donors; 240.7 pm (Ag(Il)) < 273.5 pm (Ag(l)) for
bidentate S-donors; and 197.9 pm (Ag(IIl)) < 214.4 pm (Ag IT))< 240.7 pm (Ag())
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for tetradentate N-donors. This reflects the ionic radius of the respective silver ions.
When the ligand is unidentate, the mean Ag(I)-L distance increases in the sequence:
176 pm (H, 37 pm) < 230.8 pm (N, 75 pm) < 247.3 pm (O, 73 pm) < 253.3 pm
(CL, 99 pm) < 255.2 pm (S, 102 pm) < 256.1 pm (P, 106 pm) < 264.8 pm (Br, 114
pm) < 266.3 pm (As, 120 pm) < 277.5 pm (I, 133 pm). This reflects, except for N
and O (see below), the trend in covalent radius of the coordinating atom.

Steric effects on the Ag(I)-P bond lengths can be seen clearly in the PPh,
derivatives, representing the most common unidentate ligand in silver(I) chemistry.
Table 3 contains examples of derivatives with one, two, three or four such ligands.
The mean Ag(I)-P bond distances vary with the chromophore in the sequence: 239.2
pm (AgPX;) < 246.8 pm (AgP,X,) < 255.5 pm (AgP;X) < 264.9 pm (AgP,). A
similar trend is observed in the AsPh; derivatives: 262.2 pm (AgAs,X) < 267.3 pm
(AgAs,). It is noted that the mean Cu(I)-P bond distance also varies in the same
manner,*? but are in general shorter than those of the silver derivatives: 222.9 pm
(CuPX,) < 226.5 pm (CuP,X,) < 233.2 pm (CuP;X) < 246.1 pm (CuP,).

Some other trends were found between the uni- and multidentate ligands. For
example, the mean Ag-N distance increases with the dentate character of the
N-donor ligands: 230.8 pm (uni-) < 232.6 pm (bi-) < 239.0 pm (tri-) < 240.7 pm
(tetradentate). However, the opposite trend is observed for O-donor or C-donor
ligands: 243.4 pm (O, bi-) < 247.3 pm (O, unidentate); 243 pm (C, tri-) < 250 pm
(C, bidentate). A more random order is observed for S or P donors, for example:
255.0 pm (S, tetra-) < 255.2 pm (S, uni-) < 259.9 pm (S, tri-) < 273.5 pm (5,
bidentate); 249.4 pm (P, bi-) < 253.1 pm (P, tri-) < 256.1 pm (P, unidentate).

The mean M(I)-L bond distances for the Group IB metals are shown in Table 3A.
In general, the mean M(I)-L bond lengths increase with the covalent radius of both
L and M, as well as with coordination number (see Tables 1A and 2A). The most
common ligand found with the +1 metals of this subgroup is triphenylphosphine,
and the most common coordination environment is tetrahedral. It should be noted
that there is some degree of confusion regarding M-O bond distances. Some authors
have considered an oxygen to be bonding when the M-O distance is over 270 pm,
while others have cut off bonding at 260 pm. Considering the covalent radii of
copper, silver and oxygen to be 138, 153 and 73 pm, respectively, it would seem
appropriate to consider any distance over about 250 pm as something less than a
full bonding interaction.

There are some derivatives, Ag(PPh;);1*%'°" and Ag(PPh;),pyX'2%!2! which
exist in two isomeric forms differing mostly by degree of distortion. In the former*®
the triclinic form has two crystallographically independent molecules present. In
several other examples®!-7%%3110 two, or even three,®? crystallographically indepen-
dent molecules are present, again differing only by degree of distortion. There is one
example which has been studied independently by two different groups, one in
1989%° and the other in 1990,%7 with similar results.

2.4 Coordination number five

The mononuclear pentacoordinate silver compounds are presented in Table 4, the
silver atom being only in the +1 oxidation state. The structures of these derivatives
lie between the two limiting geometries of square pyramidal and trigonal bipyra-
midal. The conversion of one structure into the other requires only minor
distortion. Both of the limiting geometries, with varying degrees of distortion, are
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Table 3 Structural data for mononuclear silver compounds with coordination number Four®
Compound Cryst. cl. a [pm] a[°] Chromo- M-L L-M-L Ref.
Space gr. b [pm] Bl phore
z ¢ [pm] Y] [pm] [‘]
[Ag!(4-NO,pyNO), m 2407.3(4) AgO, o® 234.1(3,23) 48.1(2), 78.3(1) 60
3) C2/c 529(1) 98.73(2) (NO;)O 251.3(6,60) 120.0(1,2.3)
8 2339.6(4) 153.9(2)
[AgI(NO,;), or 765.8(2) Ag0, O 224.8(3,0) 52.7¢1) 61
[Rh(py)4Cl5] Pbcn 2148.6(3) 259.7(5,0) 124.6(1,10.6)
4 1495.3(3) 169.3(2)
AgO, 0 231.3(7,0) 54.7(1)
241.3(10,0) 135.9(1,7.0)
150.8(1)
[Agl(py),]CIO, tg 1247.1(3) AgN, N 232.2(3,0) 110.2(2,2.1) 62
(at 260 K) 14 —
2 - 689.4(2)
[Ag(py).][Ag'(Dpy).] g 2195(1) AgN, N 230(1,0) 107.1(4,7.8) 23
(Cl10,), 14 - AgN, N 216(1,1) 173.7(4)
4 768.4(3)
[Ag(MeCN),JCIO¢  or 2450(1) AgN, N 224(3,6) 109.4(10,4.7) 63
(at 240 K) Pn2,a  2075.6(8) AgN, N 2282, 109.3(8,6.6)
2 856.7(3) AgN, N 226(2,3) 109.4(9,6.7)
[Ag(bpy),J(NO3),- m 695.3(3) AgN, N 216(1,2) 105.4(4,8) 64
2 P2,/c 2751.2(9) 103.25(5)
4 1153.9(5)
[Ag'(Me, bpy),]BF, or 1673.7(2) AgN, N 232.1(5,3) 72.1(2) 65
Pbcn 1370.3(2) 122.3(2,5)
4 1191.6(2) 140.5(2)
[Ag'(Br,C,cH ,Ny)ol m 1449.1(3) AgN, N 233.3(8,16) 76.4(3,3) 66
(CF;80,) 2./¢ 2100.5(7) 108.75(2) 128.2(3,7.8)
1367.7(3)
[Ag{Me,C(pz),),] tr_ 1329.2(2) 94.764(6) AgN, N 228.7(4,40) 83.2(1,6) 67
Clo, Pl 1162.5(1) 86.320(6) 243.2(4) 109.8(1,5.8)
. 2 756.90(5) 102.183(6) 140.5(1,4.7)
Agn(tpp) tr_ 637 100.5(1)  AgN, N not given 68
P1 1123 82.2(1)
1 1247 113.(1)
Ag''(tpp) tr_ 1050.3(2) 97.72(1)  AgN, N 209.2(3,10) 89.9(1) 69
Pl 1248.5(2) 100.68(1)
1 635.1(2)  97.15(1)
{Ag'(tpp)g 54} tg 1338.4(5) AgN, N 206.3(5,0) not given 70
{tPD)o.as 14/m -
2 971.7(5)
[Agn(Me,tacd)] m 926.53(7) AgN, N 219.5(3,1) 94.2(1) 71
(ClO,), P2/n 936.26(8) 90.740(5)
2 1285.16(8)
[Ag"(tacd)}(CIO,),¢  or 1302.4(2) AgN, N 219.2(11,0) 72
Pbnm  1451.0(1)
4 959.4(1) AgN, N 215.8(2,0)
[Ag(Megtacd)) m 1322.2(3) AgN, N 216.1(3,2) 90.0(1,4.6) 73
(NO;), C2/c 1162.9(4) 111.87(2)
4 1547.1(3)
[Ag(mD)(CF5S0;) tr_ 990.0(4)  106.10(3) AgN, N 227.8(3,3) 72.3(1) - 74
Pl 1146.5(4) 99.95(3) 253.6(3,19) 153.3(1)
2 1942.3(6) 90.38(3)
[Ag™(CeH, 6N, )] tr_ 864.5(5) 104.2(2) AgN, N 197.7(8,10)  90.0(4,3.6) 75
(SO,)HSO0,)-H,0 Pl 917.7(5) 117.5(2)
2 1336.3(6) 99.4(2)
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[Ag"™(CsH N o)]
(C10,4);

[Ag(C24H3,)
[Ag'(1,5-CgH,,),]BF,
Ag(SH)(Et,btu);
[Ag'(C1oH 508,)4]
CF,80;)
[Ag'(Sg),]AsF
[Ag‘(S4N4H4)2] .
ClO,- 1.5H,0

[Ag(C,;H,¢S3),)
(CF3S0,)

Ag"( dtdC)2

[Ag'(C, oH2056)1C1O,
[Ag'(PPh;),CIO,
[Ag'(PPh;),INO;
[Ag'(PPh;),]PF
[Ag'(PPh;),]PF,
[Ag'(PPh;),]-
[SnPh,(NO,),CI]
[Ag'(adpo),]SbF,

(at 203K)

[Ag'(dppe),]NO;

[Ag(dppe),][SnPh,
03),]

[Ag'(AsPh;),]-
{SnPh,(NO3);]

[Ag'(AsPhs;),]-
[SnPh,(NO,),Cl]

P4/mcc
4

m
P2,/n

4

tr_
P1
2
tr
PT
2

tr_
P1
2

1155.6(5)
1145.2(5)
807.6(4)

1618.9(2)
981.4(1)

1670.4(2)
1797.3(3)
1019.0(3)
920.1(2)

818.1(1)

2021.6(2)
2503.5(3)
825.8(6)

1437.1(4)
1618.9(3)
1760.6(4)
786.6(2)

1547.6(3)
1168.4(5)
1462.3(6)
1148.7(5)
1239.0(2)
1415.8(4)
929.0(4)

1257.4(4)
1034.8(3)
1026.5(5)
984.2(2)

2574.8(4)
1521.7(2)
1908.5(5)

1907(2)

1433.0(6)
1433.0(6)
5157(1)
1911.0(10)

2243(2)
1413(1)
1396(1)
1619.2(2)
2385.6(2)
1483.4(2)
1979.5(2)
1585.6(3)
1747.5(8)
1032.7(5)
1775.8(7)
2257(2)
1422(1)
1407(1)
2268(2)
1424(1)
1424(1)

107.96(4)
93.65(3)
103.77(4)

60.92(2)

98.21(1)

102.58(2)

105.39(54)

91.04(3)
109.64(2)
83.87(2)
90.12(2)
90.65(2)
84.70(2)

43.90(1)

4_3.77(5)

44.04(3)

90.59(5)
69.82(4)
64.58(8)

93.09(1)

95.00(3)
77.43(2)
88.75(3)
90.9(1)
69.9(1)
65.6(1)
90.66(6)
69.17(5)
64.36(4)

AgN,

AgC,

AgC,

AgS,

AgS,

AgS4

AgS4

AgS,

AgS,

AgS,

AgP,

AgP,

AgP,

AgP,

AgP,

AgP,

AgP,

AgP,

198(1,1)
250

250(1,2)
279.32)
205.2(2,39)
261.7(2,44)
277.2(3,29)
274.5(3,49)
247.6(3)°"
258.7(3,17)°2
255(2,5)
255.0(3,14)
265.9(4,9)
265.7(4,14)
265.7(2,18)
266.0(3,13)
265.9(5,87)
261.2(1,0)

251.5(3,27)

247.3(2,10)

AgAs, As 267.0(4,30)

AgAs, As 267.6(3,22)

not given

90

not given

97.5(1,1.5)
115.0(1,6)
124.9(1)
109.30(7,19.7)

71.5-142.2(2)
64.0-150.2(1)
84.9(1,3)
107.3(1)
86.0-126.0(8)
87.7(1,9)
121.4(1,8.5)
109.4(2,1)
109.47(11,2)
109.21(2)
109.47(9,28)
109.5(2,3.6)

90.00(1)

84.2(1,4)
116.9(1,1.0)
129.2(1,4)
84.0(1,1)
123.4(1,5.6)

109.4(3,4.9)

109.4(2,3.7)

76

77a

T7b

78

79

80

85

57

86

87a

87b

88

89

90

91

91
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Table 3 Continued
[Ag'(AsPh,),]- tr_ 2121.209) 9591(3) AgAs, As 267.4(2,26) 109.4(1,5.0) 92
[Sn,Ph,(NO,)(OH),] PT  1453.2(6) 77.76(4)
2MeCN 2 1330.4(5) 75.47(3)
Ag(CoH,,N3)(SCNY or  949.7(5) AgN,S N 240.4(9,9) N,N° 74.3(3,8) 93
Pcmn 1183.7(8) S 236.0(4) N,S 135.6(2,4.1)
8 2600(1)
AgN,;S N 237.7(11,54) N,N 74.5(4,3)
S  236.8(5) NS 135.3(3,4.2)
AgY(C30H30)(CF5805) m 1869.6(1) AgC,0 C 243(1,5) 94
P2,/n 999.8(1) 93.37(1) O 249(1)
4 1402.2(1)
[Ag'(Metu);Cl or 1482.4(2) AgS;Cl S 252.0(2,0) S.S 111.65(5) 95
Pmen 852.4(1) 266.5(3) S,Cl  85.69%(7)
4 1267.1(1) Cl 264.9(3) 114.47(6)
[Ag(C¢H,,S5)Cl m 1414.4(2) AgS;Cl S 260.5(1,13) S,S  84.43(4,28) 96
12/a 668.4(1) 91.65(1) Cl 238.9(1) S,Cl 128.9(1,7.2)
8 2227.7(2)
[Ag'(tt(9)ob)(PPhy)] m 817.04(8) AgSsP S 257.3(1,27) S,§ 84.45(5,4) 97
clo, P2/c 1623.9(1) 101.36(1) P 238.2(1) 106.55(1)
4 2334.9(2) S,P 123.87(5,6.1)
[Ag'({(S)PPh,}.C) m 1819.2(3) AgS,P S 263.1(2,46) SS  100.4(1,2.0) 98
(PBu",) P2/c 1298.6(2) 109.42(1) P 240.2(3) S.P 117.2(1,8.4)
4 2119.4(5)
Ag!(PPh,Me);(BH;) m 1276.7(6) AgP.H P 2482(2,36) PP  116.6(6,11.4) 99
P2,/n 1983.8(7) 97.19(4) H 176(7) PH 8505
4 1466.1(6) 118(5)
Ag/(PPh);(NO;) m 1898.4(5) AgP;0 P 256.7(2,63) PP  115.6(53.6) 57
P2,/n 1371.0(3) 94.94 O 268.4(6) P,O 83.7(1)
4 1790.0(4) 124.4(1)
Ag!(PPh;),Cl m 1022.1(1) AgP.,Cl P 254.3(1,23) PP 115.1¢1,2.0) 100
P2,/n 3373.5(1) 89.78(1) Cl 255.2(1) P.Cl  103.0(1,6.4)
4 1337.4(3)
[Agi(PPh,),Cl] tr 1365.4(4) 84.82(2) AgP,Cl P 257.2(414) PP 1143(1,14) 101
2Me,CO Pl 1405.9(4) 87.71(2) Cl 253.3(4) P,Cl 103.4(1,1.4)
2 1397.0(4) 75.68(2)
Ag/(PPh,),Br trg  1936.6(6) AgP,Br P 253.6(6,13) PP 109.8(2,5) 10l
P3 — Br 268.0(6) P,Br 109.2(1,4)
3 1078.7(6)
Ag'(PPh,),I m 1899.3(8) AgPil P 2559Q,15) PP 112.0(1,5.0) 101
P2,/n 1380.7(4) 96.11(4) 278.0(3) Pl 106.7(6,2.3)
4 1778.1(8) 1 285.8(1)
Ag!(PPh,),1¢ ir_ 1409.7(5) 92.61(2) AgPil P 258.8(4,19) PP 11311, D) 49
Pl 1438.4(4) 91.85(2) I 285.5(1) P, 105.3(1,1.6)
4 2341.3(7) 91.12(2)
AgP,l P 260.4(3,22) PP 112.7(1,1.9)
1 286.4(1) Pl 106.0(1,3.0)
Ag\(triphos)I or  2053.4(6) AgPil P 253.1(524) PP  89.02,2.2) 102
Pna2, 1036.3(3) I 269.1(3) P, 125.7(1,10.2)
4 1772.4(4)
[Ag!(AsPh,);Cl] tr 1343.8(2) 95.45(Q2) AgAs;Cl As 262.2(2,15) AsAs 112.98,1.1) 103
0.5Me,CO Pl 1405.5(3) 87.01(2) Cl 251.8(5) As,Cl 105.7(1,4.2)
2 1416.6(3) 103.92(1)
H{Ag'(absg),] m 573(2) AgO,N, O 259.9(12,0) ON 88.1(1,1) 104
P2,/n 1216(1) 94.9(1) N 228.0(12,0)
2 1394(3)
[Ag'(fla),](NO,), m 2176.4(11) AgO,N, O 2600900 ON 67.003) 105
4H,0 C2/c  700.5(4) 107.57(2) N 237.39,0)
8 1733.6(9)
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(Ag'(fla),]-

m

(NO,), ((NO;3)54-4H,0 C2/c
8

[Ag”(pydc)z]ZHZO

[AgY(OHqu)(OHquH)]py

[Ag'(2-COOpy)-
(2-COOHpy)]H,0

[Ag'(otta),]AsF,

[Ag{(rf)]CIO, -0.5H,0¢

Agl(PPhS)Z(NO3)]C6H6

Ag'(PPh;)»(NO;)

Ag(PPh,),(HCOO)

[Ag{(PPhs),(MeCOO)

Ag'(tch),]NO,

[Ag‘(C30H38N4S4)] '
(CF;C00)
[Ag!(tdoco)]NO;
[Ag'(PPh;),(EtOCS,)

Ag!(PPh,),(Bu'SCS,)

Ag!(PPh;),(py)Cl

Ag'(PPh;);(py)Cl

m
P2,/n
2
m
P2,/a
4

m
C2/c
4

or
Pcca
4

m
C2

2173.2(6)
709.2(2)
1750.3(4)
600.2(4)
1068.2(7)
1284.2(8)
1087(1)
1065(1)
1670(1)
1394.4(3)
794.9(1)
1428.7(3)

920.3(1)
1021.7(1)
1483.6(1)
1946.4(10)
788.6(4)
1545.9(8)

1227.9(1)
1626.0(1)
1113.4(1)
1177.2(3)
1200.7(2)
1415.7(3)
2495.2(2)
917.9(1)
1526.2(1)
1006
2434
1383
1595.5(8)
892.2(5)
1717.1(8)

1042.8(1)
2314.5(5)
1551.7(3)
1749.0(8)
1506.8(7)
1384.7(6)
940.1(3)

1869.1(4)
2011.4(3)
1057.1(1)
1363.8(3)
1439.1(3)
981.4(3)

2001.6(2)
903.9(4)

1964(1)
2003(1)
905.6(7)

AgO,N,
107.63(1)

AgO,N,
90.83(15)

AgO;N,
92.6(2)

AgO;N,
125.70(1)

Ag0O,

AgO,N,
107.34(2)

AgO,N,

102.51(1) AgO,P,
114.28(1)
101.79(1)
61.76(2) AgO,P,
62.77(2)
74.57(2)

AgO,P,
116.34(1)

92.0
99.9
89.7

AgO,P,

AgN,S,
98.7(1)

AgN,S,
99.71(1)

AgN,S,

AgS,P,

88.75(2)
72.84(1)
80.58(1)

AgS,P,

AgP,NCl
97.60(3)

AgP,NCl1
97.66(6)

z0 20 ZO ZC

9oczO0 zZO ZO

wnz

T w 'z

sl

a-]

261.2(7,0)
230.3(6,0)

213
212

247.8(5,27)
215.04,5)

252.4(4,0)
220.7(3,0)

251.7(7,0)
230.1(6,0)

252.1(5,0)
229.5(5,0)

255.9(6,0)
230.4(5,0)
251.8(2,55)
242.6(1,10)

251(1,0)
244.2(4,2)

229.7(5,5)
258.6(2,0)

264.4(4,43)
247.04(4,1)

247.2(2,0)
258.5(5)
251.1(2)

247.67(2,2)

N 259.3(4)

Cl

251.7(2)

O,N

0,0
O,N

0,0
N,N
ON
0,0
N,N
ON

0,0
PP
o,p

N,N
S,S
N,S

N,N
S,S
N,S

S.S
P,P
S,P

PP
PN
P.Cl
N
PP
P.N
P,Cl
N,Cl

67.8(2)

75.5
75.1(-,2.9)

109.9(2)
167.7(2)
115.6(2,1.7)
79.9(2)
166.3(2)
70.6(1)
121.0(2)

not given

not given

not given

50.4(1)
139.4(1)
107.3(1,10.9)

98.7(4)
153.1(1)
77.2(3)
124.0(3)
113.3(2)
110.98(7)
108.4(1,10.0)

68.0(1)
115.6(1)
115.9(1,4.6)

123.55(4)
101.20(6)
114.37(3)
95.0(1)
123.60(7)
105.4(1)
114.4(1,1.2)
94.6(1)

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121
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Ag{(PPh,),(py)Br m 980.3(2) AgP.Br P 247.6(1,0) PP 124.44(5) 120
P2,/m 2005.7(4) 97.31(2) N 257.5(5) PN 102.10(6)
2 2 915.5(2) Br 262.9(1) P,Br 112.86(3)
N,Br 96.8(1)
Ag!(PPh,),(py)Br m 1962(1) AgP,NBr P 247.8(3,5) PP 124.4(1) 121
P2,/a 2007.2(9) 97.42(4) N 257.2(7) PN 106.0(2)
4 916.6(5) Br 263.6(2) PBr 112.9(1,2.2)
N,Br 96.2(2)
Ag!(PPh,),(2-SHpy)Cl m 1436.2(2) AgP,CIS P 247.9(1,3) PP 123.000) 122
P2,/c 1030.2(1) 93.38(1) Cl 259.5(1) P,Cl 105.9(0,5.1)
4 2505.4(3) S 262.5(1) PS 108.3(0,4.6)

CLS 104.2(0)

“Where more than one chemically equivalent distance or angle is present, the mean value is tabulated.
The first number in parenthesis is the e.s.d., and the second is the maximum deviation from the
mean. ®The chemical identity of the coordinated atom/ligand is specified in these columns. There are
two crystallographically independent molecules. YThere are three crystallographically independent
molecules. <'The unidentate ligand. “>The tridentate ligand.

Table 3A  Mean values of M{I)-L distances in mononuclear four-coordinated derivatives (Cu(l)-L*?
and Au()-L** M[covalent radius])

Coord. Covalent Cu(l)-L [pm] Au(l)-L [pm] Ag(I)-L [pm]
atom/ligand radius
[pm] [138 pm] [143 pm] [153 pm]

LO 73 224.5(230,34) 247.3(155,211)
217.0(164,170) 243.4(186,163)"

LN 75 204.0(120,105) 230.8(285,68)
202.9(119,481)2 232.6(79,106)*
208.0(60,365)° 239.0(67,23)P
205.5(118,177) 240.7(129,148)°

LC 77 198.8(91,45) 250(2,2)2
206.0° 243(5,5)P

Cl 99 234.4(109,130) 271.0 253.3(144,116)

LS 102 234.0(150,64) 286.5(74,73) 255.2(192,241)
233.9(88,118)* 273.5(134,66)*
232.7(34,16)° 259.9(53,78)°
230.3(54,56)¢ 255.0(14,14)°

LP 106 229.6(116,270) 246.3(73,139) 256.1(179,219)
232.3(57,46)* 249.4(31,48)*
229.4(20,48)" 253.1(24,23)*

Br 114 248.6(175,99) 264.8(19,32)

LAs 120 238.7(65,48) 266.3(41,37)
235.7(24,14) 247(11,10)*

1 133 262.8(138,82) 277.5(84,83)

The first number in parenthesis is the maximum deviation from the shortest and the second from the
longest distance from the mean value. *For bidentate ligands. PFor tridentate ligands. For
tetradentate ligands.

observed. There are eleven purely coordination silver(I) compounds, with no CO or
other C-donor ligands. Some of the others cannot be classified because the full data
have not been published. In all these species, the coordination environment around
the silver atom is built up by penta-dentate O23-'25 or N-donors.'?® There is an
example where a near planar arrangement of the pentadentate N-donor ligand
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is observed,'?” with the maximum deviation of a nitrogen from the AgN. plane
being 36 pm. Trigonal-bipyramidal geometry occurs in several cases!?®129:132 with
a high degree of distortion because the pentadentate ligands'2#-'?° and tetradentate
ligands!3? span both equatorial and axial positions (Table 4). A distorted square
pyramidal coordination around the Ag(l) atom 1is observed in other
examples.®!13%13! In the trigonal bipyramidal derivatives the Ag-N and Ag-S bond
distances in the axial positions are longer than those in the equatorial plane.

Orthorhombic Ag(C,,H,,N,0S,)(SCN) exists in two isomeric square pyramidal
forms, both having the axial position occupied by the SCN group, with Ag-S
distances of 253. 9(2) pm*3° and 252.6(2) pm,'3! respectively, and the square plane
is defined by the tetradentate ligand. The mean Ag(I)-L distances are again longer
than those found in the comparable Cu(I) compounds.** For example, the mean

M(I)-N distance is 245.5(85,95) pm for Ag(I) and 212.6(249,408) pm for Cu(I)
when the ligand is a pentadentate N-donor, where the first number in parenthesis
is the difference between the shortest and the mean values, and the second number
between the longest and the mean. A similar trend can be observed for another
pentadentate ligand, a 3N- and 2S-donor, giving mean M-L distances of
243.0(113,107) pm (L=N) and 263.0(75,83) pm (L=S) for Ag(I), and 230.0
(197,219) pm and 232.0(2,2) pm, respectively, for Cu(I).

2.5. Coordination numbers six and higher

Structural data for mononuclear silver compounds with coordination numbers six
and higher are given in Table 5. Among the series of hexa-coordinated species there
are examples in which the silver atom is in a distorted octahedral environment,
sandwiched between two tridentate ligands,®3-96.136,138,141.143.144.149 There are two
neutral complex species in which Ag(Il) is found,!43'** the remaining examples
being cationic complexes of Ag(I) with anions normally considered too “hard”
for the Ag(l) ion. Silver(I) atoms are found sitting in the cavity of a macrocyclic
ligand, giving an octahedral arrangement of the six donor atoms of the macro-
cycle 133-135,137-139.142.147.148,150-152 1y gne case the silver(l) atom is coordinated
by five macrocyclic donor atoms and the N atom of acetonitrile from the solvent.
There are both neutral and cationic complexes, the latter coexisting with non-
coordinated “hard” anions.

The mean Ag-L distances in the tridentate ligand series increases with the covalent
radius of the donor-atom, in the sequence: 267 pm (C, 77 pm) < 272.5 pm (S, 102
pm) < 293 pm (Se, 116 pm). However, in the hexadentate ligand series the order is:
256 pm (S, 102 pm) < 257.5 pm (N, 75 pm) < 260 pm (C, 77 pm) < 262 pm (O, 73
pm), which indicates the influence of the architecture of the macrocyclic ligand.

There are two examples in which the silver(I) atom is hepta-coordinated.>?
Unfortunately the data available at the time of writing was limited to those
obtainable from Chemical Abstracts. It is surmised that the Ag(I) atom is in a
capped octahedral environment with the AgO, chromophore, in which the cap is an
oxygen atom of the unidentate NO, group, and the octahedron consists of the
hexadentate crown O-donor atoms. A similar capped-octahedral environment about
silver(I) is found in one other example.’* Another two derivatives'>*!%% have an
octa-coordinated silver(I) atom, bonded to eight oxygen atoms in one case,'>*
consisting of the two tetradentate ligands and resulting in a square antiprismatic
structure with a Ag-O distance of 257 pm. In the other case®® the coordination
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Table 4 Structural data for mononuclear silver compounds with coordination number five?
Compound Cryst. cl. a [pm] al’] Chromo- M-L L-M-L Ref.
Space gr. b [pm] g1 phore
z ¢ [pm] v [l [pm] {"]
Agl(qr) or 2001.1 AgOs o 220 not given 123
P2,2,2, 1726.6 240-270
4 1333.0
Ag'(peA) or 2376.2(4) AgOs (0] 226 not given 124
P2,2,2, 1459.1(2) 247
4 1208.0(2) 263(-,3)
[Ag(meB)]-H,O or 1227.8(6) AgOs (¢} not given 125
P2,2,2, 1498.1(9)
4 2043.1(9)
[Ag{(C,,H,;N5)] m 1164.3(10) AgN, N 239-251(3) not given 126
ClO,° P2,/c 1619.4(9) 117.70(9)
8 2420.6(11) AgN; N 237-255(2) not given
[AgH(C,sH ;N m 749.7(8) AgNg N 246.1(17,22) 66.5(6,1) 127
A A2/a 2646.7(17) 104.5(1) 131.9(6,1.1.)
? 1215.1(11) 157.1(6)
[Ag(C,-H,5N5S,5)] m 1313.2(11) AgN5S, Ne  231.7(9) S,S°  85.8(1) 128
BPh, P2 /c 2500.1(12) 105.7(1) Se 257.8(4,23) SN, 136.9(1,9.2)
4 1247.9(12) N, 248.9(10,48) SN, 107.2(3,20.2)
NN, 68.2(3,6)
NN, 135.5(3)
[AgH(CyoH5,N;3S,)] m 1270.8(9) AgN.S, N, 238.0(6,13) NN, 123.6(2) 129
ClO, P2 /n 948.3(7)  103.95(6) S. 265.2(3) N.,S. 86.4,145.0(1)
4 1956.9(13) N, 252.2(6) NN, 74.6(2,1.2)
S. 271.3(2) N.,S, 82.4,142.1(1)
SN, 100.8(1)
S..S,  82.3(1)
N..S, 145.0(1)
[Ag'(C,,H,,N,08,) or 2668.1(9) AgS;N, N, 249.4(7,41) NN 73.9Q2) 130
(SCN)] Pbca 853.3(5) S, 267.5(2) N,S. 75.9(1,8)
8 1433.2(8) 285.5(2) 136.2(1,7.6)
NCS, 253.9(2) Se,S.  109.59(7)
NS, 119.2(1,2.0)
Se.S,  102.2(1,7.5)
[AgY(C,(H;,N,08,) or 1984.4(5) AgS:N, N, 2504(5,56) NN 102.9() 131
SCN)] Pbca 1978.8(4) S.  270.52) NS, 74.2
16 1663.4(2) 300.5(2) 130.1(1,5.2)
NCS, 252.6(2) S..S. 72.7(1)
N,S, 114.0(1,5.3)
S..S, 118.4(1,2.3)
[Ag{(AsPh3),(NO;) m 1919.3(8) AgAs;0, As 263.4(2,44) As,As 114.0(1,3.1) 91
P2,/n 1400.3(7) 96.4(1) (0] 257.5(15,32) 0,0 43.8(4)
4 1789.3(7) As,0 82.9-126.0(4)
[AgHCooHpN,Sy) - tr 1081.8(2) 10L.11(1) AgN,S,0 S, 258.9(1,0) S,S 160.6(1) 132
(MeCO,)-2H,O0 Pl 1266.2(2) 103.23(1) O, 268.6(2) S,0  99.7(1,1.7)
2 1045.7(1) 89.77(2) N, 245.52,26) SN 90.0(1,8)
ON 90.0(1,3.9)
NN  179.3(1)

2Where more than one chemically equivalent distance or angle is present, the mean value is tabulated.
The first number in parenthesis is the e.s.d., and the second is the maximum deviation from the
mean. ®The chemical identity of the coordinated atom/ligand is specific in these columns. “There are
two crystallographically independent molecules.
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sphere consists of a hexadentate C-donor liand and a bidentate NO, group with an
0O-Ag-O angle of 50° and Ag-O distance of 251.3(5,42) pm.

Finally, there is one example

156

in which two tetradentate C-donor ligands
sandwich a Ag(I) atom and two additional positions are taken up by a bidentate

NO, group, giving deca-coordination about the silver(I) atom (Table 5).

Table 5 Structural data for mononuclear silver compounds with coordination number six and

higher*
Compound Cryst. cl. a [pm] a ] Chromo- M-L L-M-L Ref.
Space gr. b [pm] BI°] phore
z ¢ [pm] Y[l [pm] [°]
[Ag(C34Hs60,0)]  oOr 1625.9 AgOyq o 240-300 not given 133
0.5H,0 P2,2,2, 2646.0
4 891.6
AgHC,H,,0,) m 1501.1 AgO, O 256¢(-,21} not given 134
P2, 1340.2 111.3
2 1278.9
Agi(C,47Hg,0,,) Ag0y O 260(-,22) not given 135
[AZ{CyH, N3),]PF, tg 1013.4(1) AgN, N 254.3(10,0) 70,2(3,1.1) 93
P4,/m — 260.7(7,0) 109.8(3,1.4)
2 1277.1(2) 180.0(5,0)
[Ag(CoH,¢);]BF, m 1244(2) AgCs C 267(3,22) not given 136
P2,/c 1018(2)  95.4(1)
4 1947(2)
[Ag(Cr,H,)ICIO, m 1870.0(8) AgCe C 260(2,7) not given 137
Cc 633.1(6)  123.9(1)
4 1845.6(8)
[AgYCH,,S5),) or 788.4(2) AgSq S 272.5(2,29) 80.0(1,7) 96,
(CF5805;) Pnam  1239.6(5) 100.0(1,7) 138
4 2354.6(7)
[AgY(C\,H,,S6)]PF; m 529.5(4) AgS S 266.6(1,0) 78.9(1,1.5) 139
I2/m 1395.9(10) 95.15(10) 278.1(1,0)
2 1395.1(9)
[Ag{CeH5S5),]- hx 1591(2) AgS S 272.5(5,28) 82.8(2,7.3) 140
[Ag{(CeH | 5S5)]5 P6,4 - 116.0(2)
(ClO,), 1345.9(2) AgS, see Table 10 159.7(2)
[Ag4(SeCH,)s},] m 2880(4) AgSe;  Se 293(1,15) 66.2-162.5(2) 141
AsFg C2/c 942(1) 137.4(1)
8 2240(4)
[AgC3oH3sN,0,)]- m 1486.1(8) AgOsN O 253(2,6) 0,0 65.4-142.0(8) 142
(Cl0),-2CH,Cl, P2, 1481.0(8) 101.86(5) N 258(1) ON 69.1(4,1)
2 915.7(4) 132.3(9,3.8)
[Ag"{2,6-(CO,) or 787.4(5) AgON, O 220(1,0) 0,0 97.6(5) 143
(CO,H)py},]-H,0 Pnna 1094.2(7) 253(1,00  ON 74.1(3,2.5)
4 1773.4(12) N 215(2,6)
[Ag"{2,6-(CO,) m 600.2(4) AgO,N, O 213.4(10) ON 78.1(3) 144
(CO,H)py},]-2H,0 P2;/n  1068.2(7) 90.83(10) o 298
2 1284.2(8) N 211.8(10)
[AgH(C3oH3sN,0,) m 1180.5(5) AgON, O 253(1,3) 0,0 65.8(3,1) 145
(MeCN)]-(CIO,); P2/a  2677.0(18) 100.37(4) N 272(1) 112.9(3,10.4)
4 1147.5(5) MeCN 221(]1) N,N 105.0(4)
ON 67.6(3,1)
121.2(4,22.0)
AgH(C ¢H 4Ny}, m 568.5(3) AgO,N, 146
(NO,) P2,/c  792.8(1)  94.90(2)
2 3050.2(5)
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Table 5 Continued
Ag'(C,oH3,NOy)] or 1395 Ag0,C, O 230-280 not given 147
(BF,;)-2Me,CHOH P2,2,2, 2748 C not given
4 1006
[Ag(C,,H,eN,S,)]  or 1085.9(22) AgN,S, N 257.1(11,18) N,N 104.3(4) 148
PF, Pbca 2024.7(26) S 265.8(5,0) 164.3(5)
4 974.2(10) S,S 124.5(2)
N,S 75.9(3)
113.2(2)
[Ag(C, H3S,)5) m 1083.8(2) AgC,S, C 257.0(11,10) C,C 30.7(3) 149
BF, C2/c 1172.0(2) 105.02(1) S 250.4(3,0) S, 128.5(2)
4 1635.5(2) C,S 78.9(3)
105.2(3)
[Ag(C,,HygN,S )1 tg 1012.8(3) AgS,N, § 261.1(2,0) S,S 87.0(1,6.0) 150
PF, P42,2 — 280.2(2,00 NN 73.7(1)
4 2171.1(4) N 258.6(3,0) SN 74.0(1)
149.62(6)
[Ag(C,H36N,8,)]  or 1673.3(2) AgS,N, S 269.7(4,77) S,S  81.3(1,1) 151
PF, Pcab 1750.2(1) N 253.3(10) 108.5(1,2.3)
8 1470.3(1) 281.7(15) 146.2(1,2.7)
SN 73.1(3,2.9)
106.9(3,6.7)
NN 172.9(4)
[Ag(C ,H;0N,S)] m 1075.3(1) AgS,N, S 264.0(4,57) S, 82.3(1,1.4) 151
BPh, P2/n 1905.7(2) 106.04(1) 281.9(3) 96.7(1,8)
4 1893.6(2) N 251.7(11) 169.2(1,2.3)
277.8(10) S,N 73.8(3,1.6)
116.1(3)
[Ag'(dttp)|BPh, tr_ 1386.3(9) 109.0(1) AgN,S; N 241.0¢8,12) N,N 65.5(2,5.0) 152
Pi 1096.5(11) 99.2(1) 261.3(9) 130.5(3)
1499.0(12) 65.0(1) S 266.2(3,8) S,S 81.9(1,6.0)
294.9(4) NS 73.4(2)-
156.1(2)
[AgH(C,oH,406) m 1842.7(4) AgO; O 270 153
(NO,)- P2,/n  1407.92) 93.56(3) O,NO 250
0.5BuOH-0.5H,0 8 1847.1(3)
Ag'(Cy5H,,) m 3742.6(3) AgC,O0 C 259(1,19) not given 94
(CF1805) P2,/a  1044.8(2) 90.3(1) (0] 249(1)
16 2390.9(2)
[Agl([12]crown-4),] m 1047.1(3) AgOg; O 257 not given 154
AsFg C2 1153.9(3) 91.83(3)
2 980.1(3)
[AgHC,3sH0)(NO3)  m 1207.4(2) AgCO, C 240.4(6,69F 0,0 49.9(1) 155
P2,/c  807.1(2) 93.49(2) (0] 251.3(5,42) c
4 1422.9(4)
Ag(CgHg)H(NO;)  m 1029.6(2) AgC:0, C 271.8(4,24) d 156
C2/¢c 975.2(1)  95.59(2) (0] 251.8(3,0)
4 1512.2(4)
Agl(pctt) m 1618.9(2) 157a
P2,/c  981.4(1) 60.92(2)
4 1670.4(2)
[Agl(tbc),J(CF380;)- m 1536.9(3) AgC, C 274(2,7) not given  157H
tbc-0.5C¢H 4 P2/n  2817.7(5) 90.61(1)
4 2675.1(4)

*Where more than one chemically equivalent distance or angle is present, the mean value is tabulated. The
first number in parenthesis is the e.s.d., and the second is the maximum deviation from the mean. ®The
chemical identity of the coordinated atom/ligand is specific in these columns. “The value of midpoint C=C
bond; 0-Ag(C=C) = 97.5-148.1(2)° and (C=C)-Ag{(C=C) = 97.3(2,1.6) and 119.8(2)°. ¢ (C-C)-Ag(C-C) =

71.1, 100.2, 113.6 and 164.7°,
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3. BINUCLEAR SILVER COMPOUNDS

3.1 Coordination number two

Structual data for these complexes are summarized in Table 6. The structures are
arranged in order of increasing Ag-Ag distance. Bidentate ligands, each forming
three-atom bridges, bring the two silver(I) atoms within 265.4(1) pm in the colourless
derivative [Ag{2-(Me;Si),CHpy)],'>® which is the shortest Ag(I)-Ag(I) distance ob-
served in the series of binuclear silver compounds. The associated N-Ag-C angles are
174.5(1)°. This type of bridging is common to binuclear di-coordinated silver
compounds, the exceptions being [Ag(tolNstol)], (Table 6) and (costunolide)
AgNO;!'"! where the silver(I) atoms are linked by the C atoms of costunolide.

Bidentate ligands and a silver oxidation state of +1 are the only features of these
derivatives. The mean Ag-L bond distances are; 215.5(50,40) pm (L = N, 75 pm) <
217.6(7,7) pm (C, 77 pm) < 222.3(13,27) pm (O, 73 pm) < 238.3(3,3) pm (P, 106
pm);, which largely follows the trend of covalent radius of the coordinated atom. The
L-Ag-L bond angles are in the range 150° to 178°, The Ag(I)-Ag(I) distances range
from 265.4(1) to 354(2) pm, compared to the corresponding Cu(I)-Cu(I) distances
of 241.2 to 635.0 pm*? and the Au()-Au(l) distances of 276.1 to 296.7 pm*3

Two crystallographically independent molecules, differing mostly by degree of
distortion and Ag-Ag distance are recorded.'®® The derivative
[Ag(CgH¢N,)](Cl0,), has been independently studied by two groups'®>!6* with
comparable results.

3.2. Coordination number three

Structural data for these derivatives are listed in Table 7. Two of the
derivatives'®>!87 have one of the silver(I) atoms in a tetrahedral environment. The
twenty-two derivatives are listed in order of increasing Ag-Ag distance.

In dark yellow [Ag{EtOC¢H,),N;}(py)l,,'’* two triarsenido ligands bridge two
Ag(I) atoms with each of their N atoms forming an eight-membered heterocycle
Ag, N, with a Ag-Ag distance of 272.6(1) pm. To each Ag(I) atom an additional
pyridine ligand is coordinated, the Ag-N distance being 245.5(5) pm. The AgAg
distance in this complex represents the shortest value found in the binuclear
tri-coordinated silver(I) derivatives. This type of bridging is also found in other
CaSCS.173_175’181’187

In the [Ag,l,]? anion®"'7® two iodine atoms serve as bridges between Ag(l)
atoms. This type of bridging, involving two bridging ligands, is the most common
in this series. Other halogens also serve as bridges, for example, two bromine
atoms'7%!8% and two chlorine atoms.'”%'%° In two cases bridging is accomplished
by a pair of sulphur atoms.!””>!7® The Ag-Ag distances and angles are interrelated
in the above examples. As the Ag-Ag distance increases, the Ag-L-Ag angle opens
and the pnL-Ag-uL angle closes. For example: 302.1 pm, 65.6° and 114.4°;'7¢ 355.7
pm, 79.0° and 101.0°;*' 365.9 pm, 88° and 92°.17° In the colourless crystals of
[Ag(CgHgN,),1,(NO;),'¢? each Ag(l) atom is trigonally surrounded by the N atoms
of one unidentate and two bridging phtalarsine molecules to form a six-membered
metallocycle Ag,N, with a long Ag-Ag distance of 349.1(1) pm. In the remaining
three examples'82-184185 the Ag(I) atoms are each bridged in a unique fashion.
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Table 6 Structural data for nuclear two-coordinate silver compounds?
Compound Cryst. cl. a [pm] a[°] Chromo- M-L M-M L-M-L Ref.
Space gr. b [pm] B[] phore
4 ¢ [pm] T[] [pm] [pm] [*]
[AgH{2-C(SiMe,), - or 1631.8(9) AgNC  Nf 216.0(5) 265.4(1) 174.5(1) 158
C,H N}, Pcab 1611.5(10) C  215.4(5)
4 1203.3(6)
[Agi{(Me;SiN),CPh}], tr_ 1132.5(5) 107.85(5) AgN, N 212.4(2,6) 265.5(2) 170.2(1,1) 159
(at 263 K) Pl 1221.4(6) 106.63(4)
2 1407.9(8) 91.54(3)
[Ag'(PhN,Ph)], m 2602.3(7) AgN, N 215.0(4,5) 266.86(1) 167.7(1) 160
C2/c 547.1(7) 118.13(2)
4 1693.4(6)
[Ag'(C,sH, 5N or 703.97(8) AgN, N 210.5(5,11) 270.5(1) 168.8(2) 161
Pnaa 1368.9(2)
4 2903.9(3)
[Ag(CgHN,)), m 1601.7(7) AgN, N 219.5(15,16) 274.8(2) 167.82(50) 162
(CIO,), P2,/n 1042.7(4) 99.90(3)
2 575.2(2)
[Ag(CsHgN,)), m 1611.4(3) AgN, N 218.8(3,3) 275.6(1) not given 163
(C10.,), P2,/a 1046.2(2) 100.77(2)
2 577.2(1)
[Ag!(C,sH,,000,)],- m 1576 AgO, O 225(2,5) 277.8(5) 158(1) 164
2H,0¢ P2,/c 1871 103.1
4 1839 AgO, 283.4(5)
[Ag'(PhCO,)], or 629.7(5) Ag0O, O 222(2,2) 290.2(3) 158.6(7,1.7) 165
P2,2,2, 898.7(6)
2377.1(195)
[Ag!(pib)], m 646(1) AgO, nO 225(-,0) 290(2) 160 166
C2 901(2) 100.2(3)
2 1311(4)
[Ag'(4-OHCH, m 611.3(7) Ag0O, pO 221.0(8,4) 291.5(8) 157.9(7) 165
CO,)],-H,0 P2,/a 906.7(17) 103.74(9)
2 1421.8(20)
[Ag'(CsFsOCH, m 599.2(3) Ag0O, O 221.7(3,14) 294.3(1) 161.6(2) 167
CO0,)], P2,/a 3022(2) 106.42(5)
2 527.72)
[Ag{CH(CO,E1), tr 961.1(2)  83.74(2) AgC, C 217.6(2,7) 295.3(1) 178.2(1) 168
PPh,}], PT 1001.0(2) 83.42(2)
1 1125.3(2) 69.99(2)
[Ag(CH,PPh,S)], m 2420(1) AgCS C  218.3(9) 299.0(2) 173.7(3) 169
C2/c 906.7¢(4)  105.79(1) S 238.2(3)
4 1210.1(6)
[Ag'(tmpm)],(PFy), or 1117(1) AgP, P 238.3(4,3) 304.1(2) 174.3Q2) 170
Pbca 1768(5)
4 1315(2)
[Ag'(to INstoD)], m 525.7(4) AgN, N 217.0(10,10) 354.17(2) 155.0(5,5.4) 160
P2,/n 1236.1(3) 90.88(5)
4 2189.6(9)
[Ag'(gly)glytH]NO; m 504(1) AgO, O 219 160 17
P2,/¢c 2802(3) 93.83(1)
2 578(1)

¢ Where more than one chemically equivalent distance or angle is present, the mean value is tabulated. The first
number in parenthesis is the e.s.d., and the second is the maximum deviation from the mean. ¢ The chemical
idenity of the coordinated atom/ligand.  There are two crystallographically independent molecules.
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From Table 7 it can be seen that silver occurs only in the oxidation state of +1, but
the ligands involved are uni-, bi-, tri- and tetradentate.

In general, the mean Ag-L(terminal) distances are shorter than the Ag-L(bridge)
distances. For example, in the series where L is halogen they both follow the trend
of the covalent radius of the halogen, the values being 235 pm (Cl) < 248.6 pm (Br)
< 267.6 pm (I), and 262.4 pm (Cl, 99 pm) < 267.6 pm (Br, 114 pm) < 279.3 pm
(I, 133 pm), for terminal and bridging, respectively.

The derivative (PPh,),[Ag,Br,] exists in two isomeric forms'’®!'¥® which are
distortion isomers of each other.

3.3. Coordination number four

Structural data for over fifty binuclear silver(I) compounds with coordination
number four are summarized in Table 8. Some examples?!'4?23229 contain two
silver(I) atoms of higher coordination number, which are cross listed with the
appropriate table. Two of the examples?*®?*' are organometallic compounds.

There are several types of bridging, with the distorted edge-shared bis-tetrahedral
structure being the most common. The crystal structure of [Ag(tu);],(ClO,),'%®
has two bridging S-atoms of thiourea molecules bringing the silver(I) atoms to
within 284.5(1) pm, and Ag-S-Ag angles of 64.3(1)°. This is the shortest Ag(I)-Ag(I)
distance found in this series of compounds. In another five
examples!%4203:206.208.214 4w, gulphur ligands also serve as bridges. In three
examples the bridges involve two oxygen ligands.?!2:213216 A pair of halogen atoms
also serve as bridges in several cases, for example, chlorine,!®196:204.207.209.210
bromine,!?%:197:205 and jodine.!2!-!9*195:21! In this series there are relationships
between the Ag-Ag distance, the Ag-L-Ag angles and the pL-Ag-uL angles similar
to those found in the binuclear tri-coordinate species of the previous section. The
Ag—-Ag distance increases as the Ag-L-Ag angle opens and the ul-Ag-uL angle closes.
For example, in the sulphur-bridged cases the values are; 284.5 pm, 64.3° and
112°,'88 307.6 pm, 70.5° and 109.5°,°% 344.1 pm, 80.3° and 99.7°;2°% 373.8 pm,
89.2° and 90.8°.2°¢ For the chlorine bridges the values are; 307.4 pm, 71.2° and
98.1°,'°¢ 350.7 pm, 84.2° and 95.8°,'%> 375.0 pm, 90.9° and 89.472°7 In the
bromine-bridged examples the values are 308.0 pm, 68.5° and 111.6°,°7 349.8 pm,
80.1° and 99.8°.'%°

A second type of bridging involves two bidentate ligands serving as tri-atom
bridges, to give an eight-membered metallocycle Ag,0,C,,'%%1°¢ Ag,S,C,'"?
Ag,P,C,'%% Ag,0,N,C,?°% and Ag,N,S,C,.2?° In one case,'®® two carboxylate
groups of B-alaninate moieties bring the silver(I) atoms to within 285.5(4) pm, with
pO-Ag-pO angles of 161.6(8)°. This is the shortest Ag-Ag distance found in this
series.

In a third type, the bridging consists of two bidentate ligands forming a
ten-membered heterocycle Ag,N,C,'®2 and Ag,P,C,.>?' A twelve-membered het-
erocyclic ring is also found with the chromophores Ag,N,C¢'®'?** and Ag,P,C??°
and Ag,S,Cs’° and in one case a sixteen-membered heterocycle is found.'”!

There are some examples where single bidentate ligands serve as a bridge, for
example, Ag-P-P-Ag 2'® Ag-S-C-Ag??? and Ag-P-C-C-P-Ag.??? There is one example
where two silver(I) atoms are bridged by a single chlorine atom and by the two
bis(diphenylphosphino)methane ligands in a syn-syn arrangement.
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The data in Table 8 indicate silver atoms in only the +1 oxidation state. The
ligands range over uni-, bi-, tri-, tetra- and octadentate. In the series of uni- and
bidentate ligands the mean Ag-L distances increase in the sequence: 235.9 pm (uni-)
and 233.4 pm (bi-, N) < 245.0 pm (uni-) and 245.2 pm (bi-, P) < 250.5 pm (uni-)
and 250.8 pm (bi-, O) < 253.9 pm (unidentate) and 252.5 pm (bidentate, S). In the
series of N multidentate ligands, the mean Ag-N distance increases in the sequence:
233.4 pm (bi-) < 235.9 pm (uni-) < 236.7 pm (tetra-) < 239.2 pm (octadentate).
The mean Ag-L(bridge) distances increase in the order: 250.0 pm (LO) < 265.0 pm
(ChH < 273.2 pm (Br) < 274.2 pm (LS) < 286.5 pm (I). Thus for singly-bridging
atoms the bond distances follow the order of covalent radii of the respective atoms,
99 pm (Cl) < 114 pm (Br) < 133 pm (I). However, this does not follow for the O-
and S-donor ligands suggesting that steric hindrance of the rest of the ligand is a
factor in these bridge distances. Steric effects can also be seen in the series of
triphenylphosphine adducts, this molecule being the most common unidentate
ligand in this series of silver(I) derivatives. For the AgP,X, derivatives, the mean
Ag-P distance of 248.1(33,65) pm is about 6.5 pm longer than those found in the
AgPX, derivatives at 241.6(24,29) pm),

There are hetero-, bi-, tri- and tetradentate ligands, with O plus N atoms and N
plus S atoms in the first case, two O atoms plus one N atom in the second case, two
O plus two S atoms and two N plus two S atoms in the third case. The mean Ag-L
distances increase with covalent radius of the coordinated atom. The shortest
Ag(D-Ag(l) distance of 284.5(1) pm found in the binuclear tetrahedrally-
coordinated derivatives is longer than either of those found previously in the
digonally and trigonally-coordinated Ag(I) derivatives, at 272.6(1) pm and 265.4(1)
pm, respectively. These shortest Ag(I)-Ag(I) distances are themselves longer than
the corresponding values in the Cu(l) derivatives,*? which are 241.2(1) pm
(digonal), 243.3(1) pm (trigonal) and 237.1(1) pm (tetrahedral). This corresponds
with the relative values of the covalent radii of the metal atoms at 138 pm (Cu) and
153 pm (Ag). It is also noted that while the Ag-Ag distance increases with
coordination number, this is not the case for Cu(I)-Cu(I) distances.

The compound [Ag(PPh,)(py)I]'®® exists in two isomeric forms differing by
degree of distortion. There is one example, [Ag(dppm)}NQO,)}, which was indepen-
dently studied by two groups,!°®!°® however the latter information was only
obtainable from Chemical Abstracts'®® and a full comparison was not possible.

3.4 Coordination numbers five and higher

Structural data for binuclear silver compounds with coordination numbers five, six
and seven are given in Table 9. In [Ag(glyH)(NO,)], two silver(l) atoms are bridged
by the carboxylate oxygens of the glycine molecules in a syn-syn arrangement,
bringing the Ag(I) atoms to within 287.7(6) pm with pO-Ag-uO angles of 163.1(7)°.
This represents the shortest metal-metal distance observed in this series and is
about 3.2 pm longer than the shortest values found in tetrahedrally-coordinated
binuclear derivatives (Table 8). In other examples, two nitrogen atoms of a
macrocyclic ligand,'®! two sulphur ligands,?3* and two oxygen ligands®!+??* serve as
bridges. There are eight examples in which both silver atoms are penta-coordinate,
and two examples'®'-2>3 in which one of the silver atoms is hexa-coordinate. There
are four examples®**~242 with both silver atoms hexa-coordinated, and
one derivative containing hepta-coordinate silver(I).?*> In an example with a
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macrocyclic ligand the two bridging nitrogen atoms bring the silver(I) atoms to
within 317.7(1) pm.

In this group silver only occurs in the oxidation state of +1. The ligands range
from uni-, bi-, penta-, octa- and decadentate. Tables 6 to 9 cover the binuclear silver
derivatives and contain examples only of silver in an oxidation state of +1. There
are one hundred and seven of these derivatives consisting of 54 four-coordinate
(tetrahedral), 22 tri-coordinate, 10 penta-coordinate, 4 hexa-coordinate and 1
hepta-coordinate complexes.

The shortest Ag-Ag distance for each geometry increases with increasing
coordination number in the following manner: 265.4(1) pm (bi-) < 272.6(1) (tri-) <
284.5(1) pm (tetra-) < 287.7(6) pm (penta-) < 317.7 pm (hexanuclear). In the
equivalent series of binuclear copper(I) compounds [42] no such tren d was found.

4. TRINUCLEAR SILVER COMPOUNDS

Structural information for the trinuclear silver compounds are summarized in Table
10. There are thirteen examples in which only silver(I) atoms are found. Yeliow
[Ag(Ph,PCHPPh,)],%** consists of silver atoms arranged at the vertices of a nearly
regular isosceles triangle (Fig. 1) with the basal Ag(I)-Ag(2) length of 293.3(2) pm
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and sides of length 341.4(1) pm (Agl-Ag3) and 345.6(1) pm (Ag2-Ag3). Coordi-
nation about the basal silver atoms, which are bridged by three Ph,PCHPPh ligands
through phosphorus atoms, is trigonal. The methylene carbon atoms of two ligands
are bridged by the Ag3 atom with Ag—C distances of 220(1,1) pm and C-Ag-C angle
of 149.8(4)°. The Ag-P distances of a bidentate ligand at 247.6(3,9) pm are
significantly shorter than those involving the tridentate phosphines (253.6(3,40)
pm}.

The structure of colourless [Ag;(dppph),(MeCN),](Cl0,);(Et,0),>*¢ consists of
non-equivalent silver atoms bridged by a pair of tridentate (trans-
bis(diphenylphosphinophenylphosphine) molecules, with the Ag-Ag-Ag angle of
175.33(7)°. The derivative [Ag{(PhMe,Si);CHS}]5** consists of a discrete six-
membered ring of alternating silver and sulphur atoms, Ag,;S;. Each silver atom
exhibits a coordination number of two, with distorted digonal geometry (Table 10).
In the [Ags(dppm);X,]* cation (X = Br248 or CI24%- »250y a triangular array of silver
atoms 1s bridged by triple X atoms and by the dppm ligands in a syn-syn
arrangement. All three silver atoms are tetra-coordinate in a distorted tetrahedral
arrangement of two halogen and two phosphorus atoms.

In a white derivative?>! three silver centres are bridged by three 3.5-
diphenylpyrazolate units to form a nine-membered ring of Ag;N,. The three silver
atoms are in a digonal arrangement with Ag-N distances of 209(1,1) pm and
N-Ag-N angles of 175.5(5,8)°. The Ag-Ag distances range from 330.5(2) to 349.6(2)
pm. Two of the three silver atoms in another derivative?3? are coordinated to two
2-aminopyridine ligands via the heterocyclic N atom and the O atoms of NO,
groups. The remaining and central silver atom lies on a crystallographic two-fold
axis, which rotates one half of the molecule into the other. The 2-aminopyridine
ligands are bridging, bidentate through the ring N atom and the exocyclic amino
groups (Table 10).

A trinuclear double helix 980 pm wide and 2000 pm long is found in another
example.2>* All three silver atoms are tetrahedrally coordinated by the N atoms of
the two macrocyclic ligands. Another example?>* has two pseudo-tetrahedral silver
atoms and one pseudo-octahedral silver all sitting within the cavity of a tetradec-
adentate macrocyclic ligand.

Colourless [Ag,(C4H,,S3)s](ClO,),'*° consists of two different cations, one
monomeric [Ag(C¢H,,S5),]* with a pseudo-octahedral environment and the other
trimeric [Ag(C¢H,,S;)]5* . All three silver atoms in the latter are coordinated to a
highly distorted tetrahedral array of four S atoms, one S atom of each nine-
membered macrocycle being bound to two Ag centres. The Ag;S; six-membered
ring is planar.

An cxtremely hygroscopic, colourless and crystalline derivative?>® has two
crystallographically equivalent silver(I) atoms coordinated by alternate O atoms of
the twelve-membered (CH,0O), ring. The pseudo-octahedral coordination about the
third silver atom is by six fluorine atoms of different AsF,~ anions.

There are uni-, bi-, tri-, tetra- and tetradecadentate ligands. In the series of
unidentate ligands, the mean Ag-L distance increases with the covalent radius of
the coordinated atom, for example: 245.8 pm (L = O, 73 pm) < 248.9 pm (N, 75
pm). However, in the bidentate series the distances are 220 pm (N) < 244.3 pm (P,
106 pm) < 262.2 pm (F, 72 pm) < 267 pm (O). In the multidentate N-donor ligands
the mean Ag-N distance increases in the sequence: 220 pm (bi-} < 234 pm (tetra-)
< 239.6 pm (tetradeca-) < 248.9 pm (unidentate). The Ag-X (bridging) distances,
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where X is triply-bridging, increases with the covalent radius of the coordinated
atom: 273.4 pm (Cl, 99 pm) < 283.5 pm (Br, 114 pm).

5. TETRANUCLEAR SILVER COMPOUNDS

5.1. Coordination number two

Structural data for these silver compounds are summarized in Table 11. The
structure all contain silver(I) in discrete eight-membered rings (Ag,X,) with
alternating silver and X atoms. The pL-Ag-uL angles range from 165° to 180°. The
mean Ag-L(bridge) distance increases with the covalent radius of the X atom in the
sequence: 212.7 pm (N, 75 pm) < 220 pm (C, 77 pm) < 238.1 pm (S, 102 pm). The
shortest Ag-Ag distance is 273.3(3) pm.2° There is an interdependence between the
mean Ag-Ag distance and the Ag-L-Ag angle. As the distance increases the angle
opens (Table 11). The shortest Ag(l1)-Ag(I) distance of 273 pm is about 31 pm
longer than that of Cu(I)-Cu(I), but shorter by about 19 pm than the corresponding
Au(D-Au(l) distance.*3

5.2. Coordination number three

The structural data for these compounds are listed in Table 12. There are ten
examples, seven of which contain two silver(I) atoms of higher coordination
number, and these are cross-listed with the appropriate table.

The structure of [Ag,(4-FC<H,OCH,CO,),(H,0),],*¢'* shows a discrete cen-
trosymmetric tetramer with one water molecule on each of the four silver(I) atoms.
Carboxylate groups bridge a pair of silver atoms in a syn-syn arrangement, and two
of these dimeric units are held together by two bridged oxygen atoms from different

Table 11 Structural data for tetranuclear silver compounds, coordination number two*

Compound Cryst. cl. a [pm} al’] Chromo- M-L M-M [pm] Ref.

Space gr. b [pm] B ] phore M-L-M [°]

Z ¢ [pm] v I°] {pm] uwL-M-pL [}
[Ag'(mes)], th_ 1839.5(3) 116.28(2) AgC, pC? 220(3,4) 274.4(3,11) 245,

R3 77.1(7,1.0) 257

3 167.1(8,1.9)
[Ag(FCcHN;CeH,F)ls m 1863.0(3) AgN, uN 212.8(4,26) 282.0(1,14) 258

C2/c 1270.2(1) 103.07(1) not given

4 2005.1(2) 177.7(2,2.3)
[Ag'(mpsa)), m 2867(1) AgN, uN 212.6(4,43) 307.7(1,87) 259

C2/c 1149.3(3) 126.25(2) not given

4 2056.5(8) 169.7(2,1.5)
[Ag'{(Bu'0);SiS}], tr_ 1769.7(25) 119.63(6) AgS, uS 238.3(3,6) 313.5(7,18) 260

Pl 2012.8(17) 82.22(7) 82.3(3,5)

2 1266.8(6) 95.08(9) 172.3(3)
[Ag'{(Me,S1);CS}]. or 1747.8(3) AgS, uS  237.8(8,18) 331.3(3,18) 247

Pbca 2831.4(4) 88.3(3,1.0)

8 2970.6(4) 177.5(3,7)

% Where more than one chemically equivalent distance or angle is present, the mean value is tabulated.
The first number in parenthesis is the e.s.d., and the second is the maximum deviation from the mean.
> The chemicaly identity of the coordinated atom/ligand.
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dimers. This results in triangular coordination about two silver atoms and
tetrahedral coordination about the other two. The brown compound
[Ag{PhN,C¢HN,(H)Ph}],%¢! is built up of a rhombus of four silver(I) atoms and
four bis-triarsenido units. In another three examples?62-293 the metal rhombus is
held together by sulphur?®? or selenium ligands.?%? In a colourless derivative'®® two
[Ag,(dppm),] * % subunits are held together by two bridging NO, groups. In another
example®®* non-equivalent silver(I) atoms are linked together by acetate groups.
Tetranuclear [Ag,Xg]™* anion (X = Br®! or ['7%) is centrosymmetric and was
described in terms of two edge-sharing silver(I) bromide or iodide tetrahedra, each
linked by a common edge of an approximately planar silver halide triangle (Table
12).

In general, the mean Ag-L(terminal} are shorter than Ag-L(bridge) distances. For
tri-coordinated silver(l) atoms, the mean Ag-L distance increases with the covalent
radius-of the coordinated atom. For example the bidentate ligands give the order:
220.8 pm (O) < 242.8 pm (P) < 259.6 pm (Se, 116 pm). For the bidentate bridged
ligands the order is 251 pm (O) < 260.2 pm (Se). For unidentate terminal and
bridging ligands the order is: 251.8 and 264.1 pm (Br) < 272.4 and 276.3 pm (I),
respectively. the shortest Ag-Ag distance found in this series of tetranuclear
derivatives, 279.9(1) pm, is about 6.6 pm longer than that found in the previous
examples with coordination number two (Table 11).

5.3. Coordination number four

The structural data for these derivatives are given in Table 13. There are several
distinct types of structures, the distorted “cubane-like” geometry being the most
common. From nineteen examples given in Table 13, thirteen belong to the cubane
type (Table 13A). The cubane-like structure, for example in a colourless
derivative,?’! is composed of four silver and four iodine atoms situated at
alternative corners of a highly distorted cube with each silver atom being closer to
one of the PPh; ligands. In this series (Table 13A) the Ag-Ag distances range from
299 to 420 pm, the mean value being given in the table. The variation of Ag-Ag
distances range from 3 pm to 70 pm, which occurs because of a nonsystematic
distortion from idealized T, symmetry.?”! It is evident from the data in Table 13A
that there are links between the Ag-Ag distances and the Ag-L-Ag angles. The mean
distances increases with an opening of the angle. The mean Ag-L(bridge) distance
increases with covalent radius of the triply-bridged atom in the sequence: 266.8 pm
(C) < 280.6 pm (Br) < 291.0 pm (I). In the corresponding series of Cu(l)
cubane-type structures,*”? the mean Cu-L(bridge) distance increases in the same
order, viz: 238.3 pm (Cl) < 255.0 pm (Br) < 271.1 pm (I). All are shorter than those
found in silver cubane type structures. It is seen that the value of {{Ag-L(bridge)]-
[Cu-L(bridge)]} distances decreases with increasing covalent radius of the bridged
atom in the sequence: 28.5 pm (Cl) < 25.6 pm (Br) < 19.9 pm (I), suggesting the
limiting effect of ligand steric hindrance.

The mean Ag-L{terminal) distance increases in the sequence: 230 pm (pip) < 237
pm (NEt;) < 240.2 pm (Me,pip) < 241.3 pm (PEt;) < 242.0 pm (PPh,) < 250.2
pm (ppyp), due to both the steric and electronic nature of the ligands. From
these correlations it can be seen that the degree of distortion mentioned above
follows the degree of steric hindrance. It is interesting to note that while
monoclinic [Ag(PPh,)I],>’' has a cubane-like structure, the colourless triclinic
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[Ag(PPh,)I],.1.5CH,Cl1,%”! has a chair-like configuration, as shown in Figure 2,
which clearly shows two non-equivalent silver(I) atoms. The atoms Ag(1) and Ag(1)’
are approximately trigonally coordinated (Agl,P), while Ag(2) and Ag(2’) are
tetrahedrally coordinated (Agl;P). This unprecedented type of isomerism allowed a
detailed stereochemical comparison, which has been fully discussed in the original
literature.?”!

There are two examples where four silver(I) atoms are positioned in a
butterfly arrangement with the ligand on the “wing-tip” silver atoms. The shortest
Ag-Ag distance in the former compound?’4 is between the “body’atoms, about
308-311 pm. In the second case®’® the value is 367-396 pm (Table 13B). A similar
structure is found for other silver complexes.?’®28% Unfortunately, the only data
obtained for these compounds were from Chemical Abstracts (footnote to Table 13),
and therefore a more detailed comparison of this group of derivatives is not
possible.

The structure of monoclinic Ag,(dppa),Br, is a tetragonal bipyramid with
four silver(I) atoms in the equatorial plane and the bromine atoms in axial
positions. The Ag-Ag edges are alternatively bridged by bromine atoms and
dppa ligands. A colourless derivative?’”” has one Ag(I) atom in a distorted
tetrahedron of AgO;N, the other Ag(I) atom forms part of an approximate plane of
AgO,N. Two phthalate groups coordinate two silver atoms in a fourteen-membered

274,275

248,276

Figure 2
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ring. The additional bridging capacity of two of the four oxygen atoms subdivides the
fourteen-membered ring into one four- and two seven-membered chelating rings.

The mean Ag-L bond distances for tetrahedrally-coordinated Ag(I) atoms in the
tetranuclear species increases in the sequence: 233.2 pm (LN) < 242.3 pm (LP) <
254.6 pm (LS); for p-bidentate ligands the order is: 239.2 pm (LO) < 274.3 pm (LSe);
for pu-vs p,-Br and 1 the order is: 266.3 pm vs 283.3 pm < 287.2 vs 287.8 pm,
respectively.

The mean Ag-L bond distances found in the trigonal species are shorter than those
in the tetrahedral species, for example: 236.1 vs 242.3 pm (LP); 264.1 vs 266.3 pm
(u-Br); 276.2 vs 287.2 pm (p-I) and 260.2 vs 274.3 pm (u-bidentate Se-donor
ligands). However, for p-bidentate O-donors the opposite trend is observed, 251.0
and 239.2 pm, respectively.

The shortest single Ag-Ag bond distances found for tetranuclear species increases
with increasing coordination number in the order: 237.3(2) pm (digonal) < 279.9(2)
(trigonal) < 296.1(2) pm (tetrahedral).

Two orthorhombic derivatives [Ag(pip)1], 265,266 differ mostly by degree of distor-
tion, an example of distortion i 1somensm which is also common both in the copper
complexes42 44 and gold complexes.*3

Thirty-seven tetranuclear silver(I) compounds have been studied and analyzed
(Tables 11-13) which is much less than the one hundred and fifteen copper(I)
examples.*? In general, in the M(I) digonal species an eight-membered ring type is the
most common structure. In the M(I) coordinated examples, a rhombus or
adamantane-like arrangement is most common, and in the tetrahedral M(I) examples
it is the cubane-like structure. The mean M(I)-L(terminal) distances are shorter than
the M(I)-(bridge) values, and the general order observed is Cu(I)-L < Au(I)-L <
Ag(D)-L.

6. OLIGONUCLEAR SILVER COMPOUNDS

Structural data for the oligonuclear silver compounds are listed in Table 14. Included
are  pentanuclear,?®?  hexanuclear?®3-?°>  octanuclear,?®®  nononuclear,?*°
decanuclear?®® and tetradecanuclear.?%® In all cases the silver is found in the oxida-
tion state of +1.

In the pale yellow pentanuclear compound,?®? five silver atoms form a trigonal
bipyramid with Ag-Ag distance within the same cage of 335.7 pm (trigonal plane)
and 401.5 pm (axial axis), and a distance of 318.1 pm between different cages. The
molecular cage contains six doubly-bridging thiolate ligands, leading to trigonal
planar coordination for the silver atoms related by a two-feld axis, and digonal linear
coordination for the three other silver atoms related by a three-fold axis (Table 14).

There are eleven hexanuclear silver(I) derivatives. A white compound?®> reveals
the presence of a planar Agg cluster in which three radiating pairs of Ag(I) atoms
305.1(1) pm apart are disposed on the corners of an equilateral triangle. The inner
silver atoms are 349.3(1) pm apart, and each silver atom is linearly coordinated by
imidazole ligands. The structures of some pale vyellow derivatives are
identical,284-285.28% The silver atoms form a distorted octahedron in which each
silver is tri-coordinate. The Ag-Ag distance®®* ranges from 290.5(1) to 401.4(1) pm
and indicates the highest degree of distortion of the Agg octahedron of this set. The
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Figure 3

mean Ag-S(terminal) distances (245.9 pm) are shorter than the Ag-S(bridge) value
of 250.0 pm. In another example, light yellow [Ag(Et,NCS,)];, six silver atoms form
a bent chain.?®¢ Four silver atoms are connected to three sulphur atoms (AgS;) and
the remaining two have four sulphur donors (AgS,).

The structure of colourless Agg(4-CICcH,S)s(PPh;)s?®7 is shown in Figure 3. The
structure contains a Age(SR)¢ central cage with PPh; terminal ligands at three of the
silver atoms and a Ag(PPh;), appendage inserted between two bridging thiolates.
There are four non-equivalent silver(I) atoms (Table 14). The Ag-Ag distance
ranges from 287.5(2) to 318.9(2) pm with a mean value of 301.5 pm.

A yellow derivative®®® possesses a centre of symmetry at the centroid of the AgeS¢
“drum”, with a pseudo-three-fold axis passing through the centroids of the Ag,S,
rings. The -CH;N(SiMe,Ph) fragments of the ligands provide the six links between
the rings such that three thiolate and three pyridine donors ligate alternately to each
ring. A similar structure was found in another example?° (Table 14). A colourless
hexanuclear derivative?? has each silver atom tetrahedrally surrounded by iodine
atoms with all the tetrahedra doubly edge-shared.

There are five examples of the octanuclear silver cluster. The molecular structure
of a pale yellow example®®* consists of eight coplanar silver atoms linked through
arenethiolate (RS) and arylthiocarbonate (RSCS,) ligands. The structure of another
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two octanuclear clusters?®7-2%> also consists of a ring of eight units of alternating
silver and sulphur atoms.

The structure of a yellow decanuclear cluster®®” is shown in Figure 4. There is a
crystallographically imposed centre of symmetry at the midpoint of the
Ag(1)...Ag(1a) vector, with five chemically and crystallographically unique silver
sites (Table 14). The structure of a colourless tetradecanuclear cluster, shown in
Figure 5,2°% consists of a single 28-membered ring of alternating silver and sulphur
atoms, with ten linear S-Ag(dig)-S segments and four angular segments in which
phosphine ligands are attached to give trigonal-planar coordination of Ag(trig).

The data in Table 14 reveal that the “soft” sulphur donor ligands are by far the
most common in this series. The silver atoms are found in digonal, trigonal and
tetrahedral arrangements. The mean Ag-L distances increase with increasing
coordination number. For example, the 1-S bidentate ligands are in the order: 238.2
pm (digonal) < 248.0 pm (trigonal) < 250.8 pm (tetrahedral); for the unidentate P
ligands the order is: 245.4 pm (trigonal) < 247.1 pm (tetrahedral); for the p;-S
ligands the order is: 261.6 pm (trigonal) < 278.7 pm (tetrahedral).

289

7. POLYNUCLEAR SILVER COMPOUNDS

7.1. Coordination number two

The structural data for these compounds are given in Table 15. Some of the
derivatives contain silver atoms of coordination greater than two and these are
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Figure 5

cross-listed to the appropriate table. The structures are arranged in order of
increasing covalent radius of the ligand donor atom, and increasing atomic number
of the principle coordinating ligand atom. There are fifty polynuclear examples
listed in Table 15, and the “soft” nature of the silver(I) atom is reflected in the
structures of the polymers. There is no straightforward classification of the
structures as in the previous cases. The structure of colourless [Ag,(2-
CIC¢H,OCH,CO,),-Ag(ClO,)]*?° is shown in Figure 6. It can be seen that this
polymer is based on a bis(carboxylato-0,0’) bridge with a Ag-Ag distance of
280.9(1) pm, the shortests in this series of compounds. This is an unusual structure
for at least two reasons. The first is the bridging of the carboxylate oxygen atom
O(11B") through the axial site, with a Ag(2)-O(11B’) distance of 237.3(4) pm. The
second is the occupation of the other axial site by a perchlorate group
(Ag(1)-O(1) = 245.4(4) pm).

In another example3°? triazenide ligands form three-atom bridges bringing the
silver atoms within 283.7(1) pm. The associated N-Ag-N angles are 174.7(3)°. The
structure of orthorhombic Ag{N(CN),}>!° consists of infinite chains -Ag-N-C-N-C-
N-Ag running parallel to the a direction. The polymeric structure of
[Ag, :(MeHNCsH,S), ¢]*'? **° contains Ag,oS;¢ units linked by three silver atoms.
Each unit contains a central Agq(u-SR)g core and two Ag,(u-SR), rings, comprising
digonal, trigonal and tetrahedral silver atoms, with both doubly- and triply-bridging
sulphur atoms (Table 15). The Ag{N(CN),} system exists as a trigonal’*® and
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Figure 6

orthorhombic?'® modification, differing by degree of distortion. Similarly, Ag(CNO)
exists in two isomeric forms32*32% as does Ag(NCQ).312:314.315

Bidentate ligands are by far the most common in this series. The mean Ag-L
distance for the bidentate ligands increases with decreasing covalent radius of the
coordinated atom in the order: 210.4 pm (C, 77 pm) < 214.5 pm (N, 75 pm) <
222.0 pm (O, 73 pm), indicating that ligand size is an important factor.

7.2. Coordination number three

These compounds are listed in Table 16 together with their structural data. Silver(I)
carboxylates, based on a variation of the bis(carboxylato-O,0’)-bridged dimer, were
previously classified into four types.>*? Three have been found as a polymeric deriv-
ative in this survey. There are six examples of silver(I) carboxylates?612-341:342.343 34
five of them contain bis(carboxylate-bridged Ag,) dimeric units.26!®34!-342 [n some
examples the dimeric units are extended stepwise into polymeric forms via the adja-
cent carboxyl oxygen atoms.?!2:34! In one of two derivatives®*! water occupies an
axial coordination site. In another®*? a centrosymmetric dimer is extended into an
infinite zig-zag polymer through the axial positions via the carbamoyl oxygens of
adjacent ligands. In another*? two different carboxylato groups of pyridinioacetate
ligands bond to two different silver atoms with a third linked to a nitrate group. Each
pair of adjacent silver(I) atoms are bridged in the syn-syn mode by the carboxylato
group of a single pyca ligand, resulting in a zig-zag polymeric chain as shown in Figure
7. This arrangement differs substantially from all other known silver(I) carboxylates.

The shortest Ag-Ag distance of 284.2(1) pm**! found in this trigonal silver(l)
polymeric series is about 3.3 pm longer than that found in digonal derivatives
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(Table 15). It is noted that the mean Ag-L distance in the series of bidentate ligands
increases with decreasing covalent radius of the coordinated atom, as found in the
digonal derivatives. The order of Ag-L is: 215.9 pm (C) < 227 pm (N) < 228.1 (O).
In general, thses distances are longer than those of the digonal series above.

7.3. Coordination number four

There are over one hundred polynuclear examples, and only silver in the oxidation
state of + 1 is involved. There are a few examples in which silver is found with both
four and higher coordination numbers. From a bridging point of view, this series is
very complex. There are four examples*412:356 which are structurally similar, being
composed of centrosymmetric syn-syn carboxylato-bridged Ag,(RCO,), dimers
extended into a carboxylate oxygen atom linked polymer resembling a flight of
stairs. In addition, the primary coordination sphere about the silver(l) atom is
completed by a nitrate oxygen atom in some cases,*'*3%¢ and by a perchlorate
oxygen atom, and by an aquo ligand.?>® The Ag-Ag distance in this series ranges
from 280.0(2) to 290.1(2) pm, indicating the existence of Ag-Ag bonds. The mean
Ag-O(carboxylate) distance of 221.6 pm is shorter than that of Ag-O(bridge
carboxylate) of 238.4 pm. However, the Ag-O distance of the remaining additional
O-donor ligands ranges from 241.5(9) to 255.4(3) pm, respectively.

The [AgX,] anion (X = C1>%* or I*"!) forms a one dimensional infinite polymeric
chain composed of edge-sharing AgX, tetrahedra with a mean Ag-X(bridge)
distance of 260.9 pm (Cl) and 278.1 pm (I), respectively. On the other hand, the
[Ag,X;]™ anion (X = Cl or Br?$3370 or 1373:374) contains infinite double-chains
composed of edge-sharing AgX, tetrahedra with mean Ag-X(bridge) and Ag-X(u,-
bridge) distances of 252.6 and 271.8 pm for Ci, 263.0 and 285.0 pm for Br and
279.7 and 296.3 pm for 1, respectively.
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Table 16 Structural data for polynuclear silver compound, coordination number three?
Compound Cryst.cl. a [pm] «a[°] Chromo- M-L M-M [pm] L-M-L Ref.
Spacegr. b[pm] B [°] phore M-L-M [°]
z ¢lpm]  y[°] [pm] [l
[Ag'XMesapr), m 570.0(1) AgO; O 220.6(7,12) 284.2(1) 78.3(2) 341a
(H*0))-(C10,), P2,/c 2492.3(8) 93.25(4) roO 257.3(6) 101.3(2,1.8) 115.2(2)
4 1695.2(4) 166.4(2)
AgO, O 222.6(6) 85.0(4,6.9)
no 226.4(6) 120.4(2)
250.0(6) 160.1(2)
H,O0 259(1)
[Ag'(pypr)]> m 2928.8(6) AgO; O 218.5(2)  285.4(1) 78.0(1) 341a
(Cl0,), C2/¢ 554.76(8) 107.47(1) no 221.7(2) 102.0(1) 112.2(1)
4 1443.9(2) 249.7(2) 161.8(1)
AgL,(PhOCH, m 1396.2(1) AgO; O 219.8(9,20) 286.6(2) 76.0(3,9) 261a
CO,), P2,/c 565.2(1) 91.41(1) no 225.5(8,32) 120.2(3,6)
4 1982.7Q2) 243.0(9,13) 160.2(3) :
Agl,(F;CCOO0),- m 1525.3(5) AgO; O 225(1,3)  289.3(3) 81.8,116.0(5) 3415
«He A2/m  967.4(1) 95.66(1) no 238(1) 161.6(5)
8 1688.2(6)
AgO,C O 223(1) 285.1(3) 78.1
16 242(1,1) 102.0(5,3.7)
C 242
Ag,(sa), m 2078.9(6) AgO; O 224.7(3,19) 300.1(1) 84.5(1) 342
C2/c 520.2(1) 105.89(2) 249.4(3) 116.8(1)
4 1731.8(6) 155.8(1)
Ag'(pyac)(NO3;) m 1284.9(2) Ag0; O 231.2(3,23) 301.1(1) 86.0(1) 343
P2,/c  499.9(1) 113.91(1) 0O,NO 243.4(3) 118.3(1)
4 1504.7(3) 139.8(1)
Agl(NH;);(NO3) tgg 805.7(2) AgN; H;N 228.1(7) 292.0 not given 8
P62c —_
2 584.0(6)
Ag{C(CN);} or 621(1) AgN; N 211(6) 99.7(2.3) 344
I2em 1019(2) 225(4,0) 123.9(1.6)°
4 798(1)
[Ag',(tmb);] tr_ 889.6(5) 97.61(4) AgC; C 215.4(5,32) 119.7(2,9.3) 327
(PF¢),-2MeCN Pl 909.9(7) 92.14(4)
1 1646.2(6) 116.71(5)
[Ag'(tht),]BF, or 749.7(2) AgS, S 250.6(2,61) 119.9(1,4.8) 345a
P2,2,2, 1143.2(3)
4 1524.9(3)
[AgY(SCH,),)] m 857.9(2) AgS, S 252.4(3,9) 102.2(1,1.6) 141
AsF, P2,/c 2061.8(4) 107.95(2) 276.4(3) 153.4(1)
4 986.1(2)
(PPh,)[Ag(Se,)] m 1414.5(3) AgSe; Se 255.3(2) 451.8(3) 110.4(2,3.8) 263
P2,/c 707.6(2) 105.23(2) uSe  260.9(2,64) 119.71(1) 138.80(2)
4 2493.9(5) ’
Ag'(B,,CH,,) or 1021.1(3) AgH,C H 197 not given 345b
(CsHg)» Pb2,a  2080.6(3) C 240.0(3)
4 914.6(1)
Ag(saca) m 584.9(2) AgO,N O 237.2(5,36) 310.2(1) not given 346
P2,/n  772.0(5) 83.16(1) N 221.8(5)
4 2257.3(5)
NaAgi(NQ,), or 760.7(1) AgO,N O 240.6(3) not given 347
(at 118(1) K)* Fd2d 1066.5(1) 270(1)
8 1094.5(1) N 223.9(5)
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Table 16 Continued

(bet),[Ag! m 1259.3(3) AgC,N C 208.6(5,2) C,0% 157.3(2) 348
(CN);]H,0 P2, 864.2(1) 109.32(2) N 256.4(6) CN 101.4(2,3.7)

2 1608.0(3)
Ag'(Mead) m 1440.5(14) AgN,O O 258(1) N,N 94.4(-,8.7) 353
(NO3H,O P2,/c 739.7(8) 122.13(5) N 216.3(9,20) N,O 171.1

8 2336(2)
Agl(2,6-Me,py) m 848.1(3) AgN,S N 227.5(1) not given 354
(SCN) P2,/¢c 810.2(2) 97.41(3)

4 1367.6(7) SCN 228(1)

NCS 247.4(3)

Ag'(tsc),(NCS) or 1149.5(7) AgS,N S 243.9(3) S,S  123.3(1) 194

Pna2, 1504.9(7) uS  245.6(3) SN 118.3(3,1.0)

4 660.1(4) SCN 231.2(12)

o-(bet),Ag(CN),; m, P2,/n, 2; a = 795.6(2), b = 673.2(3), ¢ = 3073.8(8) pm; B = 90.05(1)°.34°
(bet),Ag(CN),; or, P2,2,2,,2;a = 951.9(2), b = 495.2(1), ¢ = 3392.7(7) pm.>*° (bet),Ag(CN),; m, P2,/n,
2, a = 1099.6(1), b = 428.1(1), ¢ = 3409.3(5) pm; B = 93.13(2)°.%%° (bet),Ag4(CN)s; or, Fddd, 8; a =
1324(1), b = 1948(2), ¢ = 1962(2) pm.>*' (bet),Cu(NCS),; m, P2,, 2; a = 1624.8(5), b = 844.0(2), ¢ =
1312.4(5) pm; B = 110.30(3)°.3% Ag'(tu)(SCN); m, C2/c, 8; a = 1032(2), b = 1388(2), ¢ = 141i(2) pm;
B = 111.48°.3%5 “Where more than one chemically equivalent distance or angle is present, the mean value
is tabulated. The first number in parenthesis is the ¢.s.d., and the second is the maximum deviation from
the mean. “The chemical identity of the coordinated atom/ligand is specified in these columns. “X-ray
analysis was taken also at 218, 268, 297, 308, 323, 334 and 343 K. “Thc Ag-Ag distance ranges from
306.0(3) to 340.2(3) pm.

The chain in the [Ag;I,]” anion'7®373:376 and [Ag;15X] (X = Cl or Br7° is built
up from AgX, tetrahedra sharing one edge, and these units are joined to other
similar units vig the free corners. Every tetrahedron contains one Ag(I) atom, but
the octahedral sites defined by adjacent pairs of double tetrahedra are only occupied
alternately by Ag(I) atoms. The mean Ag-X(u-bridged) distance increases with the
covalent radius of X in the sequence: 262.3 pm (Cl, 99 pm) < 271.6 pm (Br, 114
pm) < 279.5 pm (1, 133 pm). There are only p;- and p,-bridged iodine atoms with
mean Ag-I distances of 285.3 and 293.8 pm respectively. It can be seen that the
mean Ag-I distance elongates with the degree of multiple bridging as might be
expected.

A “‘stair” type polymer was found in fifteen derivatives of the composition AgLX,
where L is unidentate N donor ligands and X is Cl, Br or 1.!97:266.268,402,403 Thq
represents the largest series of structurally related derivatives in the silver(l)
polynuclear complexes. The Ag(I) atoms are tetrahedrally coordinated (AgX;N),
with the mean Ag-X(u,-bridge) distances increasing with the covalent radius of X,
in the order: 267.5 pm (Cl) < 274.8 pm (Br) < 287.4 pm (I), respectively. The mean
Ag-N distance increases with the increase in covalent radius of the X atom, in the
order: 223.5 pm (AgCIl;N) < 225.4 pm (AgBr;N) < 234.2 pm (AgI;N), which
reflects the increase in steric crowding. There is an interdependence between the
mean Ag-Ag distance and the Ag-X-Ag bridge angle, the former elongating as the
latter opens (Table 17).

There are three derivatives of the type Ag(dea)X (X = Cl, Br or 1)*°® which are
tube-like polymers. The structures of the “stair” type Ag(2-Mepy)I?%¢ and the
“tube” type Ag(dea) I polymers are shown in Figures 8 and 9 for comparison. The
mean Ag-X(us-bridge) distance expands with covalent radius of X in the order:
270.0 pm (Cl) < 276.6 pm (Br) < 287.4 pm (I). It is noted that while the mean
values for the Cl and Br bonds are longer than those found in the *‘stair”-type



147

SILVER COMPOUNDS

(1s9zze 14
(1)9°0141 Z'c'ed (I €81 18)
19¢ u2A13 jou (¥ 96y U213 J0U o) YO8y (£)£0€6 Io 83d[%(quip)3v]
(01999 I
vd
09¢ uaAr3 jou (0°L)8°8T¢ N YNBY —  (Orses 8 2ASY[HUND)'S}BV]
(Do Lest 4
—  wunylyd
09¢  (0°LS)S601 W1 11)8'82¢C N YNy = (§)o1501 8 FASVIHUND)ES} Bv]
(P)LT01 (4
- Nvd
6s¢  (1I'T9OT011 (€)82¢ N YNBY - (£)L06 81 FOIE{NDYCHDION},BV]
(8-)L9%T (1)98¢ 4
(£)v0¢t (s)eoge 1421 g
8se  (0°€1°0)6°€01 (8)1'61¢ o YOy (1610T Io {t0go)od}sv
(V6821 OO0 e (5)0°LsT (L8 14p1 4
Qegt (1e8L (S)yLeT o W96v6 (1640 ’/'zd
LSE Gvore oo veie  (Lessnreee 0 vQsy (9)¢eee! w OH[(ov04d) 8y
(6)1'1sT  ONFO
966 OO (©)9'18 (rTsse (9)E18€1 v
(o191 (2)r'86 r)o'1ee o (DegLOoT  (9)1°LES 22D
pIve  (T9'DTTOT OO Q1062 wWerc 0] vOsy (D)EP6T w Y(EON)(d4d)8v]
(N9-ort 00 (€Wssz  O'H
(ML vsT (1o (£)L°6¥T (Q6rST1 [
(nDgs11 (1)0'96 (9 X% ¥4 on 0186 (D) 1861 2'ed {tON)
96¢ (r'negss oo (1)8°682 €)1vee 0] rQ8v (1)6°59¢ w (O H)(eoRtIW) SV]
(6)S'1¥T  OID*O
€6t6 00 (@nes L)9vve (#)1°v0€] (4
(2)s651 (0)6'96 (9oTee on @¥s 66 (9E€IST 2/'td
9¢¢  (TL'e)g00r OO (t'18¢ 9r1ze 0 Y3y (1)9°9¢¢ w  FOIDNCOO HONUD)BY]
(L)6'6¥T ON'O
(T8Il 00 (2)6°L8 (5)8'85¢ (@)6'L101 14
(2)9°¢$1 @16 (€)s°€TT on (V8611 (P)OYHTI 2°D
D1pg (s80LL8 400 (20082 (7812 40 YO8y (9)6'1£81 w d(EON)(xdetop) 3]
L] L] 11 {wd] [LJ4 [wd] > Z
L] WwTm azoyd .14 [wd] g 15 doedg
Jod TW-1 [wd] W-IN TN -owoIy) 10 [md]p P 541D punodwo)

»I10] I3qUINU UOHEeuIpI1000 ‘spunodiurod 1aafis Jesponukjod 10§ ejep [eimonus LY d[qeL

1102 Alenuer €z ¥¥:9T @IV papeo |uwog



C.E. HOLLOWAY et al.

148

q89¢

v89¢

L9t

99¢

§9¢

¥ot

£9¢

9¢

79¢

9¢

udAIg jJou

(L)66vE1
(L)sTze
(8°1)0°28
WL zer
(6S1°1)0S6
w6611
6'Tween
(6'8‘1)T°€6

(9 €1'DI9t1
(ri‘nsso

(L'L°€)9'901
(8 +1°1)8°601
($)0szT1

(1s9p1
(Ngz8
uaAI8 j0u
(£)8°8¢1
(€)o8
(e og
0974 [
(1L
(19ss

o's
o'st
S‘S
sri‘g

NN

1D'N
jo)e)
N'N

W)ST6P1

(ee18
AE)88°9L
(Q6'LYE

(6°sT'DSv8
(zog'eeie

0°68¢C

(€°61°1)L°601
0€e)s6
(61E€)6vPE
(8°¢°1)$°601
6¢'nDrsL
(841°1)5°8T€
W e1°0$601
AS9°1)T08
(98D eve

(179, 9% 44

(S11°7)0°682
6'1)6'v5T
(€)18ve

(pSTLT19T
(€6°7T€sT

(€)1°66¢
(0v'€)8°69C
(§T€)9°€5T

(§'v)6TLT
(1'1)8¢¢

(S1¥)S 192

(01°1)6°09Z
90811
(91°7)9'26¢
LETIET

v
LETTET

§ 44
LETIET

1§44

[Nl

Own

N

Nl

e
ejat!
1o"

oldl!
0

3

O QL Q0L O

rg8v

0O's8y

rg8y

rgay

v§ay

TOINSY
e \Y
40717
YD3y

0P8y

vy
toro8y

vH3y
Lo"Do8vy

vosy

80796

(€£)L9°011

(£)6L01

(6)31°56

nrea

(90716

£CL
98¢T
(414

(8)5°8661
($)0°€091
(L)6°LSP1
wrocy1
(D9°TL6
()9 0v81
(61L'OLPI
(Lr'Te9
(L)€ T8L

($)8°692¢
(19122
($)8°050¢
(Q0°LS9
)9Syl
(€)s'z88
(£)€°8991
(€£)5°6811
(©)¢Lioz
(6)8'5581
(€)8° 101
)9°026
®1°€L91
17666
(#)8'€06
(e)1-eeet
(#)€°9L6
(6)L L101

u/lzd

v
oted

277D
w

/T
ur

oy
10

Cl
BWUJ
10

Tzeug
J0

Ak A4 |
J0

u/led

[ENDS)BVI(PHN)

(B21d)[(rd)(poou)? 3v]
(051937),8v-¢

YTsoud) 8y

(nb)sz°0[1D(nb)By]

(1 0LT 18)

1D 8VI(aNN)
[F10%BvICHN)
[EADEOSKOH ') 3Y]

[(EIDEOSHOTHE D) 8V]

((CADEOS)ETH D) Bv]

1102 Alenuer €z ¥ :9T

v pspeo jumog

panunuoy L] 3qqEL



149

SILVER COMPOUNDS

6L1

6L1

SLE

PLE

£Le

ELE

TLE

1L

£€9¢

£9¢

BOE

0LE

69¢

rrneor
(9)98°501

uaa13 jou

rirnrinn
(LE0P6

Ul

agr‘ag
ETNEY

€1°D1°L01
£09°1)T°89
(€e1°)8°vTE
(€ 1'De Lot
£0°9°9)8°L9
(9€1°€)LTTE
(€°L2D0TTI
9 1°0)T°68
(6T¢°6)TPES
(F'01-)L°601
uaAid jou
£0¢

(8°01°DL 601
AOST1)8'9L
UuaAld jou
(L)80°801

(9)98°s01
uaAIg j0u

(N8Le
ro1-)L'601

uaAlsd jou

LWovsi1
Wiirie
#)98Le

6 11°1$°601
AL DrLL
P81 EYE
(L°21°8)9°601
(9'82°1)$°€8
(g6TE)T°LEE
(L'8°2)5°601
(I'€€°TS+8
(861°9)8°LT€

(L1PILY6T
(88°%)8°L8T
(S¥)E 08T
(81°0)Tv6T
(L6°T)S"L8T
(€°2)6°6L2
(LL°8)TE0E
(£9°8)9°¥8C
(s°8)L9LT

{r-)96C
(£-)osc

(09967
wroweLe

2)6°$82
(61°¢)9'¥8C
(06187

(STEN8LT

(61°€)T°59¢
wsroLe

(61°¢)T 59z
wsoroLe

(¥2)¢082
9799z

(P1°0)8°'68¢
(€1°D$T9T

(azLsiLe
(€PL)01LT

1
1t

i
e

1Pr
il
m
i
rr
lul

m

m

agrl
EN

agn
aghd
agn

g
igr

aged
g

(¥)66°L01

Y3y
{r)60°801

ray
(S1)80°101

Y8y

4cid

Yay

Y8y

Py

vy
(Des vl

rag8y
(165 vzl

vagdy

v1g3v

vig8vy
(€£)sz°801

vIgy

7)o 68
FezLoz
(L8 PPel

F)r0s8
(s)9°€59C
($)o8egl

(7)8881

(DQ)LLst

(1)s¥6

[(97Mx 7]

(£)L001

(DLt

(DrepL
W)L L001
(L)oaLLl

(€)6°79¢

(rsol

(Qoz1z

(2955

(€)9gz1
(£)6°689
9)esest
(©)8°CT6
(yevL
(€ 9L81
@)0s€r11
94373
(E)9.81
(D0sert
¥8ozL1
(€)L0zet
(Drotie
(Dz°0L6
(1s-coL
(€)9°€0L1
(1)8t9¢
(2)0°5€9
(1v88T

' td
w
o7'ed
o'ed
e
weug

1o

weug
10

wuqd
Io

(444!
f

wwwy
Io

D

20

4!
BUILg

J0

ewud
1o

2D

(71t BvI(udsv)
["1f Bv1(udd)
["1f Bv]("ngN)

[FEBvI(aINN)
[ BvI(roiN)

[18VIE("HN)
O°H8 - [F1¢BvIis
[G8vI(eNND
[(*28)BvI("1aND)
((*29) BVI("sNIN)
[fag® Byi(*1aN)
[E2g° BY)(YaIAND

(8195 BVI(COENTTHED)

1102 Alenuer €z ¥¥:9T @IV papeo |uwog

ponutiuo) LT QL



C.E. HOLLOWAY et al.

150

€8¢

8¢

18¢

08¢

6LE

8LE

LLE

9LE

9LE

9Lt

(9 €1'P)T€01  NO

()ssg1
(©)zenn o6
098 OO0 (DT 067
F'11'9)T1o0r - NO
9 1v1
P11 (F)e96
(©)Les 00 (09682
O'v1°€)T°601
uaAI3 j0u
01°0)82¢
(6S°OV'601
udAI8 J0U
LTE
(LzrnTon
A9 1DO0L
(81°T'P)8s€E
(8°L1°T)L°801 1
(&61)L°801 161 W£'T1)999
FDgont 11
(9°L1°1)9°801 Il

(I'11°90°601 1D AS°T°D0LY
(€'+'1)6°601 I
(z'81°1)8°801 Il

(8°8°1)5°601

£0°$°1)$°99

(1)¢sz
(T'16zT
(g€t

(Dosz
(€1)9ze
(DLgT
(Movig

(L11)e8e
(ev9)Te

(6¥°6)L8T

(9v"-)s8T

(€1°7)L8T

(6°0)L8¢

011°€)0°Z6C
(LETPI 68T
(81°0)¢'v6T
#1705 18C
¥0)8°68C
(96 T)L°L8T
L1091Le
(61')E"€6T
(S1'9)9°08¢
(C1'v)L'88T
(L5¥)8'98¢
(TE°6)E°79C
(Tr'e)Tvet
(T1'0)o'z8e
(‘oLiez
(LS DV'68T
(T ocise

zo%2

on
o
il
i
1

i

[l

i

NEfO3Y

NEQ3Y
BY

Y8y
S18y

tBy

t8y

"8y

"By

Y3y
"(x1)
Y18y

Hxg)
igédy
Yx1)
Y8y

Mx7)
DIBY
U(x1)

xg)
Y8y

(Ovsor1

($)1L°801
(©)S1v01
(t)€°001
(©)Tro1

(€)L°001
(086

{€)ovol

(D)SL°801

(1196°601

(£)9¢°801

(9)L°8T01
(DgeLs
9L esve
(DL

(D)eoL1
(D)eTee
(D69¢1
019
(T)6s0¢
(DLt
(D9vee
8L
(6)90s¢
(Lzsy1
(1¥s9
(429181
(2621
(£)ces
(Ls1g1z
(9 AL¥4

(D0'6£8
(6)1°¢95T
(©eset

(DT L€8
(9)6°€€ST
@8vvT1

(L)3°8¢8
(1)osst
(P)e'8LT1

v
'zd
wr

4
W/9d
I0

.V

220D

04}

14
2HTD
w

T
vzd
wr

1

1d
I

¥
21'2d
wr

wHAD(ODUd)BY
wl’* BvIHA)
[S18VIHENOEH D)
[CU'BYIF(NYTHOD)
Yup)[2! 013y ](did)
Hoswp){*1v8y](did)

[1rBvi(E13aL)

(gt BvI(eNEydsY)

[ID4E BvI(eWEudsy)

("1t BvIeoWEudsy)

1102 Alenuer €z ¥ :9T

v pspeo jumog

ponunuc) LY dqeL



151

SILVER COMPOUNDS

T6t

06¢

68¢

£01

88¢

L8E

98¢

$8¢

¥8¢

(zot'o L Lo1
($'Nz'8T1
(I'8°0°'1z°€01
(e 6Tt
(T$D68L
(D)9°LET
(T'L'Ds 901
(18T!1
(9°1)08
(T'L°7)s 901
(O)Trel
(L8°'L)T S0t
(1)§°s61
“T'Ly
(TTiLset
(1)6°€01
(960" 18
(8)9°05
(8808811
(20168
F1°0¢8p
(D991
(L8111
(st
(Dgeey
(D6°L8

(Dogt
091
@166

uaaIg 10u
(08°¢6
(L01°2)1°'801
(§6 1)¥s6
(D)8°0v1

O'N
NN
O'N
NN

O'N
N'N

VO
oo
V'O
00
00
S0
s‘or
oo
N‘O
00

N‘O'H
N‘O
O'O'H
00

(1)9'162

(X)9°167

(1o6L
u3a1d j0u

(s zve

(9€1°1)9°05¢€

© (Dzeoe

(D1°06T

(©)evT
(€'e)ee
(€)91¢

91°L5T
(9)6°SHT
(9€°9)1'+ZT
(st
(1sve
o‘nvee

(9)Tost
(s°¢)89t
(r'e)Lve

O v¥e
(€°¢)9sT
(g)egt
(L)8'29t
(8€°L)0°0vT
(D)69t¢

(D157
(LTEN'SYT
o€ze
(EW9ve
(E)w9st
(DL'9tT
(DSt
(9)0'997
(L1°9)0°0ST
(T$§)9°LET

(Mp'svT
(TTOL0ET
(©)1°¢pT

Z 0Z O Z O

a0 O

OfNBY

OfN3Y

OEfN3BY

SVPOdy

SyE03y

dtosv

SEOSY

NtO3y

NEO3V

NEfOSV

(8)7T'96

(8)09'96

(1)8°601

(1)6£°001

(V9oL
(DQ)zgs6
Qe L6

(1)69°v8
(1ps Lo
(1L1'69

(5)8°98L
(P)6'6201
FDezTLIT

(Dogoz
(€)0'096
@EL19

(D)eco
(8)$°096
©)z°L19

(€2)5°9081
(s)6°s18
0D Y661
(DSv06
#)8°6681
(0)6°5901

(1)°009
(£)6°L¥01
(8)T°LL9T

(DTv9g
((JIR284
(O Ly01

($)8'9¢¢

(S)¢'9501
(z18el

(1)¢°886
(1)$°1L8

eqd
10

3
2/12d
i

2'ed
w

o/'td

2'zd
mw

useg
10

ON{UNDID}BY

(STOPNSHO' D)3V

(SCOPNSHO' D)8V

{(FON)erdp) 3y

(fONX(*ydd);8v

(23D) By

(*ONXA% ) BY

OPHE - HCOSN)E SV

O‘HENOH)G2d) 8v]

1102 Alenuer €z ¥ :9T

v pspeo jumog

ponuiiuod LY AqEL



C.E. HOLLOWAY et al.

152

66¢

86¢

L6€

96¢

96

S6¢

y6e

1413

¥6<

€68

(413

143

(L01°6'6
(I'v'1)0°z0l
(s9r'nozit

0Zr'nyse
T 1v)0°001

usA1g Jou
@100
s 6L
o(6°L1)OSTT
(9'8°0)9°86
9z6'0v1
(6°S' 1S +01

(€€1°8)T°T6
(O 11°9)E°s11

(8'TTO1P01
@1°e)Ent

91 pis
(TE100811

(991°6)8'¥6
(6°8T°D)E 611

W81 nNeLe
(87L1°9)T811
(9'8°%)6°96
(6'6'PIL8IT

(9611

DS
1DsM
g'srl
N‘S
g'grt

N'S
S‘s
ss

(03
s's

(€11)€°011
AV LL
¥4, 2203

(1s19)E911
HaAIS 10U

(16°5)s"¥6T
(zs9)oese
s)Lve

($)00T
(€T°s1'99T
(ewee
(1662

(€ 9tz
(1182
(ST'DI0ST
($)L'0£T
(9)£°8¥C
D129z
(LD0LyT

{L'T)69C
or11)$52

(D)8ve
(9°'1)85Z
(11'9)79¢C
(T'0s9z

(S)6LT
(s°0)s9¢

(84T
(V07474

(s)iLe
(6T)sST

(VEeLT
(€z'eneere
(1) 6vT
(S)zeee
(T'v)E9te

NDS
SON

Q
3]

)

Q
Z,
nC ©»nl ©wd wuOwIl wl v OZw

oo

SON
NDOS
Nnb

1Dfs8y

NEs8v

NEssy

NESSV

Ofssy

Ofs8y

Ofs8y

4520714

Ofs8y

Ofssy

0'ssy

08y

SENS8Y

(1285
(Dves
(#)0L9€
(D6 1211
(DEvOL
(1¢801
(1)Ls9
(£)96¥1
(Dyp11
€691
¥)8°8ZL
(©)T'€021
(086091
(EWTTHI
(1)1°098
e
{1)L06
(18LL
(2174
(€£)7801
(2)zo9

($1)05°26

W 06

(V)96

(08

(£)e8¢
(P)£8z1
(918¢C

#)969

(£)€96
(€)sp11
(1)e8z1

M116
(st

(01)0°08S1
(6)8°106
($)1°568
(26008

(242991
()L L6ST

(€)8°L6

(9)98°G11
(S)L°06
(Lwsc6

p/izd
wr
uuw g
Jo

v
Izeuq
Jo

u/'zd
w

Zlz'ed

DY) 3y
(NDS)8v-¢
(NDS)os1) 8y

vVAWmm*m_mv
{"(NDS)*,8v}

NOPI-[(FOSEAD)
(£S81H®D);3V]
(O'H)EO%SBveN

[{e)/e]
(O*BXEsPHED)BV]
(CONX(ESSHED) B
OMHICON)(ESHED)BV]
(FON)*(SPHED) BV
YoYUt Sy

(NDS)¥(nb) 8y

1102 Alenuer €z ¥ :9T

v pspeo jumog

ponuuo)y LY d1qeL



153

SILVER COMPOUNDS

oy

99C

99¢

L6l

L61

99T

99¢

992

10v

96

¥61

00t

(SS1'D1°LOT

(9°8°€)$°911

(s2911

61l
(L'v°6)6°T01

(2)8°671
(s“O1°001

Yarard %!
11001

(9°¢L)8°911

oL
(L'8'08 011
(€£)0'86
@9¥11
(8°6°€)0°L01
(e)ezen
(8'T°7)S°86
(€TD6L01
s 1wzl
(1L's8

(T1°6)6°001

uaAId J0U

N1g
Ng
N'd
N
Ng
N1

ND
10°S
[o)8]
108

S's
ga's

S's

sri‘s

(o 1°L)E 111
(T1°9)79
(€9°DT t0¢E
(8°8°1)8°101
(8'9°1)¢°08
OPTDL95€
(L'65)8°101
E8PLL
Fe1)sve
(Loeor11
(9°1)9°69
(€°9)5°91¢
(wLry)zornt
(#)0%899

(Lv'18 Lol
(sT'1ooL
09D 91¢
(s'6°9)T'101
(8°9°€)5°18
yT'e)s Lyt
F8L) 101
(T89W8L
(1€ DsPE

08TL
(Lrsee

0z¢

(LSO 16T
(S1)6°TET

8LTsLt
(D1€g

'O9LT
(L)60T

oTI'rvLe
(£)8z¢

(€L'6PLT
(8)s°0£T

rr'nesLe
(9)9'827

01197
(©)Lee

Lt
(8)ozz

(s‘moLe
amnisz
(1)99¢
(DiLe
(T'Nost

(19€9z
(T 1LST
(LE°9)0°L9T
(S¥°8)T'90¢

(T6)LT8T
(1'e)L¢vz
(1)L92
(Te-)8LT
(1-)L€T

16

1gend

agéd

agend

g

Igedd

e

1o

NEBY
(L)z6°06

Neg8y
(6)zZ°001

NEig8y
(©)1evor

NE1g8y

Nt1gay
(€)15°€6

Ntigsy
(8)16'26

NE1O8Y
(1)5°66

NED8Y

e i1

1DfsBY
(D798
(1)9s°g11
gis8y  (DzLsi
#)29'96

Igtgay
(€)s°z6

1gtely

0o vzol
(07)9°2T8
{ov)ozzoz
(DvLen
(1881
(Eweey
(D951
(29551
o1y
(€)0"6ct
(6)9°9081
($)9°8201
@rogL
()L opp1
P8 1LY1
Wreee
(ST spr1
(Ds€Ty
(P)1sepl
909 TFs1
P91y
(€)6sS1
()8ts1
W riv

()8'L0Y
(s)98+7
(1611

@ricn
(1)ozvo1
(1)6°5€01

(P)L0L8
WLree
(e 1¢d
(Dost
Lzee
(S)Ls8

[(did) 3y
Iq(AdtoN) By
Ig(nb)3v
1g(AdON-p)BY
Ig(AdaN-€) 3V
1g(&d) 3y
TD(AdSa W) BY

1D(nb) By

10(o83) 8V

1g(%s¥iHe D)3

gt 8y

tgt(es1) 3y

1102 Alenuer €z ¥¥:9T @IV papeo |uwog

panunuo) LY dAqsl,



C.E. HOLLOWAY et al.

154

(1szI-s§ N0 (06192 14
(MsL1 NN TN81z N (mreor @129 2/'td
90% (wer 00 (L'No6T 0 IN'O3v (L8152 w (eskd) Bv¢
(D1z1-§s  NO De1L1 8
(Ng91 N'N (€1)822 N (1)szo1 v3qd
SOp (MWIr1 00 (T M6z 0 INO3vy (1eeyt 10 (eshd) By-0
OzTorerr DO (11°1)9°582 lelall
(S'1°06°s01 NI (r)0°8€T N  NYD3v
(I'ey 09401 (0£1°1)L708C ol (De0v91 8
Dveot €Ly (IE1°D)6°0LT on (1)L'956 weud
vov (I'goTes N1 (1£°7)0°8€T N N8y (1658 io YD(euy) gy
Frrnseit P17 162 (DoSrL T€
(DO¥9 (P)S6LT jad ($)6°s¥TC 800D
997  (T1°9)0°901 N1 AS)L'80€ (QeLgz N NEBY (6)0°EH8¢ 10 1(eap); 3y
(€F'EP'801 (p1)5°€82 (28799 8
Q769 (€IELT igen (¥)L790Z1 zeqg
997  (9'86)9°011 N4 H{6)1°01€ (v)see N Nfgsv (9)2°2061 Io Ig(eap) v
(1°'1)901 48T @QTEv9 8
(T‘D9T1 (e (€092 1D (£)8°1221 4|
99z (@18 N1 AD)LOE (£)8zC N N3y (r)T 8v61 lo 1O(eap) 8v
(s'7°2)$°801 02)0°816 ¥
(1'ozoL  (6¥'9)6°S8T &y (D6's6  (ONYTSY [40)
€0y (8°02°9)0°011 NI {6)roce (v2)9'LET N NEBY (€)p181 w [(Jow) 3y
(0'8°D1°601 W sry ¥
(rTe  (68°€)9°88T Il (L)01°L6 (D891 u'zd
89 (0°0T°€)8'601 NT  (QL1°91€ee (Q)z52 N NEBv (6)7'9621 w (nb),Sv
6+ 1)L°601 #)0LSP v
W)68'L9  (€2°0¢°L8T il ©)L6L01  'Z'T'zd
897  (£6°€)8'801 N1 (€)ooze (6)T°5€T N N8V (1)£991 Io (AdoN-7) 3V
(T TI (£)8'826 8
©OTN199  (09°eW'$8T e (€)Lg901  ($)9°60L1 u/lzg
997  {(8°L'1)E901 NT BII'vWTIE (V6T N NEBY (¥)8°156 w [(Ad); 8y
(Leneci (L)s°¢€6 12
(€)6€s9  (LET8'S8T Teni (L)6806  ()Se9y u/fzd
897  (#'TTILSO1 N1 (2)0'60¢ {Lheee N N3y (2)Ls61 w [(AdaN-€) BV
((al S/Ara N (F99¢1 4
€ D8r9  (L8°€)'88T G (0816 (£)6191 2'ed
997 (L$'E090T N1 (6L%)S'80€ (10gT N  Nfdy )15y w (Adfapy) 8y
ponunpuo) LY dAqel

1102 Alenuer €z ¥ :9T

v pspeo jumog



155

SILVER COMPOUNDS

484

11y

1184

601

104

LTE

81y

90y

LOY

(015126 DO F'v)ove

(Dsz1-sL 0D (€°9)952

(N1g 0o (967

(€Lst

(r'oszr - D0 (T'ozee

(vse DD ¥)8ve

Q0L 00 (vh€

(r'ozee

(8oLt

(T'16€T

(r'neee

(1)e9t

(NLgz

(€01¥)T66 DO )45

0971 DD (1)ssT

(orr  O0 (19gT

()86 DO (019z

®)L191 DD Q)stt

(Wosz1 00 (D6vT
(Teeer D0

@rye DD (v)s¢eT

998 00 (¢4 X%4
C¥I'09%01 DO

@6vr1 DO (91°6)L'01Z

(8'8y OO0 (¥9°s)E"8sT

(PE 06T

@ 'YL Lye

(og‘onL LT

(6T 110 1£C

(€NrL9e

Qv

F11°01)€°952

(zo1‘11)9°61C

(8T°01)EPLT

usA18 j0u (001°'01)6°LET

(1J6'€TT  N'N (6'¥)TTET

wAS 00 00 OTEW €PT

vo0Z CL QL QoL QLU O VO VO UL L ©

zZ Z

oz OOLZ)OU

Helse )4

D03y

DOy

Dto8y

DLO8Y

DOy

©Drody

Dosy

IN“O3v

LOENSY

INEOBY

INCOBY

INCO3Y

(2559
(Dpee1
(Y4TAYA|

(€)0°€6

(§)1-eont
#)8°069
(O sSLT
@LLz1
WITLL6l
(NgoLL
(£)s°6LS
($)1°988
(8)'6591
Fns-grol
(2)5°909
(€)0°L9L1
(€)s 1012
(DVsSTIST
(L)0"658
(DT Tven
(D9LsT1
(8169

(€)01°€01

(Qzeeo1

(F1)1°8561
(8)8°18L
(00)L56T
(D Le11
(2579001
(1)0°T06

($)69°911

(D61°P11
{8196
(196111

wlzd

2/'7d
w

21D

w

4
rdr Al
IO

wow)
10

vqd
J0

ziz'ed
IO

[43
2T

1d
n

LEON)C'HE D) By

(CONY(BHLD) BV
vAg[Y(doeQaN-d)Bv]
(ro1D)
HPHPON-T 1) 8Y
YEONICHLD) BV

(CON)(qun) By

(CoND(on) v

{CONY'(ND)BY

(f0SEADNqep,ng) By

1102 Alenuer €z ¥ :9T

v pspeo jumog

panuuuod LT 3qeL



C.E. HOLLOWAY et al.

156

€1)e'86 = Sv-1-8y pue wid (Z°)L1ey = Fv-3Y, .(1'€)9'¢6 = Bv-Ig-3v
pue wd (4°6)8°s0r = 8v-8v, (I'Di6 = Bv-1D8v pue wd (7'1)88¢ = Bv-8v; €€l = 8v-§-8v, "somadowr judpuadapur Ajeorydersof[e)sir
om] Are AIdYL, M 86 PUB £SE ‘RLE ‘C1f ‘€pT 1B Os[e uovyel sem ssAreue AerX,, ‘(1)6'191 PUB (I'61°1)6'C0I = VI8V, .(9)Z6'LL
= 3y-1g-3V 1.(9)9¢°LT1 PUB (ZO'L'OFPL'001 = 3v-I-8v, ".(DV'LL = 3v-1D8V ".(1)0'8TT PUB (5°9°1)T°001 = Fv-I-9v, .(9)$S 971 PUB (£8'+°9)8€°86
= 8v-1-8y, ".(Z1)0T'8Z1 PUE (STSTVPL00T = Sv-I8v, ".(L)09LTT PUB (18'8)€0°001 = 3v-1-8vy ".(S)8+'801 = Bv-I-8y, .(L'1°'D1'0TI =
3y-19-8Y, “(S)ETLTT = BV-S8Y , .(9'1'1)9°97T = Sv-[D-8V , "SUWN[OO 253y} UI PaYIdads ST pUesr/woje pIYBUIPIO0O 313 JO AIUIP! [RIIWIAYD Sy, ,
‘UEBI 9y} WO} UOIJBIAQP WINWIXEW 3Y) ST pUOISs ay) pue .._u.m.u Ay} st mﬂmv—tﬁvumﬂ ur quinu IsIy 3y J, "pajenge; st onjea ueaws ayj dﬂumokn SI uﬁca I0
30UE)SIP Jus[eAINDa A[TEOIWIAYD SUO UBY} JIOW AIYM, oo, WA (S)0'ES6 = 2 (9IS E9TT =g (§)0'0S6 =P T ‘1o ‘(syeururipeyms) 3y ... "Wd (§)9°8697 = 2
2)5'T86 = ¢ (T)g°8eL = v g ‘voqd ‘10 CONTHED)IV s7¢ +(0)80°901 = 0 wd (7)¢°p6L = 11 €Y ‘WI xmozvaaias_? o <(OLT96 = ¢ twd
(S)LLLBY = 2(S)E'9¥8T = @ {T)S'69L = P 't ‘W/igd ‘W .mﬁm.o:zwmxae_wﬁ 1z TONZO3Y] ‘d (€)9°246 = 2 (9)8°6LT1 = 4 ‘(F)6'E66 = D °F
‘Izemd ‘10 LPONNIHOHITHD)BY o7, TOFSBY] fwd (1)16 = 2 (11951 = ¢ (D)TLOT = P b 7T} ed ‘30 P AGOCHNESHED) BV (7, -[OFSBY]
‘wd (796 =2 (€)L891 =9 (TOEIT = 7 g “weod 0 ‘OTHEON)NESTHED) BV o7, [OESBV] L(1)0°201 = ¢ 'wd (1)gLs = 7 (1)0LET =  (E)EILT
= 98 ‘q/lzd ‘W {ECONNESTHED) BV 41, [SFO8V] L(P)06'86 = 4 ‘wd (£)1CI8 = 2 “WIL'bP6 = q ‘BPIELET = P T ‘W/igd ‘W (L QN)03s01) By

001 d'N 0£'€6 (£2)98¢ gn (Lwz81 12
) ds 0t'98 (nor1z NDOS (mov11 (S)oov1 o/1zd
L1 0801 NS (€)8¥T d dN%s3v (4741 w (NDS)tuda) 8y
(1)zgs SO
'8 DL LpT @118z s
wrorie SN (s)€'0ST  ONFO (S)T9r11 ¥
©€TL001  ON (S)e8vT {©)1°¢01 (2)8'288 u/lzd
91V (08811 NN 91ze N  SO'NSV (#)0'1L81 w (ON)(dipa) By
(19011 S0
(DeLer
(L7901 SN (06°0ST S (D1IsPL1 ¥ HON-(f0SEAD)
(6017008 ON 8795t 0 Mzzier  'P%'zd
SIb @S NN (08°)6°67T N  SO'NSY (Neectt Io J{(ts"NEEH ' D)8V
(L'11'p)8°68 e ()L 16€1 ¥
(©)¢ 641 S'S (€2T6)€"TST S €)sv90or  '7'cled
6v1 9o 2D (Ly'S10HST O §98y (£)6cze 10 YO1I(*s3<H? 1) 3v]
(Sy'Lse 8T v
©s1€1 (S EvT ul Evor1  '2'z'zd (1 £0¢C 18)
vy (11901 dd U0ALS jou N N8V (D09¢L 10 4qS[HNDIW)(odpe) Sv]
(T10VT61 (8)e€°L01 (€)L992 (206902 8
(S'1°e)s001  IO'N (6)79°701 (WSt o (D696 (LT Tre 2°TD
4 (£)6901 NN (61°01)9°9¢T N YDNBy (#)9L0¢ w [DY(did) 8y
(61°7)L°65T g v ovs 8
(Lzeeen (s)c-6zt NOS (6)s'8¢11 ©3qd
1733 usA1S jou (S)1°¢€T N  “SIN3V (8)5°5081 io (NDS)AdS-£),8v
(£4'€)$°65T st (1)o'81% 14
(De°LOT (Meze NOS (£)6°0T11 vizud
1733 u2A1d jou (1wee N  %IN8v (S)o's€81 10 (NOS)(AdoN-7) v

ponunuod LY AqeL

1102 Alenuer €z ¥¥:9T @IV papeo |uwog



157

SILVER COMPOUNDS

Figure 8

1102 Alenuer €z ¥¥:9T @IV papeo |uwog

Figure 9



16: 44 23 January 2011

Downl oaded At:

158 C.E. HOLLOWAY et al.

polymers, the mean Ag-I value is almost invariant. The Ag-N distance also
increases with the steric effect of the overall AgX;N chromophore, for example: 228
pm (X = Cl) < 235 pm (Br) < 237 pm (D).

The data in Table 17 show that Ag,(tsc);Br,'*#4%° and Ag(Pysa)*©>406 exist in
two isomeric forms differing by degree of distortion. In Ag,(PhCO,),*%? two
crystallographically independent molecules coexist, again differing by degree of
distortion. The mean Ag-L distance in the unidentate ligand series increases in the
order: 231.6 pm (LN) < 242.5 pm (LP) < 245.2 pm (LS) < 254.1 pm (LO) < 265.9
pm (Br) < 276.8 pm (Cl) < 284.6 pm (I). In the series of bidentate ligands, the
distances increase in the following order: 228.5 pm (LN) < 242.3 pm (LO) < 242.8
pm (LC) < 270.2 pm (LSe). The mean Ag-L distance for the NCS ligand is longer
when binding via the softer atom, with values of 218.3 and 274.7 pm for Ag-NCS
and Ag-SCN, respectively.

The mean Ag-X(bridge) distance increases with covalent radius of X as well as the
degree of multiplicity of the bridging of X (Table 17A). In general, the mean Ag-L
distances found in this series of Ag(I) derivatives are longer than those of Cu(l)
derivatives, as might be expected. This series of derivatives is the richest in terms
of variety for the Ag(I) complexes, The most common ligand is the soft iodine atom.

7.4. Coordination number five

Structural data for penta-coordinated polynuclear silver(I) compounds are given in
Table 18. There are examples with the Ag(I) atom in a trigonal bipyramidal
environment, #26-428:431.442 1py the remaining examples, the silver atom is coordi-
nated in an irregular fashion®! or in a distorted coordination polyhedron, due to the
presence of multidentate ligands. Penta-coordinated Ag(I) atoms are found forming
chains of differing types of bridges. For example, in Ag(C, H,zS,)(F;CCO,)'*° a

Table 17A Summary of the mean M(I)-L distances for polynuclear four-coordinated derivatives
(Cuw()-L;*? Mcovalent radius])

Coord. Covalent Cu-L [pm] Ag-L [pm]
atom/ligand radius
[pm] [138 pm] [153 pm]
LN 75 202.0 231.6
204.3° 228.5%
Cl 99 228.6 276.8
234,3% 261.0°
238.5° 271.0¢
LS 102 235.6° 269.7¢
Br 114 234.3 265.9
245.7 267.2°
250.8°¢ 275.3°
258.5¢ 285.14
I 133 265.1° 279.0°
266.8° 286.1°
271.54 294.11

“Bidentate ligands. ®Doubly bridged atom/ligand.‘Triply bridged atom/ligand. “Quadruply bridged
atom/ligand.
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Table 18 Structural data for polynuclear silver compounds, coordination number five®
Compound Cryst.cl. a [pm] al®] Chromo- M-L L-M-L Ref.
Space gr. b [pm] BI°] phore
z cloml  v[] [pm] )
Ag'(MeSO,) m 869.86(6) AgOs O 242.5(5) 0,02 119.4(2,18.5) 426
P2,/¢ 577.76(5) 100.21(3) O, 262.7¢5,1) 0.0, 90.5(2,21.6)
4 826.65(6) 0, 235.2(5,11) 0,0, 162.7(2)
Agl(dmso),(Cl0,) m 1033.6(1) AgOs O, 249.7(7.8) 0.0, 120.0(7,16.6) 427
P2,/n 1818.8(2) 98.56(1) 05CI0, 241.1(29) 0.0, 89.8(5,13.9)
4 652.3(1) O, 235.8(7.4) 0,0, 158.1(3)
Ag'»{SO;5(CH,), m 869.9(3) AgOs O, 247.5(5,102) 0.0, 119.4(2,20.9) 428
3 P2,/¢ 586.6(1) 91.75(1) 0, 242.3(5,22) 0,0, 89.8(2,14.9)
2 894.9(1) 0,0, 169.4(1)
Ag',(SO;CH,S0;) or 857.8(3) AgOs O 243.5(8,78) not given 429
Pnc2, 738.7(2) AgO¢ O 253.8(8,78) not given
4 995.4(2)
Ag(OPPh,;}(NO;) or 1345.2(1) AgOs O, 233.3(8,72) 0,0, 49.8(3,8) 430
P2,2,2, 1508.6(2) nO, 250.8(8,95) 120.8(3,25.3)
4 865.0(2) Ph,PO, 226.1(6) 0,0, 107.0(3,17.0)
Ag'(SO;NH,) or 780.9(2) AgON N, 231.21(8) 0,0, 115.6(3) 431
Pcab 806.7(2) o, 241.8(8,9) O, N, 121.3(3,4.1)
8 1168.2(3) uO, 253.8(8,54) 0.0, 87.2(3,4.2)
O, N, 95.5(3,14.1)
0,0, 167.3(3)
Ag(AsPh;)(NO;) m 1040.5(5) AgO4As O 251.1(7,156) 0,0  48.0-146.5(4) 91
P2,/c 1889.5(12) 98.35(8) O 282.9(6) 0,As  110.0(3,14.7)
4 913.8(6) As 247.1(2) 141.9(2)
Ag'»(C, H,;As) or 717 AgO,As O 267(3,22) not given 438
(NO;), P2,2,2, 1016 As 248.8(6)
4 2202 Ag0,C, O 260(3,25)
C 240(5,6)
[Ag'(CloHlé)) m 849(2) AgC,O O 237(2,5) not given 432
(H,0)]BF, P2,/c 1484(3) 103.4(2) C 250(3,10)
8 1874(4)
[Ag(C, H,(NS;)] or 861.6(1) AgS,N N, 237.0(4) S,S 77.3(1,7) 433
(NO3) Pca2, 1030.3(2) S 270.6(2,5) 138.6(1)
4 1683.9(2) 1S, 285.6(1) S,N 76.5(2,1.1)
uSa 249.8(1) 100.0(1)
Ag'(dmpto) or 634.5(5) AgO;N, O 237.8(11) 0,0 99.1(2,11.0) 434
(dmptoH) P2,2,2, 1401(2) 258.8(11,40) 129.7(2)
4 1792(2) N 227.0(11) N,N 153.8(2)
249.0(11) O,N  63.2-134.3(2)
Ag'3(CoH | ,)(NO3); hx 1625.8 Ag0;C, O 246.5(11,27) 0,0  98.5(3,13.0) 435
(at 148 K) R3¢ —_ C 239.5(15,16)
6 955.6
Ag'(C,oHg) tr_ 1187.0(1) 88.93(1) AgO;C, O 260.5(11,299) O,0  84.1(3,8.5) 436
(H,0)4(C10,), Pl 924.7(1)  96.88(1) C 261.6(11,17) C,C 30.6(4,4)
1 1112.3(1) 101.21(1) 0,C 73.5-157.7(4)
Ag'J(Ci4H, ) m 2418.9(6) Ag0,C, O 249.0(7,142) 0,0  45.3(2) 437
(H,0)(ClOy,), P2,/n 932.5(2)  90.35(5) C 251.3(8,59) 80.2(2,11.0)
2 530.4(1) C,C 31.5(3,1)
0,C 584-156.9(3)
AgH(CyoH g) m 1249.5(2) AgO,C, O 256.7(3) 0,0  50.6(1) 439
(ClOy)] P2,/n 854.6(1) 101.27(1) 271.5(4,62) 66.4
? 1619.6(2) C 248.3(4,125)
Agl(dtl)(NO,) tr_ 1174.6(1) 90.90(4) AgO,S, O not given not given 440
Pl 893.1(3) 97.38(3) S 257.3(-,29)
4 2004.1(4) 88.67(4)
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Table 18 Continued

Agl(hmta)(NO;) or  1383.2(7) AgN;0, N 238.2(547) NN 153.8(6) 441
Pnma 653.5(4) 0 261(1,2) 0,0 88.1-129.7(6)
4 1033.7(6) N,O 63.2-134.3(6)
[Agbatp)(NO¥ m  2701.1(8) AgS;N, S, 269.02,111) S8 112.8(1,4.2) 442
P2,/c 796.2(1) 110.41(3) Na 237.7(4,8) 133.6(1)
8 2027.0(5) NN 148.7(1)

NS 72.9(1,2.7)
100.2(1,11.2)
AgS;N, S, 271.4(2,146) S8 104.2(1)
N, 234347 130.1(1)
NN 142.0(1)
N.S 72.3(1,1.8)
99.8(1,13.7)

Ag{(CyHp6S;) m 1019.4(3) AgC,5,0 O 229(2) C,C 30.8(8) 149
(FLCCO,) P2,/b 1578.4(5) C  253(3) S,S  123.2(4)
4 812.54) 95.49(2) S 258.2(6) CS 92.3(6,11.9)

S 263.2(6) S,0 122.8(6)

“Where more than one chemically equivalent distance or angle is present, the mean value is tabulated.
The first number in parenthesis is the e.s.d., and the second is the maximum deviation from the mean.
®The chemical identity of the coordinated atom/ligand is specified in these columns. “‘Ag-Ag = 316.3(2)
pm. “Ag-Ag = 240(-,6) pm. “There are two crystallographically independent molecules. /Ag-S-Ag =
126.4(4)".

polymeric chain is developed via S‘-Ag-S-Ag’ linkages about a two-fold axis, with a
five-membered -Ag-S-C(1)-C(2)-C(3)-ring adopting a C(2) envelope conformation
(Table 18).

In Ag(OPPh,)(NO,)*3*° a square-pyramidal arrangement about the Ag(l) atom is
built up by a triphenylphosphine oxygen, two oxygen atoms of one nitrate group,
and two oxygen atoms of a symmetry related nitrate group.

In colourless [Ag(C,,H,sNS;)J(NO;),**? the Ag(I) atom sits in the cavity of the
macrocyclic ligand, coordinating to three S atoms and one N atom, and linked to
an adjacent ligand by a sulphur atom, forming a chair configuration. The nitrate
group does not interact with the Ag(I) atom. In another derivative*3* the Ag(I) atom
is coordinated with two organic bidentate ligands of the same asymmetric unit, and
with one O atom of a neighbouring molecule to form a chain structure with no
Ag-Ag interaction.

The pentacoordinated polynuclear silver(I) compounds utilize uni-, bi_ and
multidentate ligands. The mean Ag-L distance of the unidentate ligands are shorter
than those of the bidentate ones. For example: 244 pm (uni-) vs 252.5 pm
(bidentate: O-donor ligands); and 248 pm (uni-) vs 250 pm (bidentate As ligands).

In the multidentate ligand series, the mean Ag-L distance increases in the order:
238.4 pm (LN) < 247.5 pm (LO) < 250.6 pm (LC) < 263.5 pm (LS). The mean
Ag-L(bridge) distance of the multidentate ligands are longer than the terminal bond
lengths, and increases with the covalent radius of the bridged atom, 255.9 pm (LO)
< 274.8 pm (LS).

Two crystallographically independent molecules are found in one example.
The structure of one such molecule is shown in Figure 10. These two independent
molecules are similar to each other except for the degree of distortion (Table 18).

442
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Figure 10

7.5. Coordination numbers six and higher

Structural data for these thirty-two derivatives are gathered in Table 19, with the
coordination number of the silver atom varying from six to ten, irregular geometry
six coordination being the most common. The soft coordination characteristics of
silver(l) are underlined by the structures of the polymers, and as in the previous
series (Section 7.4), there are no straightforward ways to classify these. With the
exception of two examples*3%43 where silver is in the oxidation state + 2, all of the
other examples have silver in the +1 oxidation state. The Ag-L distances cover a
wide range of values, especially for O- and C- donor ligands, the most common
in the hexa-coordinate series. The mean bond distances for these two donors in
multidentate ligands are 256.0(420,383) pm and 255.4(211,254) pm, respectively.
These values are smaller than those found for the hepta- and higher coordinated
derivatives (259.8(357,625) pm and 264.3(233,327) pm respectively). All of these
are larger than those found in the penta-coordinated derivatives (247.5 and 250.6
pm), as might be expected.
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Table 19 Structural data for polynuclear silver compounds, coordination number six and higher®

Compound Cryst. cl. a [pm] a[°] Chromo- M-L L-M-L Ref.
Space gr. b [pm] Bl phore
z ¢lpm] 7y [°] [pm] [’]
Ag'(C,0,)¢ m 346(2) AgOq¢ o? 260(-,43) not given 443
P2,/c  616(2)  76(1)
2 947(4)
Agl(C,Hz0,), c 767(1) AgQgq (0] 246 not given 444
(ClOy) Pmcm
1
Agl(C,H0,), m 1093 AgOq 445
(ClO,) (at 245K) 1081 94.40
768
Agl,{SO, tr_ 511.35(7) 73.99(1) AgOq (0] 243.5(3,67) 74.9-160.8(1) 428
(CH,),S05} P1 529.32(4) 93.64(1)
1 790.8(1) 119.49(1) 261.5(3,83)
Agl(CeH, N, tr_ 541.0(4) 92.00(4) AgOg¢ (0] 238.0(7,26) 48.8-170.1(2) 446
0,) 5(NO3) P1 756.2(4)y 105.07(4) 262.4(8,56)
2 802.0(6) 104.60(4) O,NO 259.5(9,17)
Ag(C,HR0,); m 939.9(2) AgOF O 245.0(6,39) 0O,0" 92.7(3,6.6) 447
(AsFy) P2,/n  1814.003) F 269.7(7) 168.3(2,6.1)
4 1147.6(3) OF 84.2(38.2)
175.6(3)
Ag',(C,Hg0S) m 1206.5(2) AgOS O 249.3(6,117) O,0 not given 448
(NO,), P2,/c 625.9(3) 82.42(2) 281.3(7,11) O,S 76.2-155.5(2)¢
4 1352.7(2) noO 277.6(6,19)
uS 250.0(2,8)
Ag'(pz)(NO;) m 1421(4) AgON, O 272.0(21) 0,0 95.2(6,14.0) 449
P2/a 647(2) 95.15(10) 294.3(17) NN 159.2(9)
2 356(1) N 221.3(14)
Agl(bpy)(NO3),  tr_ 697.5(2) 113.46(2) AgO,N, O 214.2(15,6) 0,0 69.8-160.2(4) 450
P1 999.4(2) 100.71(2) 275.8(15,5) N,N 75.9(7)
2 1032.2(2) 95.28(2) N 216.6(16,42) ON 77.2-166.3(6)
Ag's(cry)(NO;);* m 2494.2(4) AgOuN, O 244.2(3,60) not given 451
C2/c 1013.4(2) 121.86(2) no 260.4(2)
4 1588.2(2) N 244.6(2,113)
[AgHCs(CO,Me)s} tr_ 1245(1) 94.91(7) AgO,C, O 240.4(6,13) O,0 85.6(2,11.2) 58
(H,0)}-1.5H,0 P1 1077.6(9) 91.50(7) H,O 244.4(5,7) 127.3(2)
2 762.4(8) 99.90(7) C 269.7(7,111) 156.8(2)
Agl(mgly}NO;) m 1363.4(6) Ag0O,S, O 253.6(9,38) not given 452
P2, 622.5(4) 104.8(7) 285.5(9)
2 678.4(4) S 254.4(2,33)
Agi(BrCH,SO;) or 1342.0(2) AgO,Br, O 235.4(4) 0,0 86.9(2) 453
Pnma 756.9(2) 248.6(4) O,Br 89.9(1,4.4)
4 499.6(1) Br 297.09(5)
Ag‘(C,FHw) m 2083.9(4) AgC,0, C 252.2(7,51) C,C 31.903) 454
(ClO,) C2 699.0(2) 95.07(4) 6] 246.9(9) 0,0 125.0(5)
2 595.6(3) C,0 97.0(5,3.6)
AgCHGNCIO,) or 835 AgC,0, C 256.5(7,69) not given 455
Cmem 802 (0] 268.0(14,22)
4 1168
Ag(CH)(NO;) m 1684(4) AgC,0, C 265(3,19) not given 456
P2,/a 894(2) 91.7(1) (0] 240(2,4)
4 586(1)
Agl(CsHg)(NO3)* m 1679.6(3) AgC,0, C 263.8(5,167) not given 457
P2,/a 893.2(2) 90.72(1) (0] 240.0(4,32)
4 586.0(1)
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Table 19 Continued

Ag{(dmcen)}(NO3;) m 1130.9(6) AgC,0, C 243.1(1,88) not given 458
(at 153 K) Cc 1031.5(12) 95.46(6) O 243.1(6,50)
4 974.0(9)
Agl{anph)(ClO,) or 1853.12) AgC,O, C 249(1,5) C,C 32.5(5,1) 459
Pmnb  1558.6(5) pO 241(2,7) 101.3(8,1)
8 787.7(3) 140.1(9,3.3)"
AgC,HyS;) m 1104.9(1) Ag0,C.S, O 259.2(9,55) 0,0 47.2(2) 149
(NO,) P2,/c  782.3(1) 118.39(1) C 249.4(7,28) C,C 30.7(3)
4 1435.2(3) uS 256.5(2,7) S,S  123.02Y
Ag{(C,,H,,0,8) m 985.6(4) AgOsS, O 272.0(10,238) not given 460
(NO3)H,O P2,/c  1992.3(6) 92.11(3) S 261.8(17,55)
4 931.0(2)
Ag(CgH, ) or 2554(5) AgOC, O 273(5,30) 0,0 112(-,12)¢ 461
(NO,) P2,2,2, 628(1) C 242(5,1) 0,C 107(-,12)
4 560(3)
Ag'(CgHy), or 2602.6(5) AgC,O; C  250.2(8,2) 462
(NO;); Pben 1075.6(2) 295.0(8,20)
8 1437.9(2) O 242.6(8,52)
AgC,O C 256.8(9,64)
280.2(9,42)
O 238.9(5)
AgO,C, O 268.4(7,215)
C  260.6(8,1)
275.8(10,15)
AgHC,50,¢) m 804.5(2) AgCO; C 262.2(6,111) O,0 88.5(4,2.1) 463
(ClOy) P2,/c  1741.2(4) 91.13(2) 0O  241.1(10,170) C,C 70.0-151.3(2)
4 850.1(1) 0,C 75.6-158.2(3)
AgH(C,H,,) or 903.6(4) AgO,C, O 261(1,23) 0,0 47,75 464
(NO,)! P2,2,2, 2178.6(7) C  256(1,12) C,C 30
4 800.8(5) 0,C 86(-,2)
Agl(C,HO0S)  tr_ 1073.47(9) 91.556(5) AgO,S,” O 239.7- 0,0 45.3-143.4(3) 448
(NO;)¢ Pl 1313.67(13) 92.668(5) 322.3(15) S$,S 166.4(2)
2 724.88(3)  89.141(8) nS 246.5(2,58) 0O,S 68.0-169.8(2)

Agl(amphy)ClO),; or, P2,2,2,, 4; a = 641.6(1), b = 1028.6(2), ¢ = 1805.6(2) pm [AgC,0,].**° Ag'(cap);
tr, PT, 2; @ = 458.8, 5 = 401.6, ¢ = 2041 pm; a = 101.12, B = 122.28, v = 80.4°.%5> Agl(ste); tr, PT,
2a = 469.3, b = 412.0,¢c = 5035 pm; @ = 10435, B = 93.59,y = 76.1°.%%% AgY(CH,NO,),; tg, 2; 4
= 698, ¢ = 1268 pm.*® Agl(dbp); m, P2,, 2; a = 1450, b = 577, ¢ = 903 pm; § = 112.50°.4¢7 Ag'(dep);
or, Pcen, 8;a = 2030, b = 1440, ¢ = 588 pm.*57 “Where more than one chemically equivalent distance
or angle is present, the mean value is tabulated. The first number in parenthesis is the e.s.d., and the second
is the maximum deviation from the mean. ®The chemical identity of the coordinated atom/ligand is specified
in these columns. “‘Ag-Ag = 342(-,16) pm. “Ag-O-Ag = 111.1(1)°; Ag-S-Ag = 95.9(2)°; Ag-Ag = 408.8(1,36)
pm. “Ag-Ag = 387.6(1) pm. "Ag-Ag = 242.5(7) pm. *Ag-Ag = 263.8 (-,159) pm. "0-Ag-0 = 99.8(5)°;
Ag-O-Ag = 111.5(5)°. ‘C-Ag-C = 30.7(2)°; O-Ag-C = 92.8(2,7.7), 113.6(2,5.3) and 133.1(2)°. O-Ag-S =
91.4(2) and 120.1(2)°; C-Ag-S = 77.5(2) and 106.2(2)°; Ag-S-Ag = 121.2(2)°. *values are of mid-point
(0...0) and (C =C); Ag-Ag = 234 pm. ‘Ag-Ag = 247(1,1) pm. "There are chromophores: AgOs, AgOg,
Ag0.S,, Ag0,, (2x), AgO,S (2x); Ag-S-Ag = 102.7(1) and 112.5(1)°.

8. CONCLUSIONS

Almost six hundred silver coordination and organometallic compounds are sur-
veyed in this review. The silver atom is found in oxidation states of +1, +2, and
+3. There are only two examples of Ag(III)’>7¢ and these are in square-planar
environments. Silver(II) atoms are found in digonal,!” square-planar,6465-73
tetrahedral®>1° and hexa-coordinated!43:144:450:466 epvironments. By far the most
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common is the Ag(I) atom, and the number of examples of various geometries
increases in the order: 4-coordinate (mostly tetrahedral) < two-coordinate <
three-coordinate < six-coordinate < five-coordinate < seven-coordinate. Higher
coordination numbers are rare. From a nuclearity point of view all possibilities
from mono- to decanuclear are found, with tetradeca- and polynuclear completing
the range. The latter are more common than the mono- and binuclear derivatives.

There are several examples?’#%120.121,130,131,179,180,194,195,265,266,309,310,400,
405406 which exhibit distortion isomerism.** In another group of
exarnples&9,19,20,24,28,33,36,37,49,6l,72,93,110,126,-164,383,442 there are two crystallo-
graphically independent molecules, and in one case®? three such molecules, differing
by degree of distortion. It is noted that this type of isomerism is more common in
the Ag series than in the Cu*? and Au*? series. There is an example of cis-trans
isomerism,>*>>* and Ag(CNQO)?°! exists as a polymerisation isomer,** being found
both as a hexamer and a polymer.

The mean Ag(I)-L distances are summarized in Table 20 from which the values
of hetero-coordinated ligands have been excluded. The biggest variety of donor
atoms are found in the three- and four-coordinated derivatives. Higher coordination
number silver(I) (five and higher), and two-coordinate derivatives prefer O, N, C,
and S donor ligands, with multidentate varieties prevailing for the higher coordi-
nation, In the series of four-coordinate silver(I) atoms, there is a very wide range of
coordination atoms (ligands) and single atoms bound as unidentate, doubly- triply-,
and quadruply-bridged ligands, iodine being the most common. Amongst the
unidentate ligands, triphenylphosphine is the most common.

There is a trend for the Ag-L distance to increase with the covalent radius of the
coordinated atom and also increasing coordination number. There are some
exceptions, especially for Ag-O which covers a wide range of values. Other trends
have been discussed in the separate sections. The mean Ag(II)-N bond distances,
212(1,1) pm (2-coordinate) and 215(8,4) pm (4-coordinate), and the Ag(III)-N value
of 198(1,1) pm, are all shorter than those of the Ag(I)-N value. The Ag(II)-S value
of 255(2,5) pm (4-coordinate) is shorter than the Ag(I)-S distance.

A summary of the M(I)-L distances (M = Cu, Ag or Au) is given in Table 21,
which contains the analysis of almost two thousand derivatives (about one thousand
Cu()*? and three hundred Au(I)** examples). In general it can be seen that the
mean M(I)-L. bond distance increases with covalent radius of M in the order Cu
(138 pm) < Au (143 pm) < Ag (153 pm). The coordination sphere about the M(I)
atom is most expanded in the case of Ag(I) and least in-the case of Au(I). In general,
the M-L distances with O, N, C, and S donor ligands cover the widest range.
Whereas 4-coordination prevails in the chemistry of Cu(I) and Ag(I), 2-coordination
prevails in the chemistry of Au(l).

Table 22 shows the shortest observed M(I)-M(I) distances found in homobi-, -tri-,
-tetra- and -polynuclear derivatives. In general, the shortest M(I)-M(I) distances
increase in the order Cu(l) < Ag(I) < Au(l). It is noted that all these distances are
within the range acceptable for a direct metal-metal bond.

This review, together with its precursors for copper(I)*? and gold,*? represents the
first overview of structural data for the M(I) atoms of the copper subgroup. Previous
studies have covered other subgroups, titanium,*%%-47? vanadium*’>-*’® and
manganese.*’°~*82 There is also a separate review on the structures of heterome-
tallic silver compounds.*®* During the collection of this data it has become apparent
that despite the increasing availability of data retrieval systems, the tracing of
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Table 20 Summary of Ag(I)-L distances [pm]}*

Coord. atom  Covalent Coordination number
(ligand) ® radius -
[pm] two three four five six
H 37 176(7,7)
F 71 255(1,1)°
1.0 73 240(31,38) 250(18,26) 266(40,34) 244(1,1)
250(19,14)°

L?0 222(9,10) 230(15,20) 244(25,35) 252(32,16) 245(14,25)
L"O 247(47,33) 259(45,41)
LN 75 211¢9,11) 236(16,10) 232(30,9)

213(4,4)
L°N 215(8,11) 226(6,13) 233(11,22) 219(7,4)
L"N 238(14,17) 242(17,13) 251(18,10)
LC 77 215(14,10)

220(4,4)
L*C 211(10,12) 243(30,7) 246(36,15) 219(7,4)
L"C 238(14,17) 242(17,13) 251(18,10)
c o 99 234 236 260(21,40)

262(18,19)  264(13,17)
271(18,23)4

272¢
LS 102 240 253(5,7) 253(16,26)
238(9,10)°  252(12,16)°  270(20,40)  251(1,1)°
244(11,43) 271(18,13)¢
272¢ 279(15,18)¢
LS 237 254(12,13)  267(19,13)
L"S 262(22,26)  257(17,11)  265(10,21)  255(8,4)
LP 110 241(3,6) 246(5,17)  252(16,18)  243(3,10)
247¢ 243¢
L2P 238 244(5,3) 246(13,10)
Lop 253
Br 114 245 250(2,2) 265(35,39)

267(5,8)¢ 270(12,10)°
277(14,19)¢
284(15,13)¢

L2Se 117 259(10,12) 270
264(9,7)° 274(12,16)°
LAs 122 248 266(4,4) 255(7,13)
L2As 250
] 133 270(2,3) 280(11,7) 2874

278(2,2) 285(12,15)
289(13,14)
291(10,20)°
“The first number in parenthesis is the maximum deviation from the shortest and the second from

the longest distances. #L? bidentate and L® multidentate ligand. ‘Doubly bridged atom/ligand. “Triply
bridged atom/ligand. Quadruply bridged atom/ligand.

relevant material is not always straightforward. One of the problems appears to be
associated with the choice of key words for indices, resulting in the effective
invisibility of the material from a particular point of view. Some of the data is only
available as supplemental material, and this can lead to the bypassing relevant
structural features for comparative purposes. Some manuscripts do not even show
adequate data, names of ligands and other information important for a comparative
study. In several cases the same derivatives has been studied by several different
groups without cross referencing. Even when results have differed substantially there
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Table 21 Summary of the M(I)-L distances [pm] for Cu (cov. radius, 138 pm), Ag (153 pm) and Au
(143 pm) compounds®

Coord. atom  Covalent M(I) Coordination number
(ligand) radius atom
[pm]
two three four five six
H 37 Cu 173(52,56)
Ag 176(6,6)
Au 172
F 71 Cu 222(16,12)
Ag 255(1,1)
(¢] 73 Cu 186(6,14) 203(33,48) 217(23,38) 223(19,42) 228(23,31)
Ag 222(9,10) 235(26,43) 243(23,36) 255(55,41) 249(35,51)
Au 202
N 75 Cu 191(9,21) 194(10,47) 205(15,66) 210(12,43) 212(13,13)
Ag 213(12,13) 230(10,16) 235(33,20) 242(17,13) 235(23,65)
Au 202 228
C 77 Cu 200(12,19)  197(25,45) 191(18,44) 202(24,18) 214(22,20)
Ag 216(15,10)  243(30,7) 249(39,32) 251(13,13) 258(23,23)
Au 205 221 247
cl 99 Cu  2104,19)  229(17.27) 236(27,39)  237(19,40)
Ag 234 249(13,32)  267(28,33)
Au 226 262 277
S 102 Cu  216(3,12)  235(43,14) 235(16,42) 257(18,15)
Ag  240(11,43) 255(15,32) 262(25,48) 262(12,31) 255(8,4)
Au 229 243 228
P 110 Cu 219(1,1) 224(11,13)  228(13,29) 223(2,3) 215(2,1)
Ag 240(3,7) 246(7,17) 248(15,22) 243(3,10)
Au 227 231 239
Br 114 Cu 226(5,6) 239(13,20) 253(32,32)
Ag 245 258(10,17) 274(44,23)
Se 117 Cu 252(26,22)
Ag 262(13,9) 272(10,18)
Au 244
As 122 Cu 239(7,29)
Ag 266(4,4) 252(5,16)
1 133 Cu 239 256(11,19)  268(22,30)
Ag 274(6,6) 286(17,25) 287
Au 258 277 307

“Data for Cu(l) compounds,*? and for Au(I) compounds.** The first number in parenthesis is the
maximum deviation from the lowest and the second from the highest values.

Table 22 Summary of the shortest M(I)-M(I) distances (pm)

Coord. M Binuclear Trinuclear Tetranuclear Polynuclear
number
2 Cu 241.2(1) 246.6 241.8
Ag 265.4(1) 293.3(2) 273.3(2) 280.9(1)
Au 276(1) 274.8(1)
3 Cu 243.3 234.8 237.7 242.5
Ag 272.6(1) 279.92) 284.2(1)
Au 296.2(1) 282.1(1)
4 Cu 237.1 251.9 239.4
Ag 284.5(1) 319.8(2) 296.1(2) 280.0(2)
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is often no explanation offered. It is hoped that this review will serve to bring
together the overall picture and serve to stimulate interest in areas of particular
interest.
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