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A. INTRODUCTION 

There has recently been a considerable development of interest in the cyano 
complexes of the early transition metals, particularly those of chromium, mo- 
lybdenum, tungsten and rhenium. The last full-scale review was that of Chad- 
wick and Sharpe in 1966 f 11. In order to keep the present review to a reason- 
able ler.gth we have concentrated on the twelve elements of Groups IVa-VIIa. 
The coverage is, it is hoped, comprehensive, but we shall discuss work carried 
out since Chadwick and Sharpe’s review at rather greater length than the mate- 
rial already mentioned in their work. 

(i) Scope and arrangement of material 

I%e shall deal with unsubstituted and substituted cyan0 complexes 
/WC%lF and DWN),X,F, but not with “simple” cyanides M(CN),. In 
Section B general preparations and properties, bonding, physical data are con- 
sidered, concluding with a descriptive group-by-group section (C). E! ithin each 
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periodic group the lighter element is considered first: for each metal, arrange- 
mentof material is by decreasing oxidation state, and unsubstituted complexes 
are discussed before the substituted species. 

(ii) Nomencfature 

We shall use the term “cyano” to mean a CN- group coordinated solely by 
its carbon atom, and isocyano to mean a cyanide group coordinated only via 
the nitrogen atom. Unless so specified, it will be assumed that a metal-carbon 
rather than a metal-nitrogen bond is present in the complexes (see p. 179). 
Bridged complexes (see p. 182) are called p-cyan0 complexes. 

(iii] Reviews 

The best is that by Chadwick and Sharpe (1966) tl]. There are books by 
W~liams (1948) [Zj (useful for early material) and a poorly compiled one by 
Ford-Smith (1964) f 33. The author has written two short general reviews on 
cyan0 complexes (1973 [4], 1962 (51). Shriver has reviewd the ambidentate 
nature of the cyanide ligand [ 6 J , and there is a recent short review on poly- 
nuclear cyano complexes 171. There is a useful but rather out-dated review 
on the structural chemistry of cyanides [S] _ For other more specialised re- 
views (e.g., photochemistry) see the relevant sections below. 

B,GENERALSURVEY 

(i) Preparation and properties 

The commonest method of preparation of cyano complexes is to treat an- 
other metal compound or complex (usually a halide or ammine) of the same 
oxidation state with excess of an alkali metal cyanide in aqueous solution. 
The complex, particularly if it is a potassium salt, may then usually be precip- 
itated by addition of methanol or ethanol, or by means of a heavy cation 
such as Cs” or (BufitN)+. For hydrolytically unstable species, sodium or potas- 
sium cyanide in methanol or liquid ammonia may be used. Fusion of an anhy- 
drous halide with potassium cyanide will often work. %or complexes of the 
early transition metals in particular it is often advantageous to start with a 
high oxidation state compound (e.g., do species such as [VO* I*, [MoO.J*, 
NbCls) and to reduce those in the presence of excess cyanide, either chemical- 
ly (hydrazine, potassium amalgam, hydrogen sulphide) or electrolytically. Cy- 
ano complexes of low oxidation state (e.g., [Cr(CN)sJ”, [Mn(CN)s]+) are 
usually made by reduction of higher oxidation state species with potassium 
in liquid ammonia. 

Pentacyanonitrosyl complexes may often be made by the action of hydrox- 
y&mine in excess cyanide on a do tetra-oxo complex (e.g., jCr(NO)(CN)sJ~ 



179 

from (Cr0,)2-) or on a hexacyano species (e.g., [Mn(NO)(CN)J3- from 
[Mn(CWs13-_)- 

Since the cyanide ligand carries a negative charge its complexes are usually 
water-soluble electrolytes. Most cyano complexes are fairly stable chemically 
although those of the early transition elements, particularly octacyano spe- 
cies, are often subject to photolytically-induced hydrolysis or aquation. Re- 
duction to lower oxidation states may often be accomplished in the solid 
state at high temperatures with gaseous hydrogen, by fusion with potassium 
cyanide, or in liquid ammonia solution with potassium. One-electron oxida- 
tions may sometimes be accomplished with nitrosyl chloride (e.g., f&ln(CN)Gf s 
to [Mn(CN),]‘-1. 

Alkylation of coordinated CN- may sometimes be effected with methyi 
fluorosulphonate or alkyl halides, though few such reactions have been inves- 
tigated for the metals under review here. The formation of isonitrile com- 
plexes by such reactions was one of the earliest proofs that cyanide was bond- 
ed to metals via the carbon end of the ligand. Protonation of cyanide may oc- 
cur to give coordinated -CNH ligands (e.g., in Cr(CNH)(CO),) or in “free 
acids” to give hydrogen-bonded M-CZN-*-H---N-C%M bridges. The Lewis ba- 
sicity of coordinated cyanide is shown by the formation of such species as 
K,[Mo(CNBF&] (see p. 220). 

(ii) Stereochemistries and oxidation states 

In Table 1 we summarise the main types of cyano complex found with 
these twelve metals. It does not fully represent the extraordinary versatility 
of CNi in its ability to stabilise a wide range of stereochemistries. Cyan0 com- 
plexes of all coordination numbers from eight to two inclusive are known [l, 
4,5], but only octa-, hepta- and hexa-coordination are established amongst 
Groups IVa to VIIa, consistent with the tendency of these metals to form 
few low coordination number complexes. Its versatility in the stabilisation of 
oxidation states is exemplified, however, by molybdenum and tungsten (V to 
0 inclusive) and by rhenium (VI to I). These properties of cyanide arise from 
the fact that it is always a good o-donor and a fair n-acceptor (not as effective 
in this latter respect as the isoelectronic CO ligand since cyanide carries a nega- 
tive charge, which to some extent deters metal-to-ligand charge delocalisation). 
Its unique properties derive from its ability to strike a balance between a-donor 
and z-acceptor abilities. 

(iii) Bonding in cyanide and its complexes 

(a) Modes of bonding 
(1) Terminal. Cyanide functions as a termin& ligand in the great majority 

of its complexes with transition metals. In such cases the bond is formed be- 
tween the carbon atom and the metal rather than from the nitrogen atom, as 
expected since nitrogen is more electronegative than carbon so that its lone 
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pair is less availabie for u-bonding. Since electron densities around carbon and 
nitrogen are similar it is only recent X-ray studies of high precision which have 
demonstrated that the bonding is indeed via carbon in all cases studied, and 
this is also found from EPR and vibrational spectroscopic work. 

A few unstable complexes containing the isocyano group, M-NEC, have 
been claimed, e.g. [Cr(NC)(H,0),]2” (p. 205), but only as unstable intermedi- 
ates. There is no intrinsic reason why side-bonded (I) (n-attached) cyan0 _ . . . _ 
complexes should not exist (such bonding has been proposed for a few com- 
plexes of t?e isoelectronic nitrogen0 ligand, N,), although the tightness of 
the (CPN)- triple bond might render the necessary Ir-overlap with metai d or- 
bit& rather inefficient. No such complexes have yet been reported, however; 
nor have species of the type (II) where 0 is considerably iess than 180”, 

(1) (11) * 

(2) Bridging. Linear bridges Mq=N-M2. These are very common in “sim- 
ple” polymeric cyanides (a review on these has been published [ 7 1 in addition 
to Chadwick and Sharpe’s coverage of the subject [I) ) and in “giant” com- 
plexes of the Prussian Blue type 1’71. The bridges may deviate quite consider- 
ably from linearity, however; in the binuclear isomers f(CN)&ol-C-N-Co2- 
(NH&] .H20 (I) and [ (CN)sCol---N-C-Co2(NH&]. Hz0 (II) the Co’-C-N 
and C-N-Co2 angles are 172.4 and 159.8” in I, with Co’-N-C and C-N-Co” 
angles of 166” in (II). These deviations here have been attributed to intermo- 
lecular repulsion effects rather than to electronic or bonding differences 191. 

“Bent bridges”. Cyanide complexes of the type 

i 

/=\ 

M\ 7 
ti 
N 

are rare (whereas “ketonic” bridges are common with CO). One established 
example occurs in the giant polymer [Cu(CN).NHs],: 
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cu 
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- - \/ 

III 

k 
I 



182 

The CU-C distance is 2.18 A, C-N distance 1.13 A and the Cu-C-CU angle 
b 69.9’. The Cu-Cu distance is 2,418 A, The cyanide ~fro~ps tie not isolated, 
however; each nttrogen atom is bonded to an&her copper atom giving u PO* 
iymeric structure (Cu-N * I.98 A) [lOI, 

[‘l’i(C:N),]b-=, [V(CN)s]+, [Cr(CN)#” etc. 

Oct~~tcynr~ COI’I@WH, [IU(drN)Hj’r. Thoro is still djsputo ns to which of tha 
two mast likely eight eourdinuto structures (dodff~R~~ffdr~~1, ZIld; or Archi- 
mndaenn antipr~at~l, Il)& o~:t~~cyano ~~~~~JI~x~~ htlva in so~L’t~~)n (aoa p, II.0 
and p, IIs), In the solid etrrto thcty mny hnvo oithor structure, dups)nding np= 
pnrontly, on the nature a% tha cation nmongst other Fnctare (Tubla 2), Indeed, 
thv snluto atzucturcs may be fluxionul [lrj,lG] (01s~’ might cxpoat tho naturn 
af tha Ralyont tu !II\Y~ Rorno offoct aleo) nnd cortninly thn energy difference 
b~~w~~n the L&’ nnd Dlfri form is vary #muif, ‘I’hfs tuck af ~tru~tur~~ infarm~- 
tian mnkea thff~r~ti~~~ study eycn more hazardouR than ustrnl. Tho papor by 
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Hoard et al. 11’7) discuss some of the problems: involved, and tend to dis- 
miss earlier suggestions that 1181 dodecahedral coordination would retider 
four of the eight cyanide ligands less susceptible to met&-bligund naaccept+ 
ante‘ ~evertheiess thfs propodd of Orgel [I81 has recently been revived 
with the finding@ of at1 Xaray crystal &ructure of ~o(~~)*(~N~c)~ (see p, 
218). 

‘I’hc theory of bonding hr dodocahedral octncyano complexeri using M.O. 
theory hue been coneidered by Perumureddi et al, [IS] and un eleatroetatic 
eryetal field upprsaeh by Ceidhtg ttnd C~r~t~~t~n [XI], The Ar~hirn~d~~~n 
~nt~pr~~rn~ti~ und d~d~~~h~dr~~ ~tru~t~~~~~ he been ~~n~id~r~d by mdect.t= 
fur srbfttrl methode [21,Z]i ‘fhere ttre revfews on bonding ft~ ocktcaordinuto 
complcxetl [ %3,24] I 

PcrrIncynrrotlftrQaylu, [~f~O)fC~)~~?~.* t ’ I ho bonging in these ~pwieft hru, 
nrouecd much intorc~st, nttd mu& of the ~tlQoratlcai treatInct~~ of t~on~lng frt 
to bu found In pnpcrti on the EPlt spectra of tha parnmugnutic qxxibt~, An 
MLI, treutmunt 1281 nP [Fn(NQ)(CN)~]2B, hntt bean extunded [ZS] to cow 
CMn(NWCN)#-, [M(NO)(CN)~JS7” (Mn, Cr) and [V(NO)(CN)oj*. Thaw 
~tudias M~YW clcwly tant it ~FI tha nitroeyl group which dominntes thu ovural1 
bonding ruthsr thnn cynnido, Orbital ~n~r~at~c~ nnd electron dlstr~butiot~ in 
such specfea huvst been calculated ush~g M.0, m~thads [30]. 
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COrnPl@)r hN 

.duc 
LMCN 

(.&I (A) 

1.14(l) 
1.15(2) 
1.138(20) 
1.19(2) 
1.123(1-i’) 
1.137(17) 
1.05( 12) 
1.158(V) 

1.16[3) 
1.156(6) 
1.151(9) 

1.168(12) 
l-189(13) 
1.17(5) 
1.164(5] 
1.127(10) 
1.150( 10) 
y;v;O’ 

;:16(2) 
1.31 
1*148(9) 

1.166(6) 

1.136(9) 

2.15(l) 
2,17(2) 
2.090( l-2) 
2.00(2) 
2.063(11) 
2.047(19) 
X.99(3) 
2.033(7) eq. 
2.075(14) ax. 
2.11(3) 
2.163(5) 
2.172(7) 

2.175( 11) 
2.204( 13) 
2.13(5) 
2.139(5) 
2.180f 10) 
2.176(10) 
1.990(15) 
1.95(3) 
1.98(2) 
2.13 
2.115(7) 

2,135(3) 

2.120(7) 

178.0( 1) 

17&O 

176.6(6) 

176.0(2) 
1?7.4(9) 
176.4(6) 

176.7(5) 
177.6(1.1) 
17&O(3) 
176.3(l) 
177.3(5) 
175.3(2) 
177.0(l) 

177,0(2) 
136.0 
179.2(6), 
173.7(6) 
178-l(5)& 
173.4(3) 
175.1(6) 

o For RafVO(CN)6 ] Bee p. 196. 

(iv) Physical measurements on cyano complexes 

Here we consider briefly the main physical methods which have been used 
to study cyanides, 8ummarise information in tabular form where appropriate, 
and give general references. Specific reFerences will be found in section C. The 
order of material in this section (structural data, magnetic properties, EPR 
spectra etc,) follows the same sequence as for each compound considered in 
section C, 

(a) Strl~ct~ra~ data 
Theee are sunimarised in Table 2, and individual etructuree are diwuesed 



Other data Paint group 
(idealised) 

Space group Z Ref. 

V-N 1.66(3); N-O 1.29(5) 
CrO l-446( 12) 

Mn-N !2.195( 12) 
Cd-N 2.265( 19) 

G-N 1.71(l); N-O 1.21(l); 
LCrNO 176( 1) 

MO--C 2.151(8); C-N 1.132(9) 
LMoCN 175.4(6) 
Mo=O 1.828(14) 
Mo=O 1.834(9) 
MrN 2.13;~MoNO 175.1(2.9) 

Mn-N 1.66(l); N-O 1.21(2) 
Re-N 1.63 and 2.44 
Re=O 1.773(8) 

Dm 11 

c4v PCCIl 

C2" m/a 

Oh Fm3m 
Oh Fm3m 

Oh Fm3m 
C4" Pcn2 
C4" P21/c 

D2 

D2d 

D2d 

P4hcc 
Pnma 
c!z/c 

D4h 

D4h 
c4v 

D4d 

D4d 

D4d 

0, 

Oh 

c4., 

c4 

D4h 

PZl/C 2 239 
Pmna 2 238 
Pbca 8 268 
P2+ 4 180 
Pmna 4 203 
C2lc 4 204 
P21/n 2 281 
P21/n 4 292 
cc 4 269 
tmm2 2 331 
Pi 1 340a 

2 
4 
4 

I1 

1”; 
4 
4 

14 
63 
72 
76a 
77 
78 

131 
132 

174 
206 
250 

Re=O 1.781(3) 

Re=O 1.698(7); Re-0 1.949(4) D4h C2tm 

337 

2 34 la 

under the appropriate compound in section C. Most of the determinations 
are by X-ray methods, and most of the recent ones show that the cyano li- 
gand is carbon- rather than nitrogenbonded. The data in Table 2 show that 
the C-N distance in coordinatid cyanides (ca. 1.16 A) is iittle different from 
that in the CN- ion (ea. 1.16 A; d Do in CN is 1.172 A and 1.156 A in HCN 
[Et] ). The metal-carbon distances fall within the range 2.06-2.2 A, varying 
little with oxidation state (compare MO'" with MoV for example) or from 
first to second or third row (e.g., CI-C in [Cr(CN)s]* is only 0.1 A shorter 
than MO-C in K4[Mo(CN)~].2H20). The deviation from linearity of M-C-N 
groups by about 2” is real in moat cases, but is so small that it is difficutt to 
say whether this is due to efectronic effects, arl has been claimed for some 



curbonyl comploxrta with “bnt” M-C--Q bonds, BP duo to slmpl0 crysbd 
pl\ckin~ effects, 

Mnynetic dntn on cycno complexes 

Temperntilrc 
range (fo 

JJeff 
(B.M.) 

.-. 
0 Ref. 

“&fTi(CN)s 1” _- 

KQIWCNl71 
K41V(CN),I 
&dV(CN),l 
Ka[Cr(CN)G; 

KdMnWNkl 
K4[Mn(CN)6].3I&O 
KzfMn(NWCN)d 
Ag2[Mn(NO)(~N~61 

93-294 1,74(294”) 
90-296 2.7(295”) 
90-295 3.5(295”) 
90-295 2.85(295O) 
8 l-295 3.87(300°) 
76-295 3.85(298”) 
85-296 1.87(296”) 
90-295 1.75(295”) 
90-298 l-73(298”) 

109-293 1.77(293”) 
42-300 3.50(300”) 
80-300 2.18(300”) 
75-300 0.5(300°) 
73-297 0.55(297”) 

-27” 
-26” 
-52” 
-28” 

1” 
0 

- 7” 

3” 
- 0.09” 

43 

z:: 
54 
79 
80 

130 
257 
256 
258 
284 
293 
293 
301 



11 lJl IV n 
--.__.___ .____ _._- ,_ - __.‘~.____._“~.-_..__..“‘.___-.__i.._ 

(Cr(CN)a]S= 9 21-i:! 3ao 2138 362 2100 
[MII(CN)~ &+ ;t 2198 306 2226 884 8200 
[FQ(CN)~] m 2240 411 2128 407 L29OQ 
(COG ]“= 0 2161 432 2148 428 1890Q 

The relative invariance of u1 and vQ arises from an interplay of u- and n- 
bonding effects 133 3, but the increase in v2, v7 and Iv6 in the sequence Cr < 
Mn < Fe < Co arises from an increase in metal--carbon n-bonding wiLh n in 
t&from 3 to 6. It may be seen from a study of Tables 5 and 7, e.g., for 
[Mn(CN),]* - IMn(CWJe - [Mn(CN),J”, that there is a general increase 
in metal-ligand force constants down a group (e.g., [M(CN)sIB-, M = Mn, Tc, 
Re; [M(CN)s]4-, M = MO, W). 

The pCN values in bridging cyano complexes lie at some 50 cm-’ higher 
than in corresponding terminal species (e.g. YcN in f(CN)&o-CZN-Co- 
(NH&].HzO and in [(CN)&o-NS!-Co(NH&].HzO lie near 2190 cm-l as 
against the 2140 cm-’ expected for terminal cobaIt(II1) mono-cyano com- 
plexes. This has been useful for detecting such bridges [35]. 

(e) Electronic spectra 
Athough there has been much work on the electronic spectra of cyan0 
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TABLE 4 

Electron paramagnetic resonance of cyano complexes 

Sample state; T (W g vaiues 

Giso gll g1 

“Ks[Ti(CN)a 1” a; 300 1.990 
K3fVWCN)51 water; 300 
K&‘fCN)~l.3H,O K4[Fe(CNfs f.3H,O; 300 1.992 

&[Nb(CN)s1.2&0 K4[Mo(CN)a].2Hz0; loo-293 
a; 300 1.987 
glycerol; 100-340 1.980 

Ks[CI(CNkI KaECo(CN),I; 126-300 
Ka[Co(CN),l; 300 1.998 

300 1.998 
K3[Cr(NO)(CN)~j.2Hz0 ii&C~(Clu]~]; 77-300 1.9949 

water; 

water; 
watzr: 
water; 
water; 

water; 298 
ethanok 77 
a; 100-298 
CH3CN 298 
a; 298 
K&+‘(CN)8].2H20; 298 
glycerol; 77 
water; 298 
ethanol; 77 

!&Co(CN),]; 
150 
77 

1.9945 

1.9948 
1.9880 
1.9832 
1.9748 
1.993 
1.9848 
1.9920 
1.9915 
1.992 
f.991 
1.991 
1.98 
1.963 
1.9724 
1.9706 
1.9728 

2.0024 

ethanol; 77 
NazfFe(NO)(CN)S J; 300 

&[Fe(CN),].3H20: 12 

2.004 1.973 2.019 
2.0146 1.9892 2.0265 
gx BY & 
2.624 2.182 0.63 

1.9919 1.9920 

1.976 1.992 

2.000 1.970 
1.993 1.991 

1.9745 2.0051 

1.9779 
1.998 1 

1.9987 

1.9882 
1.9889 

1.9889 

1.942 1.973 
1.9819 1.9677 

1.9855 1.9665 
2.103 1.973 
1.9736 2.0168 

a Pure solid. b value in gauss. 

complexes there has &lso been much disagreement as to their interpretation, 

so no attempt has been made to list assignments. The two classic and most 
comprehensive papers are by Perumareddi et al. on octacyano species [19] 
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A (metal)values(cm-l) A (ligand)values(cm-T) Ref. 

AiS Afl Al -%S, Au AL 

79.9 
--55_5(51V) 
-2l.l(5OV) 

101.0 
97.0 
14.7 

17.4 

17.21 

17.2 
18.6 
20.0 
21.4 

30.7 
30.3 
29.5 

51.9 

74.3 

-4, 
84.5 

49.0 

29.9 

14.0 

11.2 

18.7 

54.4 

r149.5 

A, 
46.5 

20 
=c: 11.3b 50 
(D =-0.0264, E=-_0.00'72&-1) ($1 

69 

121.0 

1%: 

Il.0 =N(NO): 
13C(CN)ax: 
13C(CN),: 

t 
4.9 
7.76;11.7 

39.1 
10 9(13C) 

38.6 . 0'27 (lqN) 

68.5 

0.63(14N) 

25.5 14N(NO): 

:41N(CN),, 

36.6 
A* 
105.0 

61 
-7.9 -9.8 61 

61 
1.8 6.6 
6.7 9.4 139 
9.7 12.5 

t’*NWO)) 
P3Wax:t?a) ) Y.39 

156 . 
I.56 
156 
I.56 
20 

9 182 
181 

231 

182 

381 
256 

1.27 3.77 
113C(CN,)] 264 
2.21 -0.09 

<1 44.26 305 
61 

and by Aiexwder and Gray [26] for hexacyano complexes. It is from the 
latter publication that the list of figand-field parameters is drawn (Table 8). 
The value of A, the ligand-field splitting energy, increases as expected 1261 
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TABLE 5 

Vibrational spectra of hexacyano complexes 

CgLif Cr(CN)G ] C~Li[Mn~~~)~] &fMn@Nk] 

Vl (AI,) "CN 2141 2138 2129 
“2 vhlc 380 395 b 375 
v3 !&I “CN 2144 2129 
v4 VMC 374 360’) 363O 

Y6 P1g) d MCN 273 L 297* 
“6 1Fld vCN 2138 2125 2112 
u7 &MCN 468 490 483 
VS vMC 362 334 361 
*9 6 MCN 161 166 
"10 (Fzg) 6 MCN 384 440b 420a 
Ull 6CNC 175 173 

“12 W2d 6 MCN 353* 385b 

y13 6 CMC 122* 126b 

Reference 34 34 55 

All data on solids except for Ka[Mn(CN)a] (aqueous solution). 
a Solid state. 
b Calculated from combination modes. 

from “[Ti(CN)6J3-” (see p. 191) to fMn(CX)sf3-. The lower A-value for 
fMn(CN)#- compared with [Mn(CN)s]* is probably due to the lower o- 
bond strength in the former. 

There has also been much work on the electronic spectra of pentacyanoni- 
trcsyl complexes [28,29 j . 

(f) Miscellaneous data 
X-ray photoelectron spectroscopy has been used to study bonding in 

[M(CN)s]* (M = Cr, Mn, Co) and [M(CN)s]& (M = Mn, Fe); chemical shifts 
of core electrons and multiplet splitting in the 3s shell were sometimes ob- 
served [36,36a]. Thermochemical data on the reaction 

[M(W,O)#+ f 6CN- -+ [M(CN),]‘+ + 6&O 

(M = V, Cr, Mn) have been accumulated [37] but the methods used were 
later criticised [3$]. The photolysis of a number of octa- and hexd-cyano 
complexes has been reviewed [39,40]. Exchange between labelled cyanide 
ion and octa- or hexa-cyano species has also been studied [41]. Data on elec- 
trode potentials are briefly summarised in Table 9 (references in section C). 
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2082 1960 1971 1966 
423 380 416 436 

2066 2030 2041 2046 
392 430 470 391 

2060 
526 
386 

440 

1934 1949 
605 568 
452 463 
190 174 
650? 646? 
146 166 

1932 
570 

182 
636? 
166 

55 312 312 312 

C. DESCRIPTIVE CHEMISTRY 

(i) Group IVa (Ti - Zr - Hf) 

The only cyanide complexes reported are of titanium, and most of them 
lack complete or satisfactory characterisation. 

Titanium 
Titanium(W) (do). Kz[Ti(CN)6].K,[Ti(CN)6] is claimed as an intermediate 

during reaction of “K,[Ti(CN)6]” (see below) with air-free water [42], but 
no real evidence for its existence was given. As indicated above, do cyanide 
complexes would not be expected to be stable. 

Titanium(III] cd’). K5[Ti(CN)s] (or K,[Ti(CN)6].2KCN) has been made by 
the prolonged action of potassium cyanide in liquid ammonia on titanium tri- 
bromide 1431. The X-ray powder diffraction pattern of the salt was obtained, 
and the magnetic susceptibility of the dark green compound measured from 
93-294 K, the moment at room temperature [43] betig 1.74 B.M. The EPR 
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TABLE 6 

Infrared and Raman data (incomplete) for cyaao complexes 

CS~U’O(CN)SI 
K,P'UWII.%O 
K4WCN),I 

NdWC%f 

K,5[v(CrJ),.5(oH),.5J~ 
KdWW~MH20 
K4fVtCN)fil 

Cr(CN)(Co)g (in CH$$) 
e~s-K~[Cr(C~)~~C~)~~ 
Na[Cr(CN)(C0)5] (in CH&!ia) 
tCr2(CN)(COhol- (in CH2Ct2) 
K~KM~{CN~~].ZH20c 

2095 
2105,2087,2062 
2096,20?3 
207?,2110 
2105,2060,2050 
2083,2066 
2080,2065,2050 
2112 
2170,205o 1991 
2112 
2129 
2130,2125,2091 
2135,2115,2105 
2118,2108 
2134a.2119=, 2109 
2065.2028.2022 ’ 

fR 
R 
IR& 
Rb 
IR 
R 
IR 
R 

~4fi='fCN),fCO),I 
K4[W(CN),].2H20C IR 

R 
IR& 
Rb 
IR 

IR 
R 

IR 
R 

CsIRetCNk 1 
PhdWRe(CN)id 
Kfi[Rez0dCN)sIS4Hz~ IR 

R 

2127,210l 
2116 
2077,2064) 2007 
2130,2125,2097 
2138,2123,2100 
2114,2104 
2135’=_ 2118a, 2104 
2050 
2075,2069,1998 
2106 
2095 
2075,205O 
2114,2099,2088 
2178: 2092.2075 
2116,2092* 2049 
2038,2017 
2174,2125 
2137,210O 
2145 
2107 
2136,2122 
2120 
2119,2079 
2141,213o 
2152 
2155 
2123,2080 

f~;lipfreng12tRe(CN)*(C0)21 2090,2077,2057 
K~[RefCN)~(COtd 2136.2109 

IR data unless otherwise indicated. 
R = Raman, 
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YMC g MCN Other assigned bands 
-~- -~- 

Ref. 

331 
367 340 
363,340 
338 
328,304 
349 
328 
420 

427 
378 
420,373,361 
471,404 
459,452,363 
420",389 
470 

394 
391, 3"i3 
430 

466,405 
405 
486,379 
471~.404~ 
485 

585 575,405 
376,353 

407,392 

406,392 
477 469 
420 

442,424,406 
421,409,394 
476,467 
420 

445 
478 
477,448 
446 
450 
448 
406 
530 
%%0,660 
560 
537 

675,626 1743,1648(1~& 

685,662 

390,315 

482 
340,251: 
489 

357 
350 
335 

470 

947 Cwo~ 

2050,1983,194!3fvC0) 
173%,1648 (vco) 
2053,1929,1894~~co) 
2052,1983,1942,1879(VCQ) 

680 (woz as.) 
1733.1640 
2040,1979,1929f~~~f 
2069,1364,1931(~c0~ 

1917,1833{~~~) 
L937(PC& 
1455.1425(vNof 
l?37,1664(vNo) 
1750,f?09(t'NQ) 
2075,2055,1960(V~~) 

1O35 t%zN) 

1037 (VtteN) 

965,945 (VReN) 

7433 M&02~ 258 @mo2) 

671 a.a*~ 

909 (qLf?o), ‘81 G$&u,l 
912 (%24$, Em3 bJbeoJ 
1871 1797{v& 

51 
55 
54 
54 
49 
55 
49 
163 
166 
163 
163 
208 
209 
206 
209 
194 
242 
260 
260 
164 
208 
209 
208 
209 
194 
164 
269 
269 
277 
278 
317 
317 
318 
318 
318 
319 
330 
330 
330 
329 

242 
329 
328 
242 
242 
356 
356 

b Aqueous solution. 
c Bands not completely assigned by authors. 
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TABLE 7 

Vibrational spectra of pentacyanonitrosyl complexes, [M(NO)(CN)a]n- 

Vl (4) 

“2 

PCN (ax.) 2120 2095 

VCN (es.) 2120 2077 

u3 
04 

“NO 1630 
“MN 621 

1470= 
645 

"S “MC (ax-) 398 446 
y6 VMC (e%) 346 390 

v7 
v8 
VlO uw 
~6 W 
"17 

"13 
VlS 

6 MCN 
6 CMC 
UCN (I?$) 2120 
UCN (es.) 2120 
‘MC f-i-) 
6 MN0 612 

6 MCN 

464 

2056 
2030a 

627 
488 

y20 
*21 
w22 
y23 
"24 

6 MCN 
6 MCN 
bCMC 
bcMN 
6 CMC 

305 
290 

350 

Reference 145 14s 

o Multiple splitting of this mode; mean frequency given. All data on solids. 

TABLE 8 

Ligand-field Darameters for hexacyano complexes [ZS] 

Cm-l 
B B 

x 10-3) (cm 
eel ) 

(cm heEiT Em+) 

“[Ti(CN)s 13” 22.3 
“[V(CM)f#--” 23.5 375 780 2700 
KWWt#- 26.6 845 2670 
fMWN)&- 34.0 660 3280 
tMdCN)6 I* 30.0 425 900 1800 
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2120 
2106 1 

2150? 2124 

2097 2080 ) 2100? 2129 

1450” 1886 1706 
604 595 1 628 660 

418 440 370 
376 360 ) 380 315 

432 285 461 

2060 2150 
202B6 2100 2101 

493 
689 560 660 
480 I 453 
474 
312 330 407 
287 270 

174 
130 

145 147,301 315 

TABLE 9 

Standard electrode potentials 

Couple Eo” WI Solute 

[CtiCN)a13-/tCr(CNkl~ -1.143 M KCN 
[Cr(NO)(CN)613-/[Cr(NO)(CN)616 -l.146b M NaCi 
[Mo(CN)~~lfMo(CW$- +0.84 0.1 M KCN 

W(CN),J IfWCNr)al +0.569 0.1 M KCN 
IMnWQ J%Mn~CN)~16- -0.24 1.5 M N&N 
tMn(CNfa14rilMn(CN)alti -1.06 1.6 M N&N 
[Mn(NO)(CN)~12~/IMn(NO~~CN)~l~ +9.597 
[Re(CN)613-/[Re(CN)el~ -0.72 
[Ro(CN)~H~OlZ-/~Re(CN)~Hz~13- . -0.636 

a Vs. standard hydrogen electrode. b El2 vs. standard calomel electrode. 
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spectrum of the powder at room temperature gave ag-value [20] of 1.990, 
and this rather high value for titanium(III) complexes was taken to be indica. 
tive of octacoordination in the anion, although this conclusion has been ques. 

tioned f443. The electronic spectrum of the solution in liquid ammonia was 
measured from 300--‘700 nm. The appearance of a split band near 450 nm 
led some workers [19,26,43] to suggest that the anion is octahedral (i.e. the 
salt is Ka[Ti(CN),].BKCN), but the EPR data and general simh.rity of the 

electronic spectrum to other octacyano complexes suggests that K,[Ti(CN)a] 
is indeed the correct formuia for the salt [ZO] . Recentiy, however, Nicholls et 

aI. f&la] have proposed that the salt is K~(T~(CN)?).KCN, and suggested that 
the heptacyano anion has a mono-capped trigonal prismatic structure (Ca,). 
This is based on the observation of three bands in the eiectronic spectrum of 
the substance and on powder pattern data which indicate the presence of pot- 
assium cyanide in the lattice. Heintz [42] claimed that K,(Ti(CN)s) and 
K,(Ti(CN),) were formed when potassium cyanide reacts in aqueous solution 
with titanium trichioride E&,45], but this work could not be repeated [44a], 
although there is some evidence for the formation of a species containing 
bridging cyanide ligands from this reaction [46 ] . 

Titanium~O) fd4). K*(Ti(CN)J is a biack materia1 made by reduction with 
potassium of a solution of titanium tribromide and potassium cyanide in liq 
uid ammonia. The magnetic moment at room temoerature is 2.17 B.M., and 
the infrared spectrum shows bands at 2012 and 1643 cm-r, the electronic 
spectrum having an unresoIved broad band in the d-d region [44a]. 

(ii) Group Va (V - Nb - Ta) 

Our knowledge of the cyanide chemistry of vanadium has been greatly ex- 
panded over the past three years, and more developments in the cyanide chem- 
istry of niobium and tantalum are expected. 

(a) Vanadium 
Vanadium(V) (do). The only cyan0 “complex” reported was formulated as 

K4Va07.4KCN.14Hz0; this was made, not from a vanadium(V) species, but 
during an attempted preparation of a vanadium(IV) cyanide [47]. 

Vanadium(W) (d’). The only fully established cyano complexes of vanadi- 
um(W) are of the “vanadyt” type. 

RJVO(CN),] and other salts of [VO(CN)J3- have been made by reaction 
of cyanide with a deficiency of vanadyl sulphate [48] or acetate [49] *. A 

preliminary report of the EPR spectrum has been published [50]. The infra- 

* The X-ray crystal structure of Ks[VO(CN)5J shows that the anion has a Cbv structure, 
with V=O at 1.64 A, V-C (equatorial) 2.14 and V-C (x&I) 2.31 A [ 49aj. 



red spectr.lm has been studied in some detail over the range 200-4000 cm-’ 
and most of the bands assigned on the basis of C,, symmetry (Table 6) [ 511. 
Assignments have also been proposed for the solid and aqueous solution of 
the efectronic spectrum 149,511. 

Although K#‘(CN),] is alleged to be the product of reaction of excess pot- 
assium cyanide with vanadyl acetate (521 more recent work shows that 
Ks[VO(CN),J is the only product [49]. 

Vanadium(lll) (cl”). A curious situation is found here: it appears that the 
coordination number of the anion of the unsubstituted complexes is depen- 
dent on the nature of the cation, as with the fluoro complexes of some early 
transition elements. 

K4[V(CN),].ZHz0 is the best characterised vanadium(III) cyano complex. 
It may be prepared from an alkaline solution of ammonium metavanadate 
with potassium cyanide, hydrogen sulphide being used as the reducing agent 
[53]. The monohydrate is made by prolonged action of cyanide ion on vana- 
dium(III) chloride in water j49], and the anhydrous complex from methanol- 
ic potassium cyanide on vanadium(II1) acetate [54]. The hydrates are bright 
red and the anhydrous compound is brown. They are soluble in water, albeit 
with some decomposition, but are stable in excess cyanide solution. 

The X-ray crystal structure of Kd[V(CN),].2H20 (Table 2) shows the anion 
to have approximate pentagonal bipyramidal symmetry (&.,), there being no 
significant difference between equatorial and axial V-C or C-N bond lengths. 
The Cti -V--Ctiti angle of 171” and V--CU--N,~ angle of 172-S(3)’ are 
thought to be bent away from 180” by interaction of parts of the anion with 
the cations. The reasons for the assumption of heptacoordination have been 
discussed and the “eighteen-electron rule” invoked (see above, p. 182); it has 
also been pointed out that another stabilizing factor may be that the five 
equatorial cyanide groups form a stabilizing a-orbital (ring orbital j [ 141, ai- 
though of course this does not explain why seven coordinate cyanides are not 
more common. 

The magnetic susceptibility of the anhydrous potassium salt has been 
measured over a temperature range (Table 3); the moment of 2.78 B.M. at 
room temperatures is consistent with the presence of two unpaired electrons 
[54]. The infrared spectra of the hydrated [49,55] and anhydrous [54] spe- 
cies have been measured and some partial band assignments made (Table 6). 
The electronic spectra of K4[ V(CN),] .2HaO in the solid and aqueous cyanide 
solution are similar, suggesting retention of the seven coordinate structure in 
the latter [14,49,56], Assignment of the bands in the spectra have been made 
on the basis of &., symmetry [49] antf on the assumption (see below) that 
the anion has the [V(CN)a] ** structure [ 19,26 ] _ In this connection it should 
perhaps be noted that “KB[V(CN),]” ilas commonly been given the formula 
[57,58] assigned to the species ROW klown to be K,[V(CN),], although the 
seven coordinate formul&ion had beet1 preferred by many workers [1,49,53, 
54,591 f 
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Nas[V(CN)s] has, however, been isolated and characterised [54 J. It is a 
blue-violet material made from sodium cyanide and vanadium(III) chloride in 
methanol. The infrared spectrum 1545 ~200-4000 cm-‘) (Table 6) is signifi- 
cantly different from that of K,[V(CN),]. Another possibility, however, is 
that this “Na,[V(CNj,]” is the sodium analogue of K3_5[V(CN)5.5] (see below). 
The rate of exchange of labelled cyanide ion with Na,[V(CN),] in solution is 
immeasurably fast [ 413 . 

K,JV(CNj,,(OH),,] is the apparent formula of the blue complex obtain- 
ed by the immediate action of potassium cyanide on vanadium(II1) chloride. 
The apparent oxidation state was measured as about 2.7, and it has been sug- 
gested that the deep colour arises from a mixed oxidation state complex in- 
volving vanadium(H) and (III). The magnetic moment at room temperature 
[49] is 3.4 R.M. The blue solid has a similar reflectance spectrum to that of 
tfie blue solution formed from vanadium(II1) and cyanide. Bennett and 
Nicholls have shown that, when vanadium(II1) chloride is added to excess 
concentrated cyanide ion, there is a disproportionation reaction, the blue pre- 
cipitate containing vanadium(H) and (III) and the remaining solution vanadi- 
um(II1) and (IV) (the latter as [VO(CN),]**). In weak cyanide no such dispro- 
portionation occurs f49). 

Vu~ad~~~(II) (d3). K,[V(CNj,]3H,O can be made by reduction of vanadi- 
um(IIIj acetate with potassium amalgam followed by addition of aqueous pot- 
assium cyanide and ethanol [4’7,60] ; by electrolytic reduction of the blue so- 
lution formed by interaction of vanadium(II1) species with cyanide 1491, or 
by addition of cyanide and HCN to the hydrolysis product of vanadium(I1) 
sulphate [59f _ The anhydrous salt has been made by reaction of vanadium(U) 
acetate with potassium cyanide [49] or by reduction of K&V(CN),] with pot- 
assium in liquid ammonia [ 54]*, The hydrate is orange and the anhydrous com- 
plex gold-coloured. The hydrate is isomorphous 1611 with K4[Fe(CN)s].3Hz0. 
The magnetic susceptibility has been measured over a temperature range (Ta- 
ble 3) [54], and the moment of 3.5 B.M. at room temperature is a little lower 
than the value expected for three unpaired electrons. The EPR spectrum of 

the hydrate in Kq[Fe(CN)sf.3Hz0 gave [61] an isotropic g-value of 1.992. 
The infrared spectra of the hydrated and anhydrous forms have been meas- 
ured (200-4000 cm -l, Table 6) [49,54,55,59] and some band assignments 
made. The electronic spectrum is very similar to that of K,JV(CN),].2Hz0; 
spectra of K,[V(CN),].3H,O in the solid state and in excess aqueous cyanide 
solution are similar. Some band assignments were made (491. The heat of 
czplexing of [V(H,O),]“’ by excess cyanide has been measured [ 37,381; 

= -197 kd mole-‘. 

Wznadium(l) (d4). KS[V(CN)s] was made as a chocolate-brown material by 

0 The X-ray crystal structure of &[V(cN),] shows the unit ceil to be P21/a (2 = 4) with 
some disordering. Bond parameters 8x@ V--C, 2.161(4) and C-N, 1.153 i\ [sOa]. 
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the reduction of K4[ V(CN)s] or of K,[V(CN),] by potassium in liquid am- 
monia 1541. The magnetic susceptibility was measured over a temperature 
range (Table 3); the moment at room temperature of 2.85 B.N. is consistent 
with the two unpaired electrons for an octahedron in a low spin environment. 
The infrared spectrum f541, has bands at 1910 cm-’ (vcN) and unassigned 
bands at 800 and 720 cm-‘. 

K,[V(NO)(CN),].H,O has been made as yellow crystals by thz action of 
hydroxylamine hydrochloride and hydrogen sulphide on an alkaline solution 
of ammonium metavanadate in cyanide media [53]. Although unit cell data 
were obtained from X-ray powder studies the structure of the complex is un- 
known, beyond the obvious suggestion that the anion may be seven- or eight- 
coordinate. The infrared spectrum was measured (Table 6) and the very low 
frequency of 1508 cm-’ assigned to the nitrosyl stretching mode [ 53 3 . 

K,;V(NO)(CN),].ZH,O. The existence, or at least precise formulation, of 
this complex is possibly still open to question despite the X-ray data on it. 
The material was made by the action of cyanide and hydroxylamine hydro- 
chloride on alkaline vanadate (62,631, a preparation previously claimed [64] 
to give K5[V(NO)(CN),].2Hs0 (but see below). The X-ray single crystal stu- 
dy shows the arrangement of ions to be very similar to those in 
K,[Mn(NO)(CN)s] .2HsO, but the orientation of the complex anion is disor- 
dered with respect to one of the diad axes of its point group Pecn so that the 
nitrosyl and one cyanide groups occupy crystallographic sites statistically. 
Nevertheless, bond parameters were reported (Table 2) [62,63]. The infrared 
spectra [62,63] showed bands at 2105 and 2080 cm-l (vcN) and 1530 cm-’ 

(++o). 

V~~a~~~~~~~ f&j. KJV(CN),] is the product of reduction of K,[V(CN),]- 
.HsO by excess potassium in liquid ammonia, although the sample may have 
contained potassium hydroxide impurities [49]. The magnetic moment is 
3.2 B.M. at room temperature, and an infrared band at 2140 cm-’ was ob- 
served (very high in frequency for an alleged zerovalent cyan0 complex) 1493. 
The absence of any electronic absorption bands below 23000 cm-l, it Wtis 

claimed [49], might suggest that A is less than the 22300 cm-’ of Ka[VfCN)s]. 
It seems clear that further investigation of this material is called for; neither 

the high magnetic moment, high C%N stretching frequency or low A values 
are consistent with the presence of vanadium(O). Possibly the compound is a 
hydrido cyanide. 

Ks[V(CN)s] is an even less satisfactory case. It is said to be the product of 
the reduction of Ks[V(NO)(CN)~].~H~O ( see below) with molecular hydrogen 
at 200”. The yellow complex is quite stable and is diamagnetic, which may 
suggest the presence of a metal-metal bond, although its molar conductance 
in water does not suggest this [65]. The infrared spectrum 1653 shows bands 
at 2175,2078 and 2030 cm-’ (~cn); as with L‘K7[V(CN)7]” the -N frequen- 
cies are unusually high for a v~adium(~) compIex (the-band at 2175 cm-’ in 
particular could arise from a bridging cyanide ligand). 
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VanadiumI-_I) (d6). K5[V(NO)(CN),].2H20 was reported to be found by 
reaction of alkaline vanadate with potassium cyanide and hydroxylamine [64]. 
Although electronic spectra f29], chemical reactions (e.g., thermal decompo- 
sition and reduction by molecular hydrogen to Ks[V(CN)s]) f65 J and cyanide 
exchange data [67] support this formulation, it seems likely that the product 
may be either a polyvanadate contaminated with cyanide [66] or, possibly 
[ 30,62,63], K3[V( NO)(CN),] .2H20. 

(b) Niobium 
~~~~~~rn~V~ <do). Reaction of niobium pentachloride and an ethanol solu- 

tion of hydrogen cyanide yields NbC14(CN).Et20 and HNbCl,(CN); the salts 
(Et,N)[NbX,(CN)] (X = Cl, Br) were also isolated 1683. 

Niobium(IV) fd’). K4[ Nb(CN),] .2Hz0 has been isolated as a stable, crys- 
talline yellow material by the action of concentrated potassium cyanide on 
the electroiytic reduction product of niobium pentachloride in ethanol. The 
complex is isomorphous with K,fMo(CN)s]_2H20. The magnetic moment at 
room temperatures 1693 is 1.69 B.M. Both the isomorphism and the EPR of 
the solid (diluted in K,[Mo(CN)~].~H~O as host lattice) are consistent with 
dodecahedral (Da) symmetry for the complex anion, but EPR spectra in 
water and in glycerol suggest that the structure changes to that of an Archi- 
madaean antiprism (Da) in such solutions (Table 4). 

NbClRfCN)(CH3CN), has been briefly reported 1461. 

Niobium(III) (d2). Ks[Nb(CN)s] is formed as dark red crystals when a solu- 
tion of K4[ Nb(CN)8 J is photolysed or reduced with potassium amalgam 1691. 
The salt is diamagnetic and readily oxidised to K,[Nb(CN)s]. 

(‘cc) Tantalum 
The only report of any tantalum cyan0 complex occurs in a paper by Ruff 

and Thomas; they found that green tantalum(I1) chloride gave a precipitate 
with aqueous potassium cyanide, redissolving in excess [ 703. 

(iii} Group Via (C~lllo-W) 

The cyano chemistry of chromium is quite different from that of molyb- 
denum and tungsten except in the low oxidation states (+I, 0). It is, however, 
similar in many respects to that of manganese, iron and cobalt, the predomi- 
nant oxidation states being III and II, and the normal stereochemistry octa- 
hedral_ With molybdenum and tungsten, however, the V, and particularly the 
IV, states predominate. Curiously, eight coordination in a sense is rate for 
these two elements - JM(CN)8]3- and [M(CN)8]4- - but the chemistry of 
these four ions is so interesting that the many octahedral cyano complexes of 
molybdenum and tungsten have perhaps not received their due attention. 

(a) Chromium 
The hexacyanochromate(II1) ion has been extensively studied but 

Kwcw,1 4- much less so, mainly on account of its instability. There has also 
been a large vofume of recent work on [Cr(NO)(CN&Js-. 
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Chromium(IV) (d2). The only exampIes of this rare oxidation state for 
chromium with cyanide are the highly explosive and unstable peroxocyanides, 
which two brave chemists in particular have studied with care. 

K,[Cr(O&(CN)a] is a deep red crystalline salt, best made by the reaction 
[‘ill of potassium cyanide with Cr(0&(NH3)a. The magnetic mcment at 
room temperatures is 2.82 B.M., as expected for two unpaired electrons [ 721. 
The X-ray crystal structure shows that the chromium has pentagonal bipyra- 
midal coordination, the pentagonal plane being occupied by two symmetri- 
cahy “side-bonded’* peroxo ligands (G-0, 2.090(%2), O-O, 1.446(12) A, 
LOCrO, 45”) and a cyanide ligand making up the fifth partner to a distorted 
pentagon. The axial ligands are the remaining two cyanide groups [72], there 
being no significant difference between the equatorial and axial Cr-C dis- 
tances of 2.090(12) A. 

Reaction of Ks[Cr(O,),(CN),] with acid gives a violet colouration which 
can be extracted into ether, and contains cyanide i?l]. 

K~[~r(O2)2(CN)2NH3] is a deep red material obrained by the action of eon- 
centrated aqueous ammonia on “K5[Cr2(02)4(CN)~].5H20” - this latter sub- 
stance is obtained from chromium trioxide, potassium cyanide and hydrogen 
peroxide [ 711. 

C~rorn~~rn(r~~~ (d3). K3[Cr(CN)6] is best made by the action of excess pot- 
assium cyanide on chromic acetate (731 - directions for obtining the latter 
from dichromate and sulphur dioxide [73] or, perhaps better, from dichro- 
mate and hydrogen peroxide [74] have been given. The salt is pale yellow, 
dissclving easily in water to give a yellow solution which slowiy hydrolyses 
and is also light-sensitive. A free acid has been prepared in aqueous solution 
1743. 

There is no single crystal X-ray study on Ka[Cr(CN),] (it is isomorphous 
with some other K,[M(CN),] salts (M = Mn, Fe, Co) and its unit cell dimen- 
sions are known (a = 10.62, b = 13.66, c = 8.54 li; space group Pnca, 2 = 4) 
[75]. The volumes of the K,[M(CN)s] unit cells decrease from Cr > Mn > 
Fe > Co (volumes in a 3: 1239,1209,11’74 and 1160) as expected [75]. Unit 
cell data are also available for M~1[Cr(CN)~]2_6H~0 (M” = Mn, Fe, Co, Ni, Cu, 
Zn, Cd), and these are isomorphous with the corresponding hexacyanides of 
iron, cobalt, rhodium and iridium [ 761. There is however, a full single crystal 
X-ray study of Cs,Li[Cr(CN)e] (Table 2) [34,76aJ, and very accurate bond 
parameters have been produced for the “Prussian Blue” type lattices in 
Mn,[C!r(CN)6]z_12H20 [77] and Cds[Cr(CN)s]ronHsO [78]. In the latter the 
six cyanide Bgands are carbon-bonded to the chromium, while the cadmium 
atom has four cyanide nitrogen atoms and two water molecules coordinated 
to it (Table 2) [78]. 

The magnetic behaviour of Ka[Cr(CN),] has been measured over a temper- 
ature range (Table 3) and the moment at room temperature is the expected 
3.87 B.M. [79,803 There have been a number of studies on the EPR spec- 
trum (Table 4). In a dilute solid solution in Ka[Co(CN),J or Ks[Mn(CN),] 
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two magnetically similar but d;fferently oriented anions are apparent within 
the unit cell [61,81]. The spectrum of CsaLi[Cr(CN),] in Cs,Li[Co(CN)s] 
was also studied [82]. At low temperatures (4 R), extra Xines were seen in the 
EPR spectrum of Ks[Cr(CN)s] in K,[Co(CN),] which may arise from ex- 
change interaction of [Cr(CN)s]* anions (831. 

A Zeeman effect has been studied in K,[Cr(CN),], the effects of ortho- 
rhombic or tetragonal distortions on the g-values being considered [84]. On 
the basis of the EPR spectrum of normal and 13C-enriched Ka[Cr(CN)s] in 
K3[Co(CN)s] it was concluded that there is a greater degree of o-covalent 
bonding in the hexacyano than in the hexafluoro complex 1851. EPR relaxa- 
tion times were studied by the broadening of the EPR lines of [Cr(CN)sls- 
brought about by the paramagnetic nitrosyIdisulphonate ion, (ON(SO&)*, 
and the effect was used to measure the rate of ion-pairing (weak in the case of 
[Cr(CN)s13-, much stronger with [Cr(HzO)s]3”) 1861. The spin-pin relaxa- 
tion times for Ks[Cr(CN),] in 0.06 to 1.5% solid solution in Ka[Co(CN)s] at 
4.2 K indicates a change in the dominant mechanism as the concentration of 
paramagnetic ion changes [87]. 

The vibrational spectroscopy of [Cr(CN)s] 3- has received some attention 
[34,55,88-911, though there are still minor disagreements as to assignments 
of fundamentals and therefore to the calculation of force constants. Raman 
and infrared spectra have been measured from 40-4000 cm-l for solid 
CsaLi[Cr(CN)s] at 90 and 300 K and assignment of all fundamentals pro- 
posed (Table 5) [34] ; single crystal and solution Raman studies on Ks[Cr(CN)s] 
have recently been made [88] over the range S-4000 cm-‘l, and also Raman 
spectra for solid and aqueous solutions of Ks[Cr(CN)s] (ZOO-4000 cm-‘) 
155 J. The infrared spectra of Ka[CrfCN)cj] [88a] and Cs,[Cr(CN),] for lo- 
500 cm-l at 300 K and 90 K were interpreted by factor group analysis, and a 
full force constant treatment of [ Cr(CN),] * made [ 891. This supercedes the 
earlier calculations of Caglioti et al. [SO] which were based on rather dubious 
data for the low frequency modes. Jones [33] measured vs, ~7 and vs in aqua 
ous soiution (2128,458, 379 cm-‘) and, from these values and the integrated 
intensity of vs (which can be related to the degree of chromium-carbon 7~ 
bonding), demonstrated a decrease in metal--carbon force constants for 
[M(CN),]+ in the sequence Co-C > Fe--C > Mn-C > Cr-C. Similar con- 
clusions have been reached by other workers [91]. 

Electronic and luminescence spectra. The electronic spectr-lm of 
Wr(CN)#- h as b een measured at room temperatures in aqueous solution 
from 240--500 nm, and also at 143 K over the same range in water-ethylene 
glycol mixture,, c* bands were assigned and ligand-field parameters calculated 
(see p. 194) [26]. The aqueous solution spectrum has also been measured 
from 250-660 cm-’ and band assignmenk; made 1921. The vibrational fine 
structure associated with the 4Az + aTI and 4A, + 2Tz transitions has been 
measured 193 J . Remarkably little variation of the electronic spectrum of 
K,fCr(CN),] over the range Z-74°C was found (300-800 nm) [94]. The re- 
flectance spectra of a number of [Cr(CN)s]* saits have been measured in 
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connection with luminescence studies (see below), There is only a small mag- 

netic dichroism effect on the spin-allowed transitions of [Cr(CN), J* and 
other chromic(W) species, whereas it is Iarge for the spin-forbidden transi- 
tions 195 J. 

Luminescence spectra on [ Cr( CN),] * salts have been made by a number 
of workers. Electronic (200-1000 nm) and luminescence (700-870 nm) 
spectra on salts of the type [CrA,] [Cr(CN),] were made (A being a nitrogen 
donor) and the results at first interpreted on the basis that cation-to-cation 

energy transfer occurred [965, but later the same workers showed that there 
is no such transfer. It appears that hexacyanochromate has a marked temper- 
ature dependence of its overall phosphorescence yield 19’71. The lifetime and 
rate constant for the luminescent decay in K,[Cr(CN),] has been measured 
and compared with values for other chromium(II1) complexes, and lumines- 
cent spectra obtained at ‘77 K; it appears that the metal-carbon separation 
could be 0.4 A greater for the 4Tzg than the 4A2g state [98]. Luminescence 
emission from Ks[Cr(CN),] has been studied at low temperatures in rigid 
glasses by other workers and the quantum yields measured at 77 K [99,100]. 
Emission from crystalline Ks[Cr(CN)e] also occurs at room temperatures, 
however, and does not appear to be markedly temperature-dependent as it is 
for some other chromium(IIf) species [lOIf_ Phosphorescence of [Cr(CN)e]* 
has been studied in parallel with its photofysis (see below). 

The 14N chemical shift in [Cr(CN)s]3- shows a large Fermi contact interac- 
tion between the “metal” unpaired electrons and the nitrogen atoms in the 
cyanide ligands, but the reason for this is not clear [ 1021. Studies on the X- 
ray K, spectrum of K,[Cr(CN),] have been carried out [103,104]; the 3p 
binding energy for chromium is identical for KafCr(CN),] and for K,[Cr(NO)- 
(CN),], which, it is claimed, indicates that the latter is in the (III) rather than 
the (I) oxidation state [ 1041, but there is other evidence to the contrary (p. 
206). The photoelectronic spectrum of Ka[Cr(CN)s] was measured [36,36a, 
1051. Aluminium K, and magnesium & X-rays show no multiplet splitting 
from the 3s shell, perhaps due to extensive delocalisation of the 3d electrons 
(the 3s binding energy is 68.7 eV) [36]. 

The K, emission spectra of Ka[Cr(CN)e] were measured and the K shell 
binding energies tentatively calculated [ 106 J. The width of the ‘% resonance 
line in K,[Cr(CN),] has been measured; although the shift is small [ 107 ] it is 
not as low as reported in early work [lc18]. The line width is rather huge, due 
perhaps to quadrupole effects [107]. 

Photolysis of Ks[Cr(CN)sj, Ultra-tiolet irradiation of [Cr(CN)6]3- causes 
release of cyanide ion and also acceleration of the [Cr(CN),]3-/CN- exchange 
reaction. Irradiation of the ion in the 300-400 nm region causes the pH to 
rise. Studies at carefully controlled pH showed the quantum yields to be al- 
most wavelength- and temperature-independent. The primary product of pho- 
tolysis is [Cr(CN)&,O]ti with [Cr(CN)&120>z]-formed as a secondary pho- 
tolysis product [109,~10]. Studies on the photosensitisation of [Cr(CN)6]3- 
aquation reactions suggest that a doublet mechanism is not responsible for the 
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effect [llO,lll]. The photolysis of (BuiN)s[Cr(CN)s] in dimethylformamide 
yields [Cr(CN)s(DMF)]*-, and the quantum yield was studied between -60 
and 50°C. The phosphorescence behaviour of this system was also studied, 
and it was demonstrated that the photolysis did not originate from the same 
excited state as the phosphorescence [ 112 ] . 

The E" for the [Cr(CN),IS-/[Cr(CN)s]& couple is -1.143 V [113]. Sec- 
ond harmonic AC polarography has been applied to the [ Cr(CN)e] “-‘/ 
[Cr(CN),] 4- system [ 1143. The electrochemical reduction of [Cr(CN)s] 3- in 
2N NaOH has been studied by cyclic voltammetry and chronocoulommet~; 
~CWQJ4- and [Cr(H,O),OH]f are formed, and there is then electron ex- 
change between the latter species and [Cr( CN),] 3-. Rate data were obtained 
for these processes [115]. The effect of tetra-alkylammonium hydroxides on 
the electrode kinetics of the [Cr(CN)J3-/[Cr(CN)s ]j- couple on a mercury 
electrode has been studied [116], 

The chromium(I1) catalysed aquation of ]Cr(CN),]* to [Cr(CN)50H]3- 
is an outer-sphere electron transfer f 117 ] : 

[Cr(CW13- + ]Cr(CN),OHliC-;= [Cr (CN)s]* + [Cr(CN)r,0H]3- 

In the electron excitation electron transfer between [ Ru bipy312+ and a num- 
ber of chromium( III) complexes, including [ Cr( CN),] *, the rate-determining 
process is an intermolecular one between counter complex ions fll8]. 

Some chemical reactions of ]Cr(CN),]* are summarised in Fig. 1. 
Other [Cr(CN)s]3- salts. We have already mentioned the structural’studies 

on the Prussian Blue analogues, Mns[Cr(CN)s]2.12H20 [77] and Cd3[Cr(CN)e12 
.nHzO [78]. Cyanide linkage isomerism seems to occur in Fe3[Cr(CN)s]2; as 
first prepared (by r-e&ion of ferrous sulphate with Ks[ Cr(CN)s]), Mijssbauer 
and magnetic data show it contains Fe2*-NEC-Cr3+ linkages (vcN 2170 cm-l, 
z+c 488 cm-‘). On c-Gdation and subsequent reduction the Cr3”NXJ-Fe2+ 

cr3+ aq. 

CN- 

Fig. 1. Some reactions cf 1Cr(CN)s]3-. 



linkage isomer can be made (Y,, 2100, V~;C 525 cm-‘) [llS]. Shifts of pCN 
have been correlated f7J with lattice constants in M$r[Cr(CN)G]z.nH$D. 

f Cr(CN WW%-*] +-?Z species (x = 1 to 6 inclusive) have been isolated by 
ion-exchange techniques; for the tetra-, tri- and di-cyano species only the cis 
forms were found. Their electronic spectra were measured from 300-600 nm; 
spectral criteria for distinguishing the isomers were proposed f12Of. 

0XNCWV%12’ is probably an intermediate in the formation of [Cr(CN)- 
(H@)s12+ by reaction of excess chromous ion, [Cr(HzO)6]2+, with cobalt(II1) 
monocyano complexes, with cis-~Cr(CN)z(H20f4]* or 1,2,3-[Cr(CN)3(~~0)3f 
f121]_ The kinetics of electron excfiange of ECr(CN)(H@)s]‘+ with fCr- 
(E-ia0),]2’ were studied - the isocyano complex is probably also an intermedi- 
ate in this reaction tl.221. 

[Cr(CN),(SCN)+J 3- species have been made from potassium cyanide and 
Ka[Cr{SCN)G] in boiiing acetonitrile. All the complexes (X = 1 to 6 inclusive) 
were obtained and separated by gel ionophoresis; no evidence for eis and tmns 
isomers of the di-, tri- or t&a-cyano complexes was found. Electronic spectra 
were measured [X23] from 200-700 nm. 

[Cr(CN)50H]+ has already been mentioned as an intermediate (p. 304) 
11171. 

K:fCrCphthalocyrunine)(CN)fOH)] (bob 2137 cm-’ and KrCr(phthalocya- 
nine)(CN),] were obtained by Elvidge and Lever f123a]. The complexes were 
made by reaction of cyanide with Cr(~hth~~~~anine~(~H~~ electronic spectra 
were measured fro.?. 230-1000 nm. 

Cfiromium(1l) (d4)- The cyanide chemistry of chromium( II) has been little 
investigated due to the very easy oxidation of the complexes (unlike the inert 
d3 chromium(III) complexes, chromium(H) complexes are labile). 

K4[Cr(CN)e].3H20 - as Chadwick and Sharpe point out 111, this formula 
has never been properly established - can be made from chromous acetate 
and excess potassium cyanide in solution under nitrogen. The blue salt may 
be crystallised from the red solution f124], The magnetic moment is 3.40 
B-M. in the solid state and 3.15 B.M. in solution at room temperatures f113f. 

The rate of exchange of [Cr(CNjsf4- with labelled CN is very fast f41], 
The E0 for the fCr(CN),f3-ltCriCN)f;]~ couple is -1,28 V (-1.14 V in moiar 
cyanide) [X13]. The kinetics of the oxidation of rCr(CN)s]e by hydruxyl- 
amine have been studied polarographically and .rate constants measured 1’3.251. 

It; has been suggested that the oxidation of ]Cr(CNN)& by oxygen or by 
hydrogen peroxide proceeds via an outer-sphere meehanism fl26,127 ] _ The 
reziction with hydrogen peroxide was studied by stopped-flow techniques; at 
high cyanide concentration the reaction sequence is probably 

/Cr(CN)s]4r + r-I202 4 [Cr(CN),13- f OH + OH- 

fCr(CN)&12Uf3- + HzOz + fCr{CN),0H]3” + OH + H,O 

although ~~~rn~~rn~~V~ intermedifiates cannot be ruled out f127]. The rate of 
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reaction of [ Cr(CN),] 4- with hydrated electrons has been measured [128]. 
The heat of reaction [37,38] of chromous sulphate (hydrated) with excess 

cyanide ion has a hlcr of -264.3 kJ mole-‘. 

Chrmnium(l) (@I. The cyano chemistry of this oxidation state is dominated 
by that of [Cr(NO)(CN)s]*: many studies of this have been carried out, main- 
ly because a wide range of complexes of the form [Cr’(NO)Ls]- exist (L = 
CN-, H,O, NHs, DMSO etc.), all of which contain low-spin chromium(I) and 
are thus susceptible to EPR study. 

Ks[Cr(CN),] is a dark brown complex 1129 3 formed by the action of pot- 
assium in liquid ammonia on Ks[Cr(CN),], but further characterisation is re- 
quired. 

Ks[Cr(CN),] is the empirical formula assigned to the olive green product 
formed by the reduction of either K3[Cr(CN)6] or K,[Cr(NO)(CN)s] with 
hydrogen at 400”. The compound is extraordinarily inert - it is insoluble in 
water and is said to be unattacked by concentrated nitric, hydrochloric or 
sulphuric acids “or by mixtures of these” [65]. The magnetic moment is 
2.52 B.M. at room temperatures, and z+~ in the infrared appears at 2178 and 
2077 cm-‘. Banks and Kleinberg suggest that there are bridging cyanide kigands 
(certainly the high frequency vCN bond suggests this) and that perhaps both 
low-spin and high-spin chromium(I) are involved [65]. 

K3fCr(NO)(CN)5].H20 is a bright yellow-green substance, best made by 
the reaction of hydroxylamine and potassium cyanide on alkaline chromate 
solutions [130]. The water of crystallisation can be removed in vacua. The 
salt is stable and very soluble in water; the solutions slowly deposit. a green 
material, possibly [ Cr( H,O),] [ Cr( NO)(CN), J . 

An X-ray crystal structure study on the potassium salt showed this to Qave 
a disordered lattice [131], but a later study on [Co ens] [C!r(NO)(CN),]_H,O 
yielded accurate bond parameters (Table 2) [132]. In the complex anion the 
0-N distance is 1.71(l) A, the G-N-0 angle is 176(l)“. The Cr-C (equa- 
torial) distance is 2.033(7) A, while the Cr-C (axial) distance is slightly, but 
significantly, longer at 2.075(14) A [132]. 

Magnetic and EPR dati. The s~ceptibility of Ks~~~NO)(CN)~].H~O was 
measured from 85-296 K; it follows the Curie-V;eiss law. The moment at 
room temperature is 1.87 B.M., consistent with low-spin chromium(I) [130]. 

There have been many studies of the EPR spectra and much controversy 
over the results or their interpretation. The dust seems now to have settled 
on most of these arguments, although the apparently large spin density on 
the nitrogen atom still needs a fuller explanation. The latest data’are summa- 
rised in Table 4; measurements have been made on the pure substance [1333; 
its aqueous solution [133-1371; and in solid solution at various temperatures 
in the following host lattices: Ks[Mn(NO)(CN)s] [137,136]; K,[Co(CN),] 
[137,139]; KX (X = Cl, Br, I) and NaCl [135]. 

Early discussion on these data concentrated on the linearity of the G-N-0 
grouping (before the X-ray data became available). The view that the EPR da- 
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ta were best explained by the assumption of a 0-N-O angle of ~135~ 11401 
Was later modified [?.39] ; a later suggestion was that the deviation from lineu- 
ity might be of the order of 9” [138], a view borne out by the X-ray data 
[132] on [Co ena] ~Cr~N~)(CN)~].H~O_ Th e origin of the apparent large spin 
density on the nitrogen atom (the cause of the “bent nitrosyl” postulate 
[139,140]) is still a matter for discussion, as is the ordering of energy levels 
within the complex t:29,139]. It seems possible that spin polarisation effects 
might be responsible [139], as well as a small deviation from linearity of the 
&--N-O angle [ 138 ] . 

The presence of two magnetically distinct ions within the unit cell has been 
demonstrated [ 1383. Nuclear-electron double resonance in soiutions of 
[Cr(NO)(CN),]3-- has been demonstrated [141]. The effect of y-irradiation 

on WWNWCNM in a potassium chloride host lattice is to give [ Cr( NO)- 
(CN)s]*, but no evidence was found for the formation of a paramagnetic 
[Cr(NO)(CN)s] s- (d’) species 11421. EPR spectroscopy has been used as a 
probe for determining certain kinetic data (see below). 

Vibrational and electronic data. Most of the studies of the vibrational spec- 
tra have used infrared spectroscopy: from 400-4000 cm-l [143]; in the NO 
and 0-N stretching regions with 15N substituted species to help assignment 
11441; 200-4000 cm-’ (Table 7) [145,146]; 200-1000 cm-’ [147]; Raman 
spectra from 100-1000 cm’-r (solid and aqueous solution) 11471. 

Electronic spectra have been measured for potassium bromide discs of the 
solid and the aqueous solution from 300-9cO nm (29,133,148], glass in flu- 
orolube at 80 K and 300 K from 320-570 nm [15Oj. Assignments were pro- 
posed in each case, and have also been proposed by others [30,149,151]. 

Core binding energies of the metal 3p electrons in K,[Cr(NO)(CN)S] are 
identical with those in Ka[Cr(CN)e], from which the unjustifiable conclusion 
was drawn that [104] the nitrosyl complex involved trivalent chromium. The 
Is binding energy in Ka[Cr(NO)(CN)s] was deduced from photoelectronic 
spectra [ 1521. The large 14N chemical shift in the complex is thought to be 
due to a Fermi contact term (it is the same for the axial and equatorial cya- 
nide groups) [ 102]_ 

Reduction of [ Cr( NO)(CN)s] 3- at the dropping electrode gives a single, 
reversible one-electron wave (EL2 = -1.164 V vs. S.C.E. in potassium chlo- 
ride solution). The product is [Cr(NO)(CN)s]+ [153]. Polarographic reduc- 
tion of the ion in buffered solutions in sulphite media leads to a catalytic re- 
duction of SOr to &Or (the [Cr(NO)(CN)s]3- is regenerated with [Cr(NO)- 
CN)sle as an intermediate). The rate law was deduced [154]. 

Elegant EPR studies have shown that, whereas in neutral solution the rates 
of exchange of cyanide ion with the equatorial or axial cyanide ligands in 
[fi(NWCNM 3- are roughly equal, in acid solufion the axial 1igand.k more 
labile to exchange than the equatorial (cis) ligands [155 1. Acid hydrolysis of 
[Cr(NO)(CN)s]* has been followed by EPR methods: [Cr(NO)(CN),- 
w!@k--J 2-x complexes are formed, and tCr(NO)(HzO)s]2’ is the last mem- 
ber of the series [15G J. EPR methods were also used to study the aquation to 
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[Cr(NO)(CN),(H20),,l’L-” in the presence of chromic, cupric and ferrous 
ions [157]. In mildly acid solution, aquation of [Cr(NO)(CN)sj3- leads to 
Cr(NO)tCN)2(HzO)s which is inert to further substitution by water, but at 
pH 2 or less further loss of cyanide occurs and eventually the Cr-(NO) bond 
breaks. Rate constants for the initial aquation were measured, and a proton- 
ated nitrosyl intermediate postlllated [158]. 

[Cr(NO)(CN)s]* + H+ * [Cr(N0.H)(CN)5]2- 

~~r~NO.H)~CN)~]~ - H20 -+ ~Cr(NO)(CN~~~~O]‘- 

Rate constants for electron exchange between [Cr(NO)(CN),]3- have been 
determined by EPR in several solvents [ 1591. 

WrtNOWW41 2- is thought to be formed during the reaction of [Cr(NO)- 
(CN),] 3- in dimethyls~phox~de solution with alkyl halides. The EPR spectra 
of this and of ~Cr(N~)(CN)(~~~SO)~~]2-x formed during this reaction were 
studied [160]. 

[~r(N~)(~~),(~2~)~.~l 2-x [X6-158] and [Cr(NO)(CN),(DMSO),]z-s’ 
[160] species have been mentioned above. 

[Cr(CN),N,]* is, it is said, probably formed when [Cr(CN),]*, azide and 
cyanide ions are irradiated in dimethy~sulph~xide solution. The evidence seems 
to be that the EPR spectrum of this melange is similar to that of [Cr(NO)- 
(CN),]* but not identical with it 11611. A band at 2070 cm-’ was tentative 
ly assigned to a N-N stretch [ 1611, but Y CN would seem a much more like!y 
possibility. 

[Cr(CN)(CO)s] is a green material, made from Cr(CO)sI and iodine cyanide. 
It is paramagnetic (p = 1.7 B.M. at room temperature) f162]. The infrared 
spectrum was measured from 200-4000 cm-’ (Table 7) [163]. 

Chromium(O) (d6). K,[Cr(CN)s] - the [Cr(CN)s16- ion is totally isoelec- 
tronic with Cr(CO)G - is formed as a dark g&en complex when K,[Cr(CN),] 
reacts with a solution of potassium in liquid ammonia. The salt is diamagnetic 
(as indicated by EPR measurements - not a sure method of establishing this 
point by any means) and its reducing power is equivalent to that expected for 
zerovalent chromium. With carbon monoxide, K,[Cr(CN),(CO),] is formed 
(see below, p. 209) [129]. With bipy or phen, Cr(bipy)3 or Cr(phen)B are 
formed 11641. 

Kd[Cr(NO)(CN)s].2Hz0 is a bright blue complex, very unstable to aerial 
oxidation, made by reduction of fCr(NO)(CN),]* solution at a mercury ca- 
thode 11651. It is diamagnetic. The infrared spectrum has been measured 
from 200-4000 cm-l, and most of the fundamentals assigned and compared 
11453 with those for K,[Cr(NO)(CN),] (Table 8). 

K,[Cr(CN),(CO)a] has been prepared by the prolonged action of potassium 
cyanide in liquid ammonia on cis-Cr(C~)~(PPh~CH~PPh~)~ at 120”. The cis 
(C,,) configuration of the yellow-green compiex was deduced from its infra- 



red spectrum (Table 6), and the CN and CO stretching force constants com- 
pared with those of the molybdenum and tungsten analogues [166]. 

K3fCr(CN),(C0),] can be obtained by reaction of carbon monoxide with 
Ks]Cr(CN)s] 11291 or, as K~~CrtCN~~(CO)~].2NH~, from Cr(CO)~(NH~)~ and 
potassium cyanide in liquid ammonia [167]_ It is yellow and sensitive to mois- 
ture. 

K,[Cr(CN),(CO),] .%H*O has been made by the action of an aqueous solu- 
tion of potassium cyanide on Naa[Cr(CO),] at 75” (the water can be removed 
in vacua [168]). It can also be made from potassium cyanide in liquid ammo- 
nia solution with Cr(CO)*bipy ]169], or as the (PPh&N‘ salt from (PPh& 
N(CN) in dichloromethane with Cr(CO)s under irradiation f170]. 

Na[Cr(CN)(CO),].H,O is formed (1681 as yellow needles by the action of 
an aqueous solution of sodium cyanide on Na,[Cr(CO),]. The infrared spec- 
trum has been measured from 200-4000 cm-r (Table 6) [163]. 

[Cr2(CN)(CO)10]- has been made by acidification of [Cr(CO)&‘N]- [168]. 
The infrared spectrum has been measured from 200-4000 cm-’ (Table 6) 
and a D, (staggered) symmetry proposed, with a linear Cr-CZN-Cr bridge 
[163]. The (PPh,),N salt was made from (PPi-r,),N(CN) and chromium hexa- 
carbonyl under irradiation (Y,, 2131 cm-‘) [ 1701. 

fb) ~~~ly~d~nurn and tungsten 
The cyano complexes of these two metals have received more attention 

than any others from Groups IVa to Vlla, mainly on account of the structur- 
al problems of the octacyano species /M(CN)8]3- and [M(CN)s]*, and also 
their photochemistry. Because the chemistries of the cyano complexes of the 
metals are so similar we consider the two metals together in order to avoid 
undue repetition. 

Molybdenum, tungsten(V) (d’). K3[M(CN)s].H20. These are normally 
made by oxidation of [ M( CN)s]& with permanganate (MO, [171,1’72]; IV 
[173]), ceric ion (MO [174]), anodic oxidation (MO 11751); U 11761, nitric 
acid (W [173]), folio-wed by addition of silver nitrate to give Ag,[M(CN)s]. 
This is then treated with potassium chloride. Nitrosyl chloride may be used 
directly [178] with K,[M(CN)s]. -The sodium salt may be made in simiiar 
fashion as a tetrahydrate; evaporation of the solution obtained from Ags[M- 
(CN),] and hydrochloric acid gives Hs[Mo(CN)s].3Hz0 (1711 or HB[W- 
(CN)J .6H,O [ 1793. The potassium salts are yellow, very sensitive to light 
and towards reducing agents. 

Structural studies have been carried out on ~Bu~N~~[Mo~CN)~] and on Na3 
]W(CN),].4Hz0 (Table 2). In the former, the anion has a DD, structure for the 
anion which however is little distorted from a dodecahedral (L&) configura- 
tion [ 174]_ All the Mo-C distances are equal within the limits of experimental 
error, although the dodecahedron contains two sets of bonds each which do 
not have to be equivalent. The authors of the X-ray study on ~Bu~N~a~Mo~CN~s] 
suggest that the metal d electron is in an orbital of mixed d,2 and d,z+ char- 
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acter fl'i'd]. In Na3[W(CN)8].4Hz0, which is isomorphous with Na3[Mo(CN)s]- 
.4H,O, the complex anion is definitely antiprismatic (D.,& It was suggested 
that the water satisfies the coordination requirement of the sodium cations giv- 
ing tighter packing and so stabilising an antiprismatic configuration for the an- 
ion [IBO]. 

Magnetic and EPR data for [M(CN)s] *. No magnetic data over a tempera- 
ture range appear to have been obtained, but &[Mo(CN)s] has a moment of 
1.66 B.M. and Ag,[Mo(CN)s] of 1.77 B.M. at room temperatures [176], 
while K&W(CN&] has a moment of 1.61 B.M. [177]. 

There have been many measurements sf the EPR spectra (Table 4). The 
spectrum of K,[Mo(CN),] in water or ethanol consists of a main line with 
two overlapping satellites due to g5Mo (I = s/2, abundance 15.78%) and “MO 
(I = s/s, abundance 9.6X), and that of K3[W(CN)s] a main line due to the 
non-magnetic isotclpe with a doublet due to lg3W (I = 95, abundance 14.4%) 
[18X]. Data are available [ZO] for solid K,[Mo(CN),], and Ag,[Mo(CN)s]. 

Solid solutions of K~[Mo(CN~s] in K~[Mo(CN)s].ZH~O and of K3{W(CN)s] 
in K4[W(CN)s].2H20 differ from the spectra in glycerine [182], or alcohol 
glasses [ 181,185 1. For the glasses of both salts, gll > gl and Al > A n with gii 
close to 2.00, a situation expected for antiprismatic (D.& structures 1182, 
1841. In the so1i.d solutions in K,&M(CN)s].2Hz0, however, the g values 
change and gi > g& A B > Al suggesting a change of configuration, probably to 
the dodecahedral {13,,) form [182]. This evidence is not conclusive, however: 
the g value for (Bu,N),[Mo(CN)~] (known to be dodecahedral 11741) is the 
same as for its solution in acetonitrile [ 1741, (it is possible that the nature of 
the solvent could have some effect on the L& --z Did transformation). A 
study of 13C enriched [Mo(CN),] 3- in aqueous solution shows that all the car- 
bon atoms are equivalent, which could constitute evidence for an antiprismat- 
ic structure or for a fluxional structure [15]_ This 13C EPR work is of great 
interest as it shows, from the &and hyperfine splitting, that the “metal” d 
electron has a spin density of 0.96 at molybdenum, 0.088 at each carbon 
atom and iess than 0.006 at each nitrogen atom [185]. 

Although much work has been carried out on the EPR spectra of [Mo- 
(CN)s]* and tW(CN),l * it must be concluded that, insofar as they relate to 
the vexed question of the structures of these species in solution, the results 
are inconclusive. It would be of interest to compare the EPR spectrum of 
solid Na3[W(CN)s!.4H,0* and (Bu,N)~[Mo(CN),] - the anions are respec- 
tively D4d [180] and Dzd 11’741 - in order to check the validity of the EPR 
results (or of their interpretation) for distinguishing between these two struc- 
tural forms. It would also be valuable to take the spectra of [Mo(CN)s13- and 

WW%l 3- in which only one isotope of each metal is present. One may 
question the validity of using K,[M(CN),] .2H20 as a host lattice for the solid 
solution studies - perhaps an isomorphous diamagnetic lattice such as could 

* Recent work shows that, whereas the EPR spectrum of &[W(CN)g] and K3(Mo(CN)gJ 
E&l changes from solid to solution, there is no such change for the sodium salts [l.‘??‘a J. 
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be provided by the appropriate [Re(CN)sJ3- salts would be bet&&r. Although 
the EPR data of Corden et al. [174) are much too limited in scope to draw 
useful conclusions, one may agree with them that the complexes could be in- 
termediate in structure between the dodecahedral and antiprismatic forms, or 
that the complexes have fluxional structures in solution [15]. 

Vibrational and electronic spectra. The sensitivity of fM(CN)J3- salts to 
light has made measurement of such spectra difficult. The infrared spectrum 
of [ Co( NH&] [ Mo(CN)s] has ucX bands at 2150(s) and 2144(m) cm-l, while 
the Raman spectrum has three such bands 11831 at 2156(m), 2151(m) and 
2145(w) cm-‘. Only the infrared spectrum of [Co(NH,),] [W(CN)s] has been 
measured in the YcN region: bands at 2153(s) and 2147(m) were observed 
[183]. 

There have been several measurements of electronic spectra; below we give 
the ranges covered and the configuration assumed, or predicted, from the data. 
The ease with which either the dodecahedral (I&) or antiprismatic (D.& model 
may be fitted to identical spectra :;hows that electronic spectroscopy is of lit- 
tle value for solving the problem of the structure of these species in solution. 
All the spectra were measured in aqueous solution: 200-1000 nm (MO, W; 
antiprismatic) [21] ; 200-1000 nm (MO; antiprismatic) [ 186 ] ; 220--400.nm 
(MO, W; distorted dodecahedron (C,)) [19]; 190-500 nm (MO, W; dodecahe- 
dron, using crystal field theory) 1201; 300-600 nm (MO; dodecahedral) [18?]; 
W [ 177a’J. A critique of these spectral data has been published [ 221 . 

Miscellaneous physical data. Spin relaxation in methanolic solution of 
Ka[Mo(CN)s] was studied by measuring thz width of the main line in the 
EPR spectrum as a function of temperature; more extensive studies using the 
same method but a variety of solvents for Ks[W(CN)a] showed the effect of 
varying viscosities also (temperature range 150-400 K) [181]. The E” poten- 
tials for [M(CN~s]~-/[M(CN)s]~ coup!es are +0.73 V (MO) [175,188] and 
+0.46 V (W) [175,177]. 

The ggMo exchange between [Mo(CN),]* and [Mo(CN)Je- is very fast 
[189], as is the “‘1% exchange be ;ween [W(CN),J3- and [W(CN)J4- [173]. 
The CN-/[M(CN)s]-3- exchange, however: is very slow in the dark but is mark- 
edly accelerated by light [ 173,177]. It seems Iikely that this effect is due to 
production of [M(CN)s]& photoiytically 1391. 

Kinetics if iodide oxidation by [ Mo(CN),]* have been studied. 

2[Mo(CN#- + 31- -+ Z[Mo(CN:&‘- + &- 

The reaction is seccnd-order and proceeds via an outer-sphere mechanism 
[176]. The reaction between jMo(CN)s] 3- and hydrazine has also been stu- 
died [190]. 

The many electron-transfer reO _ ztions involving [M(CN)s]* are considered 
on p. 216. Photolysis of [M(CN)s] s- is considered on p. 214. Magnetic circu- 
lar dichroism studies have been reported [177a]. 

K,[M(CN),(OH),] salts have been claimed (MO 11301; W [192]); the elec- 
tronic spectra were measured for the molybdenum salt for the solid and the 
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aqueous solution from 420-700 nm and a dodecahedral structure proposed 
[133], while for the tungsten complex the solution spectrum from 300-800 
nm was said to indicate a non-dodecahedral structure [ 1871. However, the 
molybdenum complex is probably K,[Mo’~O(OH)(CN)~] j1933 and the tung- 
sten complex is probably analogous. [W(CN),HaO]2- has been claimed [220a, 
220b]. 

Evidence has been presented for the existence of KFe”[MoV(CN)a] (from 
ferric sulphate and K,[Mo(CN)a]) [x95], and also of [Mo(CN)~(~NHg- 
(CN),)#- 11961. 

Molybdenum, tungsten(W) (d2). As with the [M(CN)a]* species, much 
work has been expended on the structural chemistry and the photochemistry 
of IMWWI#--, and much still needs to be done. 

K*[M~~N)s].2H~O. The molybdenum salt is probably best made by reduc- 
tion of molybdrtte, [MoO~]~, with a pyridine-thiocyanate mixture to mo- 
lybdenum(V) followed by treatment with potassium cyanide [197] ; a better 
yield is said to result from the use of hydrazine as reducing agent [198]*.The 
tungsten salt is best made [199] by the action of potassium cyanide on K3- 
[W2Cla] or from cyanide and tungsten(V) oxalates [ 200]*_ Another method is 
to treat “(pyH)s[ WOa(CNS)s]” with potassium cyanide [ 2011. The potassi- 
um salts are yellow and substantially soluble in water. The “free acids” H,- 
[M(CN)s].6HsO can be made by passing hydrogen chloride gas through a so- 
lution obtained by shaking K,[Mo(CN)s] in water with cation exchange resin 
in the hydrogen form [202] (vcN is at Zi.60,2130 and 2090 cm-‘; electronic 
spectra from 400-600 nm are similar to those of [Mo(CN),]~ 12021). The 
tungsten analogue is made by treating Age[W(CN)s] (vcN at 2185,214O cm-%) 
with hydrochloric acid f 179,203]. Treatment [ 2041 of solutions of H4[M- 
(CN),] in water with hydrochloric acid gas gives H,[M(CN)a].4HC1.12H20. 
The anhydrous free acids HQ[M(CN)s] can be prepared from the aquated 
forms with ether and hydrogen chloride followed by treatment of the ether- 
ate in vacua; infrared data suggest that these contain asymmetric N-H--N 
bonds [5B]. The anhydrous acid H*[W(CN)s] has z&o been made by intensive 
dehydration of H,[W(CN)sfaq. (YCN 2190,216O cm-l with vwc at 485 and 
(SWCN at 450 cm-l) 11791. 

There are four X-ray studies on the structures of salts containinq [M(CN)J4 
The classic X-ray work of Hoard and Nordsieck [205] on K4[Mo(CN)s].2Ha0 
has been rerefined and reanalysed [206] (Table 2). The anion has Godecahedral 
coordination, very slightly distorted from the ideahsed Dza structure; although 
the dodecahedron has two sets of coordination sites (four A and four B sites) 
[ i6,206 J ) all the Mo-C dis+aces are equal within the limits of experimental 
error (2.16 A). It was suggested on the basis of this observation that n-bonding 
is not an imp&ant factor in the stabilisation of the dodecahedral versus the 

. Methods involving the use of [MO41 *, CN and (BH4)- have recently been described 
‘OOR]. 
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antiprismatic structure [16,206]. A two-dimensional X-ray study on Cdp[Mo- 
(CN)s].2NzH4.4Hz0 (earlier formulated as Cdz[Mo(CN)s(N2H,)z].4Hz0 - see 
p. 217) suggests an antiprismatic structure for the anion, but no bond pxm- 
eters were given. It was stated that the MO-C-N angle deviated slightly from 
linearity. It is perhaps not certain that the anion really is DU rather than L&; 
the main interest of the work is its demonstration that the hydrazine mole- 
cules are essentially coordinated to the cadmium rather than the molybdenum, 
there be’ing hydrogen bonding between the hydrazine and the nitrogen atoms 
of [ Mo(CN)s] 4-_ The water is zeolitically contained in the lattice 12071. 

Two structural determinations of high quality on free acids have been car- 
ries out [203,204] and both show the Dti antiprismatic structure for the an- 
ions. In H4[W(CN)8].6H,0 the protons were not located, but there were 
O-H---N bonds (2.58 a) to all the nitrogen atoms of [W(CN)s] &-, and also ex- 
tensive O--H---O (2.89 a) hydrogen bonding. The molybdenum acid H,[Mo- 
(CN)8].6Hz0 is isomorphous, and its unit cell parameters were determined 
12031. In HJW(CN)s].4HCl.12Hz0 (again the molybdenum complex is iso- 
morphous) there is also antiprismatic coordination for [W(CN)s]“-: six of the 
eight nitrogen atoms are hydrogen-bonded as W-CrN---H--Cl---N=C-W chains 
which stabilise the framework (N---Cl 2.38 A). The two remaining cyanide 
groups have “direct” NY-N contacts of 2.48 A. It is thought that the four acid- 
ic protons form CN---H---Cl linear chains [204]. 

Although determinations of structures of other [M(CN)FJ+ species would 
be very interesting, the data already available serve to indicate that the dode- 
cahedral to antiprismatic conversion depends largely on lattice factors, and 
that the energy difference between the two forms is probably very small [ 15]. 
We have already alluded to the suggestion (p. 210) that the coordination dif- 
ference for the anions in Naz[W(CN)s] .4Hz0 and KJMo(CN)~ J .2Hz0 may be 
due to the packing of water molecules around the cations [180]+. 

Vibrational and electronic spectra of [M(CN)s]&. There have been many 
studies of these; as with [M(CN),]* salts the electronic spectra may, with 
equal facility, be interpreted as indicating whichever structure the author’s 
whim prefers. Vibrational spectra of solid saits in the CzN stretching region 
are normally so complicated that they too yield no useful structural informa- 
tion. Despite numerous attempts at imp-oving resolution, etc., the infrared 
spectra of [M(CN),]+ in solution stubbornly show one broad band only. The 
Raman spectra of solutions provide the only evidence as to whether the dode- 
cehedral (D& or antiprismatic (a,) structure is present for the anion in solu- 
tion, and the interpretation of even this is still questionable. 

The following studies have been carried out (ranges and deduced structures 
for the anions indicated). Solid K,[M(CN)J.2HzO: 200-400 cm-l (anhydrous 

* Miksbcuer (‘e2W) studies suggest I& configurations for the anions in solid Kd[W(CN)g ]- 
.Z!HzO, &fW(CN)8].nH@, (EtNC)~(W(CN)~), and for K,+[ W(CN)sl in frozen solution; the 
Bdd form is fount! in solid H4!W(CN)e].GH20, Cd=[W(CN)8]-8H20, Na3~w(CN)g~.~H20 
and in H4 [ W(CN)8 ] in frozen soiution [207a 1. 
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salts also); IR only, 1)= (with &for the anhydrous salts), ZOO-400 [ZOS] IR 
and Raman, Dza; 33-4000 IR (deuteriated salts also) [283,210], DB; 1900- 
2100 IR, J& [21x]; 200-4000, Raman, r>, [i123. K~~M(CN)s] in aqueous 
solution: 100-4000, Dzd [209] ; 100-4000, Raman, probably f), 12101; 
lOO--4000, Raman, probably Dti [ 1831; 1900-2200, IR, probably D& 12111; 
200-4000, Raman, D4d [212]. We see than that there is some disagreement as 
to the solution structure (the agreed assignment of Z&, for the solids is based 
on the foreknowledge of the X-ray structural information f206] - solid state 
spectra are too complex to allow any definite conclusions to be drawn). The 
most careful Raman work is probably that of Long and Vernon, who conclude 
that the DPd configuration is retained in solution on the basis that the Raman 
spectra of the solids and solutions are similar, and on the number of polu- 
ised CWJ stretches in the Raman solution spectra [ZOS]. 

Electronic spectra have been measured by several workers: all are for aque- 
ous solution except for that by Riinig [Zl] who compared the reflexion spec- 
tra of K,[M(CN)s] .2&O and K,[M(CN)s] with their aqueous solutions from 
200-500 nm, the results being interpreted on the basis of D, symmetry for 
the solutions [21]- Other data are: 250-600 nm, distorted dodecahedron 
[19]; 200-500 nm, Dti assignment using crystal field theory [20,1’7’7a]; 
200-500 nm, Dza symmetry (for the molybdenum complex, vibrational fine 
structure was observed for one band 118’71). In general the electronic spectra 
of all [M(CN)#- and [M(CN),]+ species (M = MO, W) are similar, although 
apparently that of (BuzN),[W(CN)s] differs significantly from that of K4[U’- 
(CN)s] in solution [15]. The charge transfer spectrum of K4[Mo(CN)sJ.2H20 
has been studied from 250-320 nm.in a variety of solvents [213]. For a cri- 
tique of the spectral data see Golebiewski and Kowalski 122). 

The 13C NMR spectrum of K,[Mo(CN)s] shows a single line in aqueous so- 
lution which may possibly indicate a structure in which all carbon atoms are 
equivalent (i.e. th* Dti antiprismatic) or may simply arise from exchange ef- 
fects 1151, or another possibility is that the [M(CN)s]+ molecules are flux- 
ional in solution [15]. This is rendered more likely by the observation of on- 
ly one 13C resonance in [vV(CN)#- solution as low as -160°C. As with 
fM(CN)s]* in solution, the suggestion that there is simply no preferred struc- 
ture 115,161, Dm or D 46, for [M(CN),J4- is attractive; certainly none of the 
vibrational or electronic spectral data really conflict with such a possibility. 
Magnetic circular dichroism studies have been reported j177a]. 

The l*N NMR spectrum of K,[Mo(CN)s] has been measured in aqueous so- 
lution [181]. The bonding in fMfCN)J3- and [M(CN)sJe has been consider- 
(?‘d by many [IS-21,182,183]. 

Photochemistry of [M(CN)s]* and [M(CN)s]&. The photochemistry of 
transition metal cyan0 complexes has been reviewed, and both give good 
coverage to the octacyano complexes of molybdenum and tungsten [ 39,401. 
Although there is perhaps less controversy now as to the processes involved 
than there was three of four years ago, there are still aspects of the photo- 
chemistry of these species which need further research. 



l-MtCNM *. In neutral or acid [220a] solution, irradiation with visible 
light of [M(CN)8]S dauses the initial yellow colour to change to red and ther; 
to blue; in alkaline solution the colour changes are faster: yehow to darker 
yellow, to green, finally to blue. The initial photoreduction of IM(CN)s13- to 
IM(CN)sI k- is pH-dependent 12141. The red and blue products are almost 
certainly [Mo(CN),H,~]~ and [MO(OH)(CN),]3-, and for the base reaction 
[Mo(CN),OH]@- and [MO(OH)(CN),] 3- are probably involved. The initial 
overall reaction however is a photoreduetion to [M(CN)s]&_ 

In acid solution, [W(C!N),]3- or H~~W(~N~s] photolyses via an intermolec- 
ular redox process involving the hydroxyl radical [220a,229b] : 

[W(CN)8]3-- f Hz0 !Z [W(CN),]” + OH- + H+ 

The overall reaction is very complicated, however, due to secondary photo- 
lysis of [W(CN~s]~, and intermediates such as [W(CN~,H~O f3-, fW(CN),- 
HZO]? IW,(CN),#- and [W(CN),(H,O),]- may be involved (their ele-,tron- 
ic spectra were recorded [220a,220b]). For acid solutions of [Mo(CN)~]~ an 
intramolecular process involving cyanide radical has been proposed [ 215,216] : 

[Mo(CN)#- z [Mo(CN),CN]* 2 [Mo(CN),H20 CNla- 

iMo(CN)tH,O]” + CN 

While in basis solution [Mo(CN),H~O]~ then undergoes reaction with OH- 
to give [MoO(OH)(CN)~]~ (see below) /2163. 

Flash photolysis of [Mo(CN)~]~ has very recently been studied and the 
sequence proposed [217] : 

[MWN),]+ $$I%) [MO&TN),]* + CN 

the latter decaying by reaction with CN to [Mo(CN)sj4- either in a dodeca- 
hedral (D& configuration or an antiprismatic (II_& form which may be con- 
verted thermally to the Dzd form [217]. 

~M(~N)s]~. For photolysis by light in the visible region the first product 
is red (this stage can be reversed by putting the solution in the dark or by ad- 
dig cyanide ion) [218,219] ; prolonged photolysis leads irreversibly to a blue 
product. As soon as irradiation of a neutral solution of [M(CN)& begins, 
the pH rises, and in parallel with the formation of a red intermediate. 12191. 
The conductance of [M(CN)s]* drops during irradiation 12201. 

The primary pho~~hernic~ reaction for neutral aqueous solution with ra- 
c&&ion in the ligand field region is [218,219,220a,Z20b] 
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[M(CN),J‘+- + Hz0 3 [M(CN),H20]a- + CN 

end this is also the case for irradiation of the free acids in solution [220,22Oa]. 
The red product in this initial photolysis caused much discussion in the eartier 
literature but it now seems generahy agreed that it is [M(CN),H20]* (the mo- 
lybdenum salt has been isolated [202] as Ag3[Mo(CN)7H20] see p. 2i7). An 
earlier theory that ten coordinate “supercomplexes”, e.g., [ M(CNj,(H,Ojr]P 
were involved [186,221-2233 now seems generally to be discounted. The 
final blue product of the reaction in neutral or basic solution involves the re- 
lease of three cyanide ions [39,108,214,219,220] _ 

[Mo(CN),H20 Is- + OH- -+ [Mo(CN),OH J+ + Hz0 

[Mo(CN),OHJ+--i 2Of-r + [MoO(OH)(CN)~]~ + 3CN- + Hz0 

The details are however still in dispute; fM(CN),]2- has been proposed [224] 
as a possible intermediate. Thermodynamic data for photolysis of K,[W(CN)s] 
have been given [ 225 J. 

Flash photolysis of [M(CN)sJ k is a more recently studier;l process. Excita- 
tion below 300 nm (Le., in the “charge-transfer” spectral n&on) produces 
photoelectrons [226,227 J. The main (but apparently not sole) chemical pro- 
ducts [228] are [M(CN)s] *. At 77 K [Mo(CN)s] 3- is produced from [Mo- 
(CNj#-- according to the scheme [228] 

[Mo(CNj,I 4- 2 [MOM]+* + [Mo(CN)s]* + e-aq. 

JBectron transfer reactions of [M(CN)s]3- and rM(CN)s]~. Most of these 
are very fast, and the Marcus electron-transfer theory for outer-sphere acti- 
vated complexes applies. Amongst those studied by a variety of techniques 
are the following: [Mo(CN)~]~/C@‘, /Fe(phen)sla+, /[Osbipy,]* [229]; 
[Mo(CN)s]&/CexV, /Mo(CN)s13-, /[IrCle]* [230]; W(CNhIk/CexV, /We- 
phen31 3+, /[FeMe-phen313+ f229]; [W(CN)afe, /[W(CN)a13- [173,177,231]; 
IW(CN),]e/tMo(CN),13-,, /EFe(CN)s]3” [!EO]; fMo(CN)sf3-/fFe(CN)sl~ 
f230). 

The E* potentials for [M(CN)s14- are +0.73 V (MO) [175,179] and +0.46 
V (W) [175,177]. The exchange between CN- and [M(CN)# is very slow 
in the dark but fast in the light (cf. p. 215) [173,232]; exchange of “MO be- 
tween [Mo(C!N)a]* and IMo(CN),]~ is very fast [lSQ], as is that [173] of 
‘SW between fW(CN)sJ3- and [W(CNja]4’. The kinetics of the reaction 

2HsO + 3[Mo(CN)J4- + fCr0.J2- + 8H+ + ~[Mo(CN)~]~ + {Cr(HzO)J3+ 

have been studied and a rate-law established [233], and also the kinetics of 
the reaction f234] 

2H20 + 5[Mo(CN)s]* + [MnO,]- + 8H*-+ 5EMo(CN)s]” + [MI-I(H~O)~]~* 

Photoelectron spectra of M [CNs] 4- in solution were measured [ 297 J . 
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[M(CN),]* have been suggested [224] as intermediates in the alkaline 
photolysis of [M(CN)s]%. 

K[Mo(CN)s] has been reported [235] as a white sofid, made from reaction 
of molybderium trioxide with potassium cyanide; by heating K&MoO,(CN)J 
to 600”; or by oxidative hydroiysis of K4[Mo(CN),].2Hz0. Its existence has 
not been confirmed. 

M:‘[M(CN),R2] (M” = Cd, Mn; R = I&O, NHs, NzH4) are allegedly ten co- 
ordinate “supercomplexes”, and their claimed existence at one time was an 
important step in one of the main theories for the pho~~~~c decomposition 
of [M(CN)s]4- [186,221-2231. Salts formulated as Cd,[Mo(CN)s(N2H,)2];- 
4H,O, Mnz[Mo(CN)s(NH&J.nHpO and Cdz[Mo(CN)s(H20)2].2Hz0 and their 
tungsten analogues were made from [M(CN),]*, R and (Mu) under irradia- 
tion [223 1. It was suggested that the anions were ten coordinate, the R ljgands 
being coordinated to the centres of the two square faces of the Archimadaean 
antiprism (the normal eight coordination positions being occupied by the cy- 
anide ligands). Thus, during photolysis of [M(CN)s J”, an antiprismatic solute 
configuration was favoured [223] since it could accommodate two aquo li- 
gands to give “[M(CN),(HPO),] 4-” the celebrated red intermediate now be- 
lieved to be [M(CN),H,O]* (cf. bilow). An X-ray study of “Cdg[Mo(CN)s- 
(N2H&].4H20” seemed to suggest that, although the [Mo(CN)s] residue may 
have antiprismatic coordination, the hydrazine is coordinated to the cadmium 
rather than the molybdenum 12071. Thus these species may be [M(CN)& 
salts of, for exampIe, [Cd(H~O)J2’; [Cd(N,H,)(H@)J2+, etc. Recently, how- 
ever, fhe suggestion that these “ten coordinate” species exist in solution has 
been revived [236a,254]. 

~M~CN)~(HZO}~ *. The salt Ags[Mo(CN},H~O] was isofated by adding siIver 
nitrate to the red solution which results from irradiation of [Mo(CN)s]@ (see 
p. 215). Although the analyses fit the given formulation, the report of a band 
at 898 cm-l in the infrared spectrum - no other bands were listed - is rathef 
alarming since this is where a Mo=O stretch might occur. Deuteriation would 
show whether the assertion of Mitra et al. that this is a coordinated water 
mode is true [202]. The species responsible for the blue solution has been var- 
iousiy described as [Mo(CN),(OH),#- [18], fMo(CN)&OIi)J~ [223], IMo- 
(CN),(OH),H,0]3- [236] and [Mo(CN)~(H~O)#- [181], but [M(CN),I-IrO]+- 
has frequently been invoked as the probable formula of the red intermediate 
(p. 215). 

The tungsten analogue [W(CN)&O]* is formed [220a,220b] by photoly- 
sis of [W(C!N),]? 

JM(CN)@H] rl. The molybdenum salt is probably found during photolysis 
of [Mo(CN)s]* in alkaline solution (216,234]. 

K4[M02(CN)4].6H20. The molybdenum salt can be made by prolonged pho- 
toiysis of K,[Mo(CN),] until the solution passes beyond the red stage to the 
blue, followed by addition of potassium hydroxide to give the red complex 
(the blue colour of the solution is probably due to the protonate, [MO(OH)- 

WW,J+ - see beiow) 1237 1. Other methods of preparation of the molybde- 
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Fig. 2. Some reactions of octacyano-molybdates and -tungstates. 

num salt are the treatment of an electrolytically reduced solution of rnolyb- 
denum trioxide in hydrochloric acid with cyanide and hydroxide [171,237], 
or reduction of ammonium paramolybdate by hydrazine followed by treat- 
ment with a potassium cyanide-hydroxide mixture [ 1941. The molybdenum 
salt forms red, diamagnetic crystals, becoming tan-coloured on dehydration 
[193] at 100”; the aqueous solution is blue. The tungsten analogtre can only 
be obtained as a sodium salt, Na,[WOs(CN),J.nHsO (n = 0,6,12) or as mixed 
salts, NaKs[WOs(CN)J, by photolysis [194] in alkaline solution of (W(CN)&. 

The formulation and trans-configuration of the anion has been proved by 
X-ray studies of NaKa[Mo02(CN),].6HaO 12381 and K4[MoOs(CN),+].6HsO 
[239]. The two anions are very simiIar in their dimensions (Tabfe 2): the 
Mo=O length is longer than that for Re=O in Ka[ReO~(CN)*] although rheni- 
um is a third-row element 1240); a possible explanation is suggested later (p. 
234). A preliminary X-ray study of “K,[Mo(CN),(OH),] .2HaO”, while this 
formulation was retained by the authors (2411, is described as being isomor- 
phous with NaKa[Mo0a(CN)4].6Hz0, so presumably this also contains the 
trans-[Mo0,(CN)J4- ion. 

Infrared (200-4000 cm-‘) and Raman (200-1000 cm-l) spectra of K*- 
[MoOa(CN),J have been measured (Table 6), and comparison of the approx- 
imate Mo=O force constant with that for Re=O in Ks[ReOs(CN)J bears out 
the greater metal-oxo strength in the latter [ 2421. The infrared spectra of 
several of these salts have also been recorded (Table 6) [3.94,243a]. Electronic 
spectra of the solid molybdenum and tungsten salts were measured from 
330-700 nm [194,237], and of the molybdenum salt in solution of varying 
pH from 200-700 nm [ 243 1. 

It seems likely that “K,[Mo(CN)~(OH),]” in the form reported by Jakob 
[247] is in fact KJMoO~(CN)~], as are “Kq[Mo(CN)4(0H)r].4H,0” [214, 
223,241] and “K~~Mo(CN),(OH)~H~O 1” 12431, while “K&Ji(CN)&OH),l.- 
4HsO” f236] is K~~WO~(CN}~].6H~O [237]. Protonatio~ of [WOs(CN)*]3- 
has been studied [237a]. 
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K~[MoS~(CN)~] has been reported as a black solid being formed from pot- 
assium cyanide and molybdenum disulphide [244] ; it is unlikely however, to 
contain a S=Mo=S group. 

Ks[MoO(OH)(CN),]. The moiybdenum salt can he obtained as a dihydrate 
by the action of methanol on the blue solution formed by the prolonged irm- 
diation of K,[Mo(CN)s] ; it is blue [237], The anhydrous tungsten salt can be 
obtained in an analogous fashion, and is purple [237]. Both salts are diamag- 
netic. The anhydrous moiybdenum salt has been obtained 1194) from a proce- 
dure involving the use of a cation exchange resin in the hydrogen form on KS- 
[MoO,(CN),]. The infrared spectrum of the molybdenum salt has bands at 
2095 and 2060 cm-l (vcN); 1057 shifting to 822 cm-’ on deuteriation (Mo- 
OH bend); and 921 cm-l (vM~~); the corresponding modes in the tungsten 
salt are at 2075, 1072 and 875 cm-’ 12371. The electronic spectra of the sol- 
ids were measured over the 330-700 nm range [237], and from 209-500 
nm for the aqueous solution [ 216 1. The X-ray crystal structure of NasfMoO- 
(OH)(CN)41.4H20 (z/m, .a = 2) shows a truns configuration, Mo=O 1.72 A; 
Mo-0 (OH) 2.15 W; MO-C 2.15 A; C-N 1.15 A; and a MO-C-N angle of 
175” [245a]. 

K,[Mo(CN)~(OH),}. This green diamagnetic complex has been prepared by 
treatment of K*[MoO~(CN)~] in solution with cation exchange resin in the 
hydrogen form followed by alcohol precipitation. It has an alarmingly com- 
plicated infrared spectrum between 400-1000 cm-l [194]. The [Cd(H20)g12” 
salt has also been made as a brown-green material [194], and there is a brief 
report of (Ph4As)a[ Mo( CN)4(0H)a ] [ 2371. The blue material reported 
as K,[ Mo( CN&& OH), ] Gbtained from disproportionation of [ Mo( CN),] a- so- 
lutions [ 247 J is probably a mixture of Ks[MoOJ and K~[MoO(OH)(CN)~] 
[X94]. 

K4[M(CN)4(OH).J.4HsO salts have been claimed (e.g., for molybdenum 
[201,214,223,241,244,247], and for tungsten [236]) but these [237a] are 
almost certainly K4[MOz(CN)J.6H20. On the basis of electronic spectral 
measurements it has been claimed that [MOM,]& has a dodecahe- 
dral El933 and [~(CN~*(OH)~] 4- a non-dodecahedral structure [187] in so- 
lution, and thermochemical data have been given for photolysis of the latter 
“Salt” [ 2251. 

K4[M(CN)s(OH)a].nIIs0 is said to be found by reaction of K4[M(CN)s] 
with potassium hydroxide [248], and a non-dodecabedral structure proposed 
for the MO complex on the basis of its electronic spectrum in the solid state 
and in aqueous solution [193]. It is possible however that these are mixtures 
of K*[M(CN)s] and K4[M02(CN).J.4Hz0. 

K~[Mo(CN)~(OH)~H,O] [171,218,236,243] is probably Ka[MoO(OH)- 
(CW41 [1941- 

M(CN)4(CNR)d. A number of these have been made by alkylation or aryla- 
tion of Ag,[M(CN)s] with the appropriate organic halide (MO : R = CHs [249, 
250], CaHs [249]; Pr”, But, allyl, Ph,CH 12501, W : R = CHB [251,252], 
&Ha, pr”, PI?, But, PhCH, [251]). The compkzxes are diamagnetic; the best 



general methods for their preparation are given by Novotny et al. [250] for 
molybdenum and by Latka 1251 J for tungsten. Prolonged reaction times 
may lead to heptacoordinated fuily alkylated species, e.g. [250], [Mo- 
(CN~H~?sr~ I. 

An X-ray crystal structure study of Mo(CN),(CNCH& (Table 2) shows 
that the structure is dodecahedral. The four cyanide carbon atoms occupy the 
four “A” sites of the dodecahedron (i.e. those sites which are best adapted for 
metal-to-Iigand n-bonding), the methyl carbon atoms occupying the remaining 
four “B” sites. The Mo-C (cyanide) bond distance is sfightly lunger, however 
(2.175(7) A) than the MO-C (methyl) (2.148(7) A). This interesting result sug- 
gests that Orgel’s prediction [18) that four ligands will n-bond preferentially 
to the .\” sites, using principally the d,2+ orbital, may be correct [250]*. 

Infrared spectra of the complexes were measured; we list here the VcN val- 
ues before the ~~~~~~~~~ for each. For [Mo(CN)&CNR)J R = Me 2196 and 
2145,2251 and 2234; R = Pr”, 2145,2227 and 2189; R = But, 2181 and 2144, 
2212; R = allyl, 2195 and 2145,2233; R = PheCH, R = 2144, and 2135,2218 
and 2183 cm- 1 1250). For W(CN)4(CNR)4, R = Me (this complex only is a mo- 
nohydrate) 2137,2219; R = CzHs, 213’7,2219; R = Pr”, 2141,221l; R = Pr’, 
2141,221l; R = But, 2137,2188; R = PhCH2, 2137,2219 cm-’ 12511. 

Elelctronic spectra were measured from 200-400 nm for Mo(CN)&CNR)d 
(R = Et, Pr, Bu). Only one 13C resonance was seen 3ver a temperature range 
of 90”, but this could arise from rapid interconversion effects [25O]. 

“~[Mo~*,Mo’V(CN)sOe].21-120” is a blue material obtained by repeated pre- 
cipitation of K,[MoO,(CN),] solutions with methanol [ 193 J. The formula 
sounds highly improbable. 

“MOBS” is a black, insoluble material, formed [193] by acidifica- 
tion of ~*[Mo~~(C~)~~.4~~~. 

K,[MoO,(NO)(CN),] .3H,O is a yellow complex said to be formed by oxi- 
dation of K4[Mo(NO)(CN)s]. The infrared spectrum has bands at 2125(v,,), 
158O(YNo), 890(YM_o) cm--1 11651. 

Interaction of EM(CN)e]@ with other molecules. Alkylation of the cyanide 
ligands in [ Mf CN )e] 6- is dealt with above (p_ 219). The Lewis base-like func- 
tion of the nitrogen atoms in [M(CN),]” is illustrated by the formation of 
K&‘v~o(CNBF&] from the reaction of KJ_Mo(CN)s] with boron trifiuoride. 
The CN stretching frequency in the infrared increases to 2235 cm-‘, but the 
reflectance spectrum of the solid is very similar to that of K,[Mo(CN)sJ itself 
12591. The interaction of uranyl ion with [Mo(CN)sle- was studied to see 
whether ten coordinate “supercomplexes” were formed (see p. 216 above). 
Uranyl nitrate and [Mo(CN)~]~ g ave (UO,),[ MOM J .6H,O, but the infra- 
red spectrum indicated that the nitrogen atoms of the CN ligands interacted 
with the uranyl 0x0 ligands (VCN at 2140 cm-‘), the molybdenum retaining 
its eight coordination [ 254 J . The interaction of mercuric cyanide with [ Mo- 
(CN),]& has been studied and thermodynamic data derived 11961. 

* MSssbauer studies on W(CN)II(CNEt}4 indicate a D2d configuration for the solid [ZU?a]. 
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KFe’“‘[Mo(CN)s] has been claimed [195], made by interaction of ferric 
chloride with K,[Mo(CN)s]. 

~oZy~de~L~~, t~~gste~~II~~ (d3). K*[Mo(CN),].2H=O has long been known. 
It can be made acj shiny black flakes by the action [255] of potassium cyanide 
in Ka[MoCIG], or from cyanide and molybdenum trichioride [235]. The salt 
can be dehydrated by heating to 95” [ 2561. There have been a number of 
measurements of the magnetic moment over a temeprature range (Table 3) 
[256-2581; at room temperature the moment is 1.6 B.M. (1.80 for the aque- 
ous solution). The EPR spectrum could not be obtained for the solid or its 
aqueous solution, but the dihydrate gave a signal below 150 K (Table 4). The 
g-values (gn > 2.00 and gl < 2.00) have been interpreted in favour of a mono- 
capped trigonal prismatic structure (it should be noted that no hyperfine 
structure due to g5M~ or “MO was seen) [256]. The infrared spectra of the 
solid and solution are similar (vCN at 2078 and 2046 cm-l, and the solid also 
has bands at 358 and 432 cm-‘; in solid ~ss[Mo(~N~~],~H~O VcN is at 2077 
and 2034 cm-’ with a band at 353 cm-‘). The Raman spectrum of the aqua- 
ous solution has VcN bands at 2106 and 2063 em-‘. The similarity of solid 
and solution spectra (also true of the electronic spectra from 200-900 nm) 
suggests retention of heptacoordination in solution 12561. The electronic 
spectrum has also been measured from 460-700 nm [213 J. 

K*[~Io(CN~s] is said to be formed when K~[Mo(CN)s] is heated with pot- 
assium cyanide to 550”; the complex is red and has a magnetic moment of 
0.59 B.M. at room temperatures (0.87 B.M. in aqueous solution) [259]. A 
metal-metal bonded structure has been proposed [ 2591, but no evidence for 
this couId be found from the Raman and infrared spectra (200-400 cm-‘, 
Table 6) [260]. 

Ks[M(CN),]. The molybdenum complex can be made by treatment of K4- 
[Mo(CN)s] with methanol [261] or by the action of n&rosy1 chloride on that 
complex [ 1781. The brown salt has v cN bands in the infrared at 2104 and 
2045 cm-‘, and the magnetic moment is 1.24 B.M. at room temperatures 
11783. The tungsten salt is made from K,[MY(CN)B] and methanol; it is brown, 
has a magnetic moment of 1.76 B.M., and ‘infrared vCN bands at 2099, 2041 
and 2023 cm-’ f178]. 

K,[Moz(C!N),,] is said to be formed when Kz[Mo(CN)s] is treated with ni- 
trosyl chloride; it is olive-coloured. The megnetic moment is 1.41 B.M. per 
two metal atoms and a mixed III/IV oxidation state was proposed [178]. 

K,[W(CN),H,O] is a brown complex made by the action of nitrosyl &Go- 
ride on K.JW(CN),]; the magnetic moment is 1.18 B-M. at room temperatures, 
and VcN in the infrared are at 2150 and 21‘34 em-’ [178]_ 

A number of rather ill-defied molybdenum(II1) species have been report- 
ed: K,[Mo202(NO),(CN),,] as a green, diamagnetic material made [262] by 
oxygenation of K,[Mo(NO)(CN)J; K~[M=uS(CN)~].~H~O, a blue species ob- 
‘ained from molybdenum trioxide, hydrogen sulphide, potassium hydroxide 
and potassium cyanide [260], and these reactants can be persuaded [245] to 
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give K,[Mo,S,(CN:,I, K4[MoaOS(CN),] .4HaO and Kli[ MopSd(CN)s] .7HaO. 

molybdenum, -twzg~ten(fI) (df). K,[M(CN),] salts are obtained by reduc- 
tion of K*~M~CN)~ with hydrogen at 110- 366°C. The green molybdenum 
salt has a magnetic moment of 1.13 B.M. at room temperatures, and the infra- 
red spectrum has VcN bands at 2055,2035,2010 and 1960 cm-l; the green 
tI.lngSten Salt has an even lower moment of 0.94 B.M., with the infrared UcN 
bands at 2080,201O and 1950 cm-’ [261 J. 

K=~Mo(NO)(CN~~~ is said to be formed 12621 as a yellow, diamagnetic spe- 
cies by hypobromite oxidation of [Mo(NO)(CN),]~_ It was not isolated_ 

Ka[Mo(NO)O(CN)_J is another yellow, diamagnetic species, obtained by 
oxidation of [Mo(NO)(CN),]~ with ferricyanide in alkali. The salt was appar- 
ently not isolated [262]. K,[Mo(NO)(OH),(CN),] is in fact K4[Mo(NO)- 
(CN),] (see below). 

~~~~~~e~~~, ~~gs~e~~~~ (d5]. K~~Mo~NO)~CN)~] can be made in solution 
by oxidation of K,[Mo(NO)(CN)s] by ferricyanide or by aerial oxidation; it 
is yellow, and the moment is 1.24 B.M. at room temperatures [259]. Although 
the salt seems not to have been isolated the existence of the [Mo(NO)(CN),]* 
anion seems to be fairly well established (2641 by the EPR spectrum of an aer- 
ially oxidised solid sample of K*[Mo(NO)(CN)s]. The spectrum was measured 
in potassium bromide and in K,[Co(CN)e] as host lattices, in an ethanol-di- 
methylformamide glass and in aqueous solution (Table 4). It was shown that 
the fraction of electron density at each nitrogen atom is 0.053 [264]. 

Molybdenum, tungsten(O) (d6)_ Here chrcmium, molybdenum and tungsten 
display the greatest similarity in their cyanide chemistries, due, no doubt, to 
the presence of the tZp 6 shell which allows of maximum metal-to-ltgand 7f bond- 
ing to acceptors like CO and CN. 

K4[Mo(NO)(CN)sJ.2Hs0 is made as a purple material by the reaction of hy- 
droxylamine with molybdate ion in the presence of excess potassium cyanide 
and hydroxide [245,262,265,266]. The formulation as K,[Mo(NO)(OH)~- 
(CN),] is no longer accepted [1303_ The salt is diamagnetic. 

An X-ray crystal structure determination indicates a disordered lattice, but 
molybdenum-nitrogen distance of 1.95 A was reported for the MO-NO moi- 
ety [268] (this seems very strange - the corresponding Mn-N distance in K,- 
[Mn(NO)(CN)BI is alleged to be 1.66 A [269], but the much lower VNo fre- 
quency for the molybdenum complexes (1455 cm-l as against 1706 cm-’ for 
[Mn{NO~(CN)~J~) argues for a much lower Mo-N distance)_ Details of the 
structure are given in Table 2 12681. The infrared spectrum has been measured 
from 80-4000 cm-l [145,146] (see Table 6). The electronic spectrum was 
taken from 200-600 nm [262]. 

cis-K,[M(CN)4(CO),J salts can be made 11643 as white solids from the re- 
action of potassium cyanide with NazfM(CO),e]_ The cis configuration is indi- 
cated [164] by the inWed spectrum (Table 7); CO and CN force constants 
were calculated. 
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K4[M(CN)a(CO)B] can be made as white soiids by reaction of M(CO),-bipy 
11691 or M(CO)s [270] with a solution of potassium cyanide in liquid ammo- 
nia. The molybdenum salt can also be made from [Mo(CO)sbipy]a and potassium 
cyanide (ycrr 2095; vco 1900,1745 cm-l). 

Nas[M(CN)s(CO).J can be made as white crystahine solids from Nas[Ms- 
(CO),,] and aqueous sodium cyanide. The molybdenum complex is dehy- 
drated, the tungsten anhydrous [270 1. Salts of [W(CN),(CO),] have also been 
obtained from W(CO)s and (PPhs)sN(CN) in dichloroethane (vcN at 2088 
cm-l) [17OJ. 

Na~W(CN~(CO~s].~~O can be made from Nas[W,(CO),,], and aqueous sodi- 
um cyanide in a sealed tube at 60” [267] ; the (PPhs)sN+ salt has been made 
from irradiated W(CO)s and (PPhs)sN(CN) (vcN at 2098 cm-‘) 11701. The pi- 
peridinium salt (pipH)[W(CN)(CO)EiJ h.as been made from addition of piperi- 
dine to a solution of W(CO), in hydrocyanic acid and tetrahydrofuran (a mix- 

ture [Z’i’Z] which itself yields W(CNH~(CO)~). The infrared spectrum (Table 
7) has been measured [272]. The nucleophilicities of [Mn(CN)(CO)s]- (M = 
Cr, MO, W) have been compared from their rates of reaction with alkyl halides 
12731. 

K[M(CN)(CO)sL] (L = bipy, phen, en) have been made from C,H&lo(CO)a 
with L in the presence of cyanide. The infmrcd spectra suggest a CsV symme- 
try (z+n for MO and W, 2100 and 2096 cm-’ (L = bipy); 2080 cm-’ (MO, L = 
phen); 2100 cm-l (MO, L = en) [271]. 

Nz[M(CN)(CO)(NO)(n-CsHs)].HaO are red-brown complexes obtainable 
from the reaction between NaN(SiMe,), with M(CO)a(NO)(n-C&Is). The in- 
frared VcN, Vco and VNo frequencies respectively are 2094,X384,1597 cm-l 
(MO) 2074,1867,1578 cm-’ (W) [274]. 

~W~(CN)(CO)~~]- has been made from an irradiated solution in tetrahy- 
drofuran of (PPh&N(CN) and W(CO)6 (vCN at 2121 cm-‘) flSO]. 

(iv) Group VIIa (Mn-Tc-Re) 

The cyan0 complexes of manganese in particular have been extensively in- 
vestigated although some lacunae still remain; rhenium has received a fair 
amount of attention and technetium understandably little. On the whole, 
manganese represents faithfully in its cyan0 chemistry the “middle block” 
of transition elements: the predominant coordination number is six and the 
predominant oxidation states (III) and (II). Rhenium however, retains some 
of the characteristics of the other early trausition elements, e.g., in its forms- 
tion of [ Re(CN>s]* and in the extensive cyan0 chemistry of its pentavalent 

St&?. 

Manganese 
Manganese(W) (d3). Only one complex is fully established. 
K~[Mn(CN)s] is a yellow species prepared by the oxidation of Ks~Mn~CN)s] 

by nitrosyl chloride. The magnetic moment of 3.94 B.M. at room temperature 
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is close to the “spin only” value for three unpaired electrons. The infrared spec- 
trum shows bands at 2240 and 2150 cm-’ (ace) [176]. 

“K,[Mn(CN)sJ ” was claimed as the product of reaction of potassium cya- 
nide and potassium permanganate f275]. Later workers obtained the pink sol- 
id originally reported, but have variously identified it as Ks[Mn,(CN)s] .4KOH 
[276], K2CMn(CN)SH20] KCN 12771 or the mixed oxidation state species 
“K&sa[Mn(CN)s] .O.l3HaO” [278]*. 

Mn(CN),(phthalocyanine) is said to be formed when an ethanolic solution 
of cyanide reacts with manganese(W) phthalocyanine /279] _ 

A&zngunese(z11j (d*). Ks[Mn(CN),f is one of the few examples of a low-spin 
manganese(II1) complex. Although the reaction of manganese(III) orthophos- 
phate with potassium cyanide is the standard procedure for the preparation of 
the complex [280], an easier method is to oxidise manganous salts such as the 
carbonate with hydrogen peroxide foilowed by reaction with excess cyanide 
[ 1983. The potassium salt forms deep red crystals. 

An X-ray study of K,[Mn(CN)J revealed a disordered lattice isomorphous 
with that of potassium ferricyanide [281]. There are also structural data.[34, 
2821 for the salt Cs,Li[Mn(CN)s] (Table 2). Unit cell parametew for a num- 
ber of hexacyanomanganates of bivalent cations (M” = Mn, Fe, Co, Ni, Cu, Zn, 
Cd) have been determined for M~~[Mn~CN}~ ] ,3&O, these belonging to the 
Fq3m space group 12831. Unit cell data for K~~Mn(CN~~~ and K,[Cr(CN),] 
were compared [ 753. 

Careful magnetic measurements on K,[Mn(CN),] over the range 4.2-300 K 
show that the susceptibility follows a Curie law near room temperatures (cl,* 
3.50 B.M. at room temperature, as expected for a low-spin octahedral d* com- 
plex) but approaches a temperatur~independent value at lower temperatures. 
The general features are in agreement with the prediction or‘ Kotani’s theory 
(Table 3) 12841. No EPR spectrum is observed [61] for Ks[Mn(CN)s] . 

The Raman and infrared spectra of CsaLi[Mn(CN)s J have been measured and 
a full assignment of bands given (Table 5) [ 34,282 ] ; partial assignments have 
been given for Ks[Mn(CN),] in the solid state and in solution [55,88a]. The 
infrared spectrum of K~[Mn(CN)~] has been measured from 200-4000 cm-l 
over a pressure range [S&J, Electronic absorption spectra of [Mn(CN)s] s- 
over the range 190-4000 nm in solution and at 143 K in water-glycerol mix- 
tures, have been measured and assignments proposed; ligand field parameters 
were derived (see Table 8) 1261. Similar correlations between the results of 
electronic spectra [91] ; infrared spectra [33,34,91] and unit cell constants 
1341 have been drawn, viz, that the M-C bond strength falls in the series 
Fe > Co > Mn > Cr (see also p. 201). 

The X-ray photoelectron spectra of Ka[Mn(CN),], K4[Mn(CN),] and Kr 
[Cr(CN)s] have been measured and calculated charges on the metal atoms 

* A recent X-ray crystal structure determination showed that the main product of this re- 
action is K7[Mn@(CN)lo]CN f2’78af. 
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compared (see p. 203) [36a] ; the charge on the metal and 2ps binding ener-. 
gies for the two manganese salts were virtually identical 1361: Fine structure 
of the & absorption edge was measured for Ks[ Mn( CN),] , K,[Mn( CN)a ] and 
Ks[Mn(CN)s] , and the Kp X-ray emission spectra of Ks[M(CN)s] (M = Cr, 
Mn, Fe) were measured and correlated with the degree of covalency in the 
metal-carbon bond 11061. The 14N magnetic resonance has been measured 
for Ka[Mn(CN),] in solution (see p, 203) [107], and paramagnetic 13C mag- 
netic resonance shifts observed (using naturally abundant 13C) for K3[M(CN),] 
(M = Mn, Fe) and K,fMn(CN),] in polycrystalline samples and in aqueous so- 
lution [286] . 

The standard potential E’.for 

[Mn(CN)s]* + e- -+ [Mn(CN)s]@ 

is -0.24 V [!287] (for a discussion of this and other potentials involving cyan0 
systems, see ref. 1). The hydrolysis constant Kh for the process 

~Mn(CN~~l 3- + 3H,O -+ Mn(OH)3 + 3CN- + 3HCN 

is approximately 10 -lo at 18°C corresponding to a degree of hydrolysis of 
some 1% for a molar solution [288 1. 

Tie exchange of [Mn(CN)s] 3- with labelled cyanide ion in aqueous solu- 

tion has been studied [41,%39] : the rate is fast and the exchange is first-order 
[289] in [Mn(CN)~] s-e It has been suggested that a heptacoordinate species, 
Wn(CW&Wl %, is involved as an intermediate [289]. 

The principal chemical reactions of [Mn(CN)G] 3- are summarized in the 
reaction scheme, Fig. 2. 

Ks[Mn(CN)sH,O] has already been mentioned [289] as a possible interrne- 
diate during exchange of [Mn(CN)s] 3-- with CN. It has been claimed that 
this (or K~~Mn(~N)~H~Q ].KCN) is one of the products of the reaction between 
potsium cyanide and potassium permanganate, another being Ka[Mn(CN)a] . 
The complex is pinkish-brown and diamagnetic [ 2771, (the latter seems un- 
likely for a salt containing [Mn(CN)sH20]2-). The infrared spectrum differs 

[I”cCN>J2- - 

Fig. 3. Some 

k?o L CM~(CN$~~- 
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from that of Ks[Mn(CN)s] (Table 7). The electronic absorption spectrum was 
also measured [277]. See also p_ 224 [278a]. 

K3[Mn(CN)SN02] is obtained by ultraviolet irradiation of a solution of Ka- 
[Mn(CN~~O] in cyanide media in the presence of oxygen 12901. 

Ks[Mns(CN)s].4KOH was claimed by Goldenberg to be the product of re- 
action of potassium cyanide with potassium permanganate 12761, but later 
work indicates that this species does not exist [277,278]. 

[Mn(CN)2 phtha.locyanine)]- has been made by the action of cyanide ion 
on manganese phthalocyanine 12791. For mixed oxidation state complexes 
of Mn”’ and Mnn see below, p_ 231. 

Mn(CN)a(0H)(H20)9 is formed when aqueous solutions of K,[Mn(CN)s] 
are allowed to stand [279a]. 

Manganese(II), (d5). The special stability associated with a half-filled d shell 
means that there are few low-spin complexes of manganese(B); almost ail 
manganese(H) cyano complexes are of this type however due to the strong 
ligand field exerted by the cyanide ion. 

K,fMn(CN)s] .3HaO is a blue-violet material which gives a yellow solution 
(if the free cyanide concentration falls to 1.5 M “K[Mn(CN)a]” is precipi- 
tated). The complex is usually made by the action of excess cyanide on a 
manganese(H) salt, usually the acetate or carbonate; it is very easily oxidised 
so that air must be rigorously excluded during its preparation [26,289]. The 
anhydrous potassium salt can be obtained by dehydration of K,[Mn(CN),].- 
3HsO over concentrated sulphuric acid. The free acid, H,[Mn(CN)6], has been 
made from Pbs[Mn(CN)s] and hydrogen sulphide [291]. 

The X-ray crystal structure of Na4[Mn(CN)s].10H,0 has been reported (Ta- 
ble 2) [292]. 

The magnetic moment of K,[Mn(CN)6].3H20 has been measured (Table 3) 
over the range 80-300 K; rt the latter temperature it is 2.18 B.M. [293]. 
Theoretical interpretations of the magnetic behaviour have been given [293, 
294). The EPR spectrum of the solid dispersed in the isomorphous diamagnet- 
ic host lattice K4[ Fe(CN)s’j.3H20 was measured (Table 4) [61] . Owing to the 
short relaxation time no hyperfine structure at temperatures higher than 12 K 
could be detected, but at 12 K there is substantial anisotropy ]61]. The theo- 
retical implications of these EPR spectra have been discussed [61,294]. In an 
ice glass at 77 K, K,[Mn(CN)e] s h ows an EPR spectrum which is thought to 
derive 12951, not from [Mn(CN),] e, but from cyano-bridged polymeric spe- 
ties such es [ (CN}~n-IN-fins]‘-. There have also been studies 12961 
on the EPR =gectra of K.JMn,Fe1,,(CN)s].3Hs0. 

Partial assignments of the Raman and infrared spectra of solid K,[Mn(CN)s].- 
3HsO have been given from studies over the range 200-4000 cm-’ (Table 6) 
1551 and the infrared spectrum has been studied from 200-4000 cm-l over a 
pressure range [88a]. The electronic absorption spectrum of the aqueous solu- 
tion has also been measured over the range 190-4000 nm in aqueous solution 
and in water-ethanol at 143 K, and ligand field parameters and bond assign- 
ments given (261 (see p. 186). 
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Photoelectron emission (PEE) spectra of aqueous solutions of &[Mn(CN)s] 
in excess cyanide have been measured; the quantum yields for a given photon 
energy were somewhat different from those of other hexacyano complexes 
[297] . . As with K,[Mn(CN)s], data have been collected on binding energies of 
2~3 electrons [36] ; on fine structure of the K absorption edge [285 J , and on 
the 13C paramagnetic nuclear resonance [286] for the aqueous solution and for 
polycrystalline K,[Mn(CN)s].3H20. 

Polarographic reduction of K,[Mn(CN)s] at the dropping mercury electrode 
shows two waves (E,, - 1.33 and-l.61 V vs. S.C.E.) 12971. The standard po- 
tentiaf of the [Mn(CN),]3-ftMn(CN)G]~ couple is -0.24 V [1,287]. The heat 
of complexation of Mn*+(aq) with cyanide to give [Mn(CN),]4c has been deter- 
mined as -144.3 kJ mole- ’ [37,38]. Exchange of [Mn(CN), ]4r with IabeIled 
cyanide ion is measurably slow and is not affected by light [41] _ The rate of 
hydrated electron reaction with K,[Mn(CN)s] has been measured [llS] . 

The important chemical properties of [Mn(CN),lP are summarised in Fig. 
3. 

Prussian Blue analogues. Amperometric evidence for the e:tistence of such 
species as [Mn”Fe1i(CN)s]2- and [Mn”Fe”‘(CN)s]- has been presented [298], 
and the EPR spectra of mixed [Mn,Fe,_, (CN)s]& species have been studied 
12961. 

“K~Mn(CN~~]” the dark green product obtained upon mixing manganese- 
(IL) salts with a deficiency of potassium cyanide, is probably best formulated 
as K2Mn”[Mnn(CN)s]. The moment is 4.53 B.M. at room temperature, close 
to the value of 4.4 B.M. to be expected for equal numbers of low-spin (C- 
bonded) and high-spin (N-bonded) manganese(H) centres. The X-ray powder 
pattern has been indexed on the basis of a simple unit cell. The infrared spec- 
trum has a simple band at 2062 cm-’ in the =N stretching region f299]. It 
is probable that ” K1.52[Mn(CN)3_12]” (or K3.22iMn(CN)s]), made by fusion of 
K,[Mn(CN),] and potassium cyanide at 650” [259], is an impure form of K- 
[Mn(CN),] _ It too has a single (ZN stretch at 2057 cm-l 12591. Species of 
the form Mn”[M(CN)6].8H20 (M = Fe, Ru, OS) and Mny[M(CN)B].nHIO (M 
= Cr, Co) have been reviewed by Ludi and Gudel [7] (see also p_ 201). The 
single crystal X-ray determination of Mn~~Ru(CN)~].gH*O shows that the 
ruthenium is coordinated by the six carbon atoms of six cyanide ligands 
(Ru-C 2.03(5) A), and the manganese by three nitrogen ends of three cyanide 
groups (Mn-N 2.14(6) A) and three oxygen atoms of water moIecules, one 
being a terminal aquo ligand (Mn-0 2.21(6) A) and two bridging (Mn-0 
2.3511) A), The manganese atoms are in binuclear Mnz(NC-),(H&), units, 
the three N atoms taking up facial positions about the MnN303 octahedra 
which are linked by two bridging aquo groups [300]. 

K,[Mn(CN)5] has been made by reduction of K,[Mn(CN),] in hydrogen 
at 420”. The brown product is completely insoluble in water and the presence 
of a band at 2178 cm-’ in its infrared spectrum (in addition to bands at 2090,. 
2060 and 2040 cm-‘) suggests the presence of bridging cyanide groups as well 
as terminal ones. The magnetic moment at room temperatures is 4.4 B.M. 



228 

This species too may have a “Prussian Blue” type of structure 1261). 
K,[Mn(NO)(CN),] is to be considered as a manganese(H) (d’) complex on 

the assumption that the nitric oxide ligand coordinates as NO+, a view broad- 
ly confirmed by the magnetic and EPR properties of the complex. It is a ca- 
nary yellow substance, first prepared by oxidation of K3CMn(NO)(CNjSJ 
(q.v.) with nitric acid [301], but a simple procedure k302] is to pass chlorine 
gas through an aqueous solution of K,[Mn(NO)(CNjS] . Although Cotton et 
al. studied the magnetic properties of the potassium and similar salts over a 
temperature range (Table 3) they reported a moment of 0.50 B.M. for the 
potassium salt at room temperature and a moment of 1.73 B.M. in acetone 
solution [ 3011 , -.vhereas later workers found 1.73 B.M. for the solid at room 
temperatures [ 3031. 

There have been a number of studies of the EPR spectrum of the complex 
(Table 4). The earliest of these, carried out on solutions and glasses of Ks- 
[Mn(NO)(CNjS], showed no ‘*N hyperfine splitting [304]. Measurements on 
a single crystal diluted in NazfFe(NO)(CN)5].2H20 did show such splitting 
however [29,303] and this was confirmed by other workers [29]. The spin- 
density observed on the nitrogen has been attributed to mixing in of an ex- 
cited E state (with considerable n*(NO) character) with the B2 ground state 
[ 29,303 J , while Fortman and Hayes prefer an explanation based on spin- 
polarisation effects 1131 J . The EPR spectrum of ~Mn(NO~(CN)~12- has also 
been observed in crystals of fMn(NO)(CN)J3- in alkali metal halides after y- 
irradiation [142]. The g and A values for [Mn(NO)(CN),]2- are given in Ta- 
ble 4. 

The infrared spectrum of normal and ‘“N-enriched [142] Ka[Mn(NO)- 
(CNj5] has been measured over the range 200-4000 cm-i [29,143,306], 
and the Raman spectrum of the solid from 100-1000 cm‘-’ [147]. Provision- 
al assignments of the bands were made (Table 7); the metal-nitrogen stretch- 
ing and metal-nitrosyl deformation modes are very close to each other (ca. 
623 cm-‘). The electronic absorption spectrum of the solution was measured 
over the range 190-600 nm and also from 200-900 nm 11481 and band as- 
signments proposed on the basis of Manoharan and Gray’s model 1291. The 
bonding in ~~In(NOj(CN)s]2- has been discussed by a number of workers 
f29,30,13?,142,303,304]. The 1s nitrogen bonding energy in the complex 
kas been studied by measuring the photo-electronic spectrum [1.52]. 

The standard potential for 

IMn(NO)(CNj5]= + e- + [Mn(NOj(CN)BJS 

is +0.597 V [302] (compared with -0.27 V for the [Mn(CN),]3-/[Mn(CN)t;]‘l’- 
couple [ 287 ] j. 

[Mn(CN)Cl,]+ has been postulated as an intermediate formed during y-irra- 
diation of [ Mn( NO)( CN)s] 3- in a KC1 host lattice [ 304 ] . 

[Mn(CN~~phth~ocy~~e)(EtOH)]- is said to be formed when a solution 
of [Mn(CN j2(phthalocyanine)]- is irradiated [279] a 
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Mong~nese(1.J (ci6). This is an unusually low oxidation state for manganese, 
but the cyanide ligands in such species exert their n-acceptor properties to 
take advantage of the filled tzg shell which is of course a particularly advanta- 
geous configuration (rare gas configuration) for x-acceptor ligands. 

Ks[Mn(CN)e] can be made by reduction of K,[Mn(CN)s] or KQfMn(CN)e] 
by Devarda’s alloy [198], electrolytic methods [287,308] or, probably the 
best procedure, by the use of potassium amalgam [ 3091. The colourless, spar- 
ingly soluble potassium salt is diamagnetic, as is the much more soluble sodi- 
um salt. Reduction of K,[Mn(CN)=] with potassium in liquid ammonia is said 
[310f to give K~~Mn(CN)~] *NH3 (but see p. 231). 

Two quite different sets of unit-cell dimensions have been given for Ks[Mn- 
(CN),]. Treadwell and Raths [308] measured a tetragonal lattice (a = 16.35, 
c = 13.11 A) while Schwochau and Herr [311] claimed that K5[M(CN)6] (M 
= Mn, Tc, Re) were isomorphous (cubic; a = 11.890 A for K,[Mn(CN),]). It 
is quite possible, as suggested by Chadwick and Sharpe [ l] that one “form” 
is a hydnte. 

The Raman and infrared spectra of solid Ks]Mn(CN)s] were measured [55, 
3121 and compared with those of the corresponding technetium and rhenium 
complexes [312]. The C=N stretches are higher and M-C stretches lower (as 
are the corresponding force constants) for rhenium than for manganese, as is 
to be expected from the more efficient overlap of orbitals in the third row. 
The fine structure of the K, absorption edge has been measured [285] and 
compared with those for K,[Mn(CN),] and K,]Mn(CN)J. 

The standard potential for 

[Mn(CN),}& + e- -+ [Mn(CN)J5- 

in 1.5 M sodium cyanide is -1.06 V 13081. 
K3[Mn(~N)41 and KDWC%l are said to be formed with KafMn(CN),] 

when &[Mn(CN),] is electrolytically reduced [313,314], but no clear evi- 
dence for their existence as pure species has been given. 

Ka[Mn(NO)(CN),].2H,O is formally a manganese(I) complex if the nitric 
oxide group is taken to function as the NO+ Iigand; this is borne out by the 
observed ~~a~etisrn of the complex. It may be obtained in poor yield by 
the action of nitric oxide on a solution of fMn(CN)J4- in cyanide, but the 
best preparation [301] is to react hydroxylamine in excess potassium cyanide 
with a manganese salt [302], or with a solution of K3[Mn(CN),] or K4[Mn- 
(CN)s]. It forms purple crystals. 

The X-ray crystal structure of Ka[Mn(NO)(CN)s].2H,O shows the expect- 
ed Cdv symmetry for the complex anion with a linear Mn-N-O linkage; the 
Mn-N distance is only 1.66 A (Table 2) 12691. The infrared spectrum has 
been measured from 200-5000 cm-l [143,146,147,315,316] and msot of 
the normal modes assigned (Table 6) [315], * 15N substitution shows the Mn-N 
stretch to lie in the 660 cm-’ region close to the Mn-N-O bonding mode 
[ 306,315]. Raman spectra of the solid and aqueous solution were measured 
from 200-1000 cm-r [147].The electronic absorption spectrum has been recorded 
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over the range 190-700 nm [29,307] and assigned according to the model of 
Manoharan and Gray [Z] . The bonding in [Mn(NO)(CN),]* has been dis- 
cussed by a number of workers [29,30,143]. 

The standard potential of ~Mn(NO)~~N)~]~/(~n(~O)(C~)~]* is +0.597 
V [302]. Unlike [Mn(NO)(CN)5]2-, [Cr(NO)(CN)s’J3- and [Fe(NO)(CN)J2-, 
[Mn(NO)(CN)sJ* is not reduced at the dropping mercury electrode within 
the potential range studied [302,307]. Studies on photolysis of the ion by 
ultraviolet radiation show that in *he presence of cyanide, but absence of air, 
nitric oxide and fMn(CN),‘Je are the main products [307], whereas if oxygen 
is present [Mn(NOs)(CN)5] 3- is formed 12901. Irradiation [304] of a solid 
solution of K,[Mn(NO)(CN),] in KC1 gives [Mn(NO)(CN)S]*. Methylation 
of the complex to [Mn(NO)(CNCH,)s] (S03F)2 may be accomplished with 
methyl fluorosulphonate [316]. The fast reaction between [Mn(NO)(CN)s]* 
and (Osbipy3)3+ has been studied by flow techniques 12291. 

c~s-K~[Mn(~N~~(~O~2] can be made f;->m Mn2(CO)10 13171 or from Mn- 
(NOWO), E3181 with a solution of potassium cyanide in liquid ammonia. It 
forms colourless crystals, and the infrared spectrum (Table 7) supports the 
C, (cis) configuration. Force constants for the cyanide ligands were contrast- 
ed with those for the isoelectronic [ Cr(CN),(CO),] 4- ion 13171. 

fat-WMWW,W%l is made from Mn(NO)(CO)J and potassium cyanide 
in liquid ammonia [ 3181, or, more easily, from Mn(CO)sCl and an ethanolic 
solution of potassium cyanide at 120” under pressure [ 3171. The infrared 
spectra (Table 5) support the C,, structure [317]. 

Mn(CN)(CO), can be made as a pale yellow crystalline solid by reaction of 
NafMn(CO)s] with iodocyanogen. The infrared (Table 6) and mass spectra 
were measured. With tris-o-dipheny~pho~phinopheny~phosphine (QP), Mn(CN)- 
(CO)QP is formed (z.+_~ 2132 cm-l, z+o 1833 cm-“) [319]. Fenske et al. 
[ll] have compared the bonding characteristics of CN- and CO in (Mn(CN)- 
(COM - 

[Mn(CN)(CO),(7r-C&I,jl- salts have been made from (n-C&&JMn(CO), 
and sodium cyanide (for the sodium s&t vCN 2058 cm-l, vDo 1905 and 1628 
cm-l). Acidification of this with o~hophospho~~ acid yields Mn( CNH)(CCr)s- 
(7r-CsHs); the presence of an N-H bond is shown by the infrared spectra of 
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the normal and deuterated species (vc_+ 2016, vo_o 1919 and 1859 cm-‘, 
YN-_H 3413 cm-‘ 1 for the hydrogen complex; for the deuterate the frequencies 
are respectively 19681919 and 1859,2618 cm-l) f320]. 

Complexes of manganese(O) or lower oxidation states. For “K&Mn(CN)J”, 
see below. Attempts to obtain K,[Mn(NO)(CN),] (isoelectronic with the 
known Ks[Fe(NO)(CN)5]) h ave so far been unsuccessful [ 3041. 

cis- and trans-K,[Mn(N0)2(CN)2]2 have been made by reaction of Mn(N0)3- 
CO with potassium cyanide in Iiquid ammonia (cis form); the &ens complex 
was made by heating the cis species in a sealed tube in ethanol. On the basis of 
the infrared spectra (Table 6) the CILv (I) structure was proposed for the cis 
form and either the Du! (II) or D, (III) for the tram 1318 J : 

K,[Mn(CN),(NO),] is made by reduction of KQIMn(CN)s(NO)s I2 with pot- 
assium in liquid ammonia. Infrared spectra [318] (Table 6) of the green com- 
pfex suggest a tetrahedral structure similar to the isoelectronic [ Fe(~N~~~NO)~]~. 

Mixed oxidation state species. Mn nr-Mn’T. We have already mentioned 
“K1&Mn(CN)a_,a]” which is probably impure KsMn”[Mn”(CN)s] rather 
than a Mnin--Mn” species. A better example of the latter , however, is prob- 
ably “Ks~sz[Mn(CN),].0.13H,0”, formulated by McCarthy [278] as 0.7Ks- 
~Mn(CN~~j.l.2K,~Mn(CN)Gl.o.25H,o, This red-brown crystalline material 
may be obtained by interaction of potassium cyanide and potassium perman- 
ganate in aqueous solution, or by mixing K,[Mn(CN)s] and K4[Mn(CN)s].- 
3H20 in saturated potassium cyanide solution. The electronic spectrum of the 
substance measured by diffuse reflectance suggests that it is a class (II) mixed 
oxidation state complex (using Robin and Day’s classification). The magnetic 
moment is 1.04 B.M. at room temperature per two manganese atoms, but the 
complex may be antiierromagnetic, again consistent with a class (II) species. 
The infrared spectrum was measured (Tabie 7) and X-ray powder data gather- 
ed [278]*. 

Mn”-Mn’. Electrolytic reduction [308] of K,EMn(CN)s] in cyanide solu- 
tion leads to “K~~Mn’(CN)~].K4~hln”(CN)G]“. 

Mn’-Mnc. Reduction of K,[Mn(CN),f by potassium in liquid ammonia 
gives a yehow complex formulated as KS[Mn(CN)sJ.KG[Mn(CN)s].2NHs. It 
has a magnetic moment at room temperature 13101 of 1.25 B.M. per two 
manganese atoms and a reducing power corresponding to Mnoa5. 

Perhaps because the element is so rare we know little of the cyanide chem- 
istry of technetium. It is however puzzling that no technetium(V) cyano com- 
plexes are known since rhenium(V) has so extensive a cyanide chemistry: nor- 
mally second and third row homologous elements are very similar, and this is 
largely true of the lower members of the triads nanking technetium and rhe- 

* See, however, footnote on p. 224 and ref. 27%. 
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nium in the Periodic Table (molybdenum and tungsten; ruthenium and osmi- 
um). 

TechnetiumW’! fd*). No complexes with cyanide are known for this oxida- 
tion state, though some of the properties of [Tc(OH),(CN),]* (see below) 
suggest that this might possibly be such a complex. However, polarographic 
studies of the reduction of pertechnetate ion in excess cyanide give no indica- 
tion of the existence of a technetium(V) cyan@ complex 13211, and attempts 
to prepare Na,[TcO,(CN),] failed 13231. 

Technetium(lV) (d3). The existence of [Tc(CN),]* has been postulated 
from the polarographic reduction of [TcO,]- in excess cyanide; a three-elec- 
tron wave (El2 = -0.81 V vs. S.C.E.) was seen 13211. Such a complex has not 
yet been isolated, but reaction of hydrated technetium dioxide with cyanide 
followed by addition of thahous ion gave Tis[Tc~~~H)~CN)~] as a brown ma- 
terial- The infrared spectrum showed a C-N stretch at 2060 cm-’ and a band 
at 970 cm-’ presumably due to a Tc=O stretch [322,323]; few mono-oxo 
complexes with the d3 configuration are known however, and intuitively one 
feels that a d2 complex is more likely with an 0x0 Iigand. As Chadwick and 
Sharpe [l] observe a magnetic susceptibility measurement would have been 
of interest. It was suggested that the complex could be seven coordinate in so- 
lution, T13[TcfCN)4(0H),], although no evidence was offered for this. The 
existence of [ Tc( CN),(OH),] * and [ Tc(CN)~ J 3- in solution was tentatively 
proposed [ 322,323 J . The electronic spectrum was recorded from 200-1000 
nm and an X-ray powder diagram obtained [322,323]. 

~ec~~@f~~~f~~ (d6). Here technetium does show a marked similarity both 
to manganese and rhenium in forming [Tc(CN),]*; vertical triads often show 
considerable similarity in their lowest oxidation states. 

K,[Tc(CN),] is obtained by reduction of (NH,)[TcO.J with potassium cya- 
nide solution by potassium amalgam. The salt is green, and its X-ray powder 
diagram f311j shows it to belong to the face-centred cubic system {a = 12.106 
A) as do K6[Mn(CN)s] and Ke[RefCN)s] -3% e infrared and Raman spectra of 
the solid were measured over the 40-4000 cm-l range, fundamental modes 
assigned (Table 5) and force constants evaluated using a generalised valence 
force field, It was deduced from these studies [312] and calculations that the 
degree of carbon-nitrogen n-bonding was greater in [Tc~CN),]~ than in 
[Mn(CN)6]” or iin [Re(CN)s]“. 

(c) Hhenium 
There is an extensive cyanide chemistry of rhenium, particularly of the 

pentavalent state, and on the face of it, it seems that the subject has been well 
investigated. However, there is still some mystery surrounding the unsubsti- 
tuted cyan0 compiexes of -the hexavalent, pentavalent, tri- and di-valent states. 
The only such species fully established are [ Re(CN)s]* and [Re(CN)J *. 
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There is much chemistry of substituted rhenium cyanides, but again those of 
rhenium(IV), (III) and (II) are poorly characterised. 

~~e~~~~~V~~~ (da). Reports of some rhenium(VI1) cyan0 complexes 13241 
have been disproved [ 3253. 

Rhenium(W) (d’). [Re(CN)s12- salts (of [CO(NH,),]~’ and of Ph,As+) have 
been made by the oxidation of acid solutions of I Re(CN)B]“._ The purple te- 
traphenylarsonium salt has a magnetic moment of 2.0 B.M. at room tempera- 
tures, and [CO(NH~)~]~~R~(CN~~]~ has a C=-N stretch at 2090 cm-l in the infra- 
red 13251. Attempts to measure the electronic spectra failed but the positions 
of spin-forbidden bands in [ Re( CN),] 2- have been predicted [ 191. 

Rhenium(V) (d2). K3[Re(CN)S] was first claimed by Colton et, al. [324] to be 
be the product of reaction of Kz[ReIG] with potassium cyanide in methanol. 
Later work showed that the product was extensively hydroiysed but that this 
method of preparation gives the brown diamagnetic anhydrous salt if water is 
rigorously excluded [ 3251. Another method is to treat K,[ ReCg] with excess 
cyanide in aqueous solution: it is claimed that this gives a higher yield of pro- 
duct 13261. The infrared spectrum shows three strong bands in the GN 
stretching region (2140,210O and 2050 cm-‘! [325]. The electronic spectrum 
has been reported of the aqueous solution from 250-900 nm and assignments 
proposed flQ] . Basu and Basu have also reported the spectrum in solution 
for 340-700 nm and from the fine structure of one of the bands claim that 
an Re-C stretch lies at 581 and 362 cm- 1 [327]. It has been suggested that 
the structure in solution is fluxional [15]. The potassium salt can be oxidised 
by water and air to [ Re(CN)S]2-, hydrolysed to [ReO(CH)(CN).J2- or 
C Re%WWd “, or reduced to fRefCN),]*_ 

Ph.&[ Re(CN),] has been made as a brown material by fusion of K,[ReCl J 
with potassium cyanide and potassium thiocyanate and subsequent treatment 
of the reaction mixture with tetraphenylarsonium chloride. The moment is 
1.50 B.M. at room temperatures [328], The infrared spectrum of the salt was 
measured (YIN 2155 cm-” (Table 6)) [328] and also that of Cs[Re(CN)J 

e-r from 200-4000 cm {Table 6) [329] _ The electronic spectrum of the 
(Ph*As)+ salt was also recorded (3281. The preparation of a rhenium(V) com- 
plex by fusion of a rhenium(IV) complex with the reducing mixture of cya- 
nide and thiocyanate is certainly remarkable. 

K~[Re~~~CN)~] can be made as a yellow, crystalline material from K,- 
~ReN~CN)~]~~H20 and potassium cyanide in methanol. The infrared spec- 
trum of the complex was taken over the range 200-4000 cm-’ as well as the 
Raman spectrum (Table ‘7) [330]. The electronic absorption spectrum was 
also measured for the solid and the aqueous solution in excess cyanide, and 
was similar for both 13301. 

K2~~ReN(CN)~]~.~~H20 can be made as pink material by reduction of pot- 
assium perrhenate in potassium cyanide solution with hydrazine [325j or, 
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more simply, by treatment of ReNBrz(PPh& with potassium cyanide in me- 
thanol [330]. The X-ray crystal structure of the solid shows (Table 2) that 
Re(CN)4 groups are joined by asymmetric, linear nitride bridges [ 331) : 

Re 1.53N _2.y_ Re -N___Re-- 

I!? aqueous solution, however, the complex anion is probably trans- [ ReN- 
(CN)4H20]*-; the infrared spectrum of the solid (200-4000 cm-‘, Table 6) 
is quite different from that of the aqueous solution, and the electronic spec- 
tra of solid and aqueous solute differ also [ 330 f . The Ite%N stretch is seen 
[330] as a single sharp band at 1035 cm-’ in K,[ReN(CN)s] but as a broader 
doublet (965 and 945 cm-‘) in K,,CReN(CN),],,.nH20. 

IReN(CNMOH)13- may be present [330] in hydroxide solutions of [ ReN- 
(CN),H,O]“_ 

trans-K,[ ReOz(CN)J is one of the oldest established rhenium complexes 
and has received much structural study. It is a yellow, diamagnetic solid, 
made by reaction of cyanide ion with almost any trans-rhenium(V)-dioxo com- 
plex (e.g., with [ Re02ena] Cl [ 332 ] or with [ ReOflyJCl [ 3331. Other recom- 
mended methods are the treatment of K2[ ReClJ with cyanide in the presence 
of hydrogen peroxide I3343 or treatment of ReOC12(OEt)(PPh,), with potas- 
sium cyanide in methanol 13251. The old methodof reacting perrhenate and 
cyanide with hydrazine 13351 gives 13251 mainly K~~~ReN(CN)~]~.~H20. 

The old X-ray study 13363 of the complex used limited data and has been 
supercedzd by two recent studies of high accuracy, one by neutron diffrac- 
tion 13401 and the other by X-ray diffraction [337]. The bond parameters 
(Table 2) show that the Re-0 bond length of l.773(8) t! is significantly 
longer than the R-0 bond length in rhenium(V) compIexes where only one 
0x0 ligand is present (e.g., in [ReOBr4(H,0)]-); this is to be expected since 
the twc 0x0 iigands in truns- [ Re02(CN)J 3- compete for the two metal tlg or- 
bitals of which the one 0x0 ligand in [ReOBraHzO]- has virtually exclusive 
use [242,338]. The distance is shorter however than that in truns-[ MoIV02- 
(CN)*J+ (p. 218) due perhaps to r-bonding effects within the molybdenum 
complex or the higher external charge on the latter. It is interesting to note 
that, whereas one 0x0 ligand can be protonated in [ ReOz(CN),]3- to give 
[Re0(OH)(CN)4]2-, no such protonation occurs in the isoelectronic [OsOa 
(CN)J2-, due perhaps to the tighter Os=O bonding in the osmium(W) com- 
plE??C, 
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but Johnson has pointed out that it is in fact [ Re02(CN)J 3- both in the solid 
and in solution [340]. 

The exchange of labelled free cyanide with [ ReO,(CN),]* is very fact, and 
a seven coordinate intermediate was suggested 13321. Hydrolysis constants 
for the complex anion have been measured f333f but the validity of the data 
questioned [341] . Polarographic reduction of [ ReOz(CN)4] * in cyanide me- 
dia suggests that rhenium(I) and rhenium(-I) species may be formed [342]. 
The kinetics of the “0-[ReOz(CN is]* reaction have been studied [ 3411. 

K,[ReO(OH)(CN)a] is the purple product of protonation of [ Re02(CN)J3--. 
The easiest preparation is to treat KJReO,(CNj,] with acid ion-exchange re- 
sin and freeze-dry the product f341] : 

[Re0,(CN)J3- + H+ ‘“2 [ ReO(OH)(CN),]*- 

Z[ReO(OH)(CNjJ2- ““,” [ ResOs(CN)alk f Hz0 

Another method is treatment of K3[Re02(CN)J with hydrochloric acid 
followed by precipitation with a suitable large cation [ 3251. The infrared 
spectrum of (PhaAs)*[ ReO(OH)(CN),] has C=N stretches at 2190 and 2150 
cm-l with the Re=O stretch at 956 cm-l [325]. 

KJ Re203(CNj8 ] is a purple, diamagnetic product obtained by reaction of 
K3C Re02(CNjJ with hydrochloric acid [341,343]. The X-ray crystal struc- 
ture of fPt(NH3)4]2[Re20s(CNjs] has been determined (Table 2). There is a 
linear O=Re-CF-Re-0 unit (Re=O 1.698(7) 8, Re-O (bridge 1.915(l) a)); 
the eclipsed (D& configuration and Re-0 bridge bond length suggest that 
the bridging 0x0 ligand is partly n-bonded to the rhenium atoms 13431. The 
infrared spectrum has bands at 725 cm-’ assigned to the asymmetric R-O-- 
Re stretch and at 995 cm” 1 for the termind Re=O stretch [342]. The elec- 
tronic spectrum was also measured [341]. In Hi60 the terminai 0x0 Iigands 
of the “0-1abelled complex exchange much faster than does the bridgirlg oxy- 
gen atom [341]. 
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There nre a few other rather ill-defined rhenium(V) 0x0 cyan0 complexes: 
[ RcOQ(CN)$e J * (from the perrhenate-ferricyanide-stannoue chloride sys- 
tem); K(FcO(OH)(H~O)(CN)~] (pcN at 2140 cm-“) and Kz( ReO(OH)a(CN)3] 
fuCN at 2126 cmWi), from acidification of K~~ReO~(CN~,~J folio~ved by alkali 
treatment; the poiymers RQC&(CN)~ and Ii2~(~I~0)0(NC)31Ec--O-11Ee(CN)n- 
O(H@)] (VCN 2170 cm-l) were similarly mudo from K;l[RoO~(CN).J and 
hydrofluoric acid, KIReOI’(I-120)(CN),] (uCN 2130 cm-‘) and a polymer, 
K[ Re&&I?(H~O),(C!N),] wcLr@ obtained [ 3331. 

~~ien~it~n~~v~ Id”). It is u curious ~~r~urn~tan~e that [fEdVCtg~f” ia often 
used as a starting material for the preparation of rhenium cyano complexes 
(Fig. 4) but that no rhenium(W) cynno species arc fully established, The r’c- 
action8 claimed by various workers in Fig, 4 would undoubtedly repay investi, 
gation, 

“K.JRe02(CN)J” is formed as a grcyish solid when Kz[ReCIe] and potas- 
sium cyanide react in aqueous solution with excl~~sion of air. On treatment 
with potassium borohydride reduction to &(Re(CN)3(0H)3] and finally to 
Ka[ Ee(CN),J occurs [ 34G], The author very tentatively suggested a mixed 
valence state formulation for this [ 2421: 

E.’ GN),] 

(i,e., K6[Re20a(CN)s].4Hz0 - the observed magnetic moment of 1.26 B.M. 
pzr rhenium atom is consistent with this, and the infrared spectra supported 
it to some extent 12421). However the idea of an 0x0 ligand coordinated to 
rhenium(II1) is unlikely, The infrared (200-4000 cm-‘) [242,329] and 
Raman spectra [242] (ZOO-1000 cm-*) of the substance have been meas- 
ured. 

~~en~~rn~~~~~ (d3). The chemistry of the cyanide complexes of rhenium- 
(III) is badly in need of further investigation. 

K3[Re(CN),]. Two preparations have been reported, neither fully satisfac- 
tory. Reaction of rhenium trichloride with potassium cyanide leads, after a 
bowildering variety of colour changes, to an impure form of the complex, A 
purer form may be made by borohydride reduction of K3[Re(CN)8] followed 
by precipitation of the salt as [~o(NH3)~] [Re(CN))o]. The magnetic moment 
of the green complex is 2,6 B.M. at room temperatures [324]. Skolozdra et 
al. claim to have made K3[ Re(CN)J .3HzO by addition of Kz[ ReCla J to con- 
centrated potassium cyanide solution under nitrogen [348] ; the salt is green 
and belongs to the face-centered cubic system (a = 12.19 A). The infrared 
spectrum (700-2400 cm-‘) has strong bands at 1913 (VCN) and one at 907 
cm-l assigned to a rhenium-carbon stretch [348]. They claim that the KG- 
fRe(CN)J made by Clauss and Lissner [309] is identical with their “Ka[ Re- 
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(CN),],3H&Y’, Certainly the X-ray powder patterns of the two products are 
similar, and it appears that the infrared spectrum of their salt is the same as 
that of a product made by them using Clauss and Lissner’s method (reduction 
of K,[ RcCiG] wi~i~ potassium nmdgnm in potassi~lm cyanide) f 3241; How- 
ever, the spectrum of Ka[ Rc(CN),] a~ rcportcd by Schwochou et al. [ 3123 
has vC~ at 1932 cm” and no band at 907 cm-l. 

The potential of th? [Rc(CN)~]*/[ Re(CN)(I]‘4- cauplc is reported to be 
-0.72 V [344 J . 

N~z[R~(H~~)(~N)~I is satd to be formed when Naz( Re(H,O)(CN)J is oxi= 
disod by bromine. It is green, and gives Na2~I~.e(N~)(CN)~J when treated witlt 
nitric oxide (3451. The [ Rc(HaO)(CN)#-/[ Rc(H~O)(CN)~)~- couple is 
-0.636 V [ 344 ]. ‘The [ Rc( CN)~(MeCN),$ ion has baan vcportcd [346a 1, 

“A&[ Re(NO)(CN ),I*’ wus made as EL mauve diamagnetic mat&al by treat- 
ing Ks[Re(CN)s] with 2 N nitric acid. The NO stretching frequency was as- 
signed to a band at 1875 cm -*. The analyses [324] however did not discrim- 
inate betwean this formula and A~~~Re(~O)(CN)~] . 

Ks{ Rc(CN)~(OH)~] was made as a dark blue crystalline material by rsduc. 
tion of “Kq[RcOl(CN).r]” (p, 000) with potassium borohydride [345). 

(EtjN),[ Ra&!13(CN)0] and (Et,N),( Re3Cls(CN)s] were obtained as vi&t 
materials by reaction of rhenium trichlctride and tetraethylammonium cya- 
nide in dime~hylsulphoxide. The electronic spectra were measured [ 346]. 

Rhcnium(II) (cl”), Again, the complexes under this oxidation state are for 
the most part poorly charncterised, and further investigation would be highly 
desirable. 

K,[Re(CNj6].3Ha0 has beer; made [347] as a dark brown crystanine solid, 
fairly soluble in water, by refh_xing solutions of potassium cyanide and KO- 
[ Re(H,O)(CN),] . The crystals are triclinic [ 3491 and belong to either the P 
or PT space group with 2 = 2 [349]. The salt may be dehydrated over phos. 
phorous pentoxide [347]. The infrared spectrum of the silver salt has two 
bands in the CkN stretching region at 2082 and 2030 cm-‘; the magnetic mo- 
ment at 301 K is only 0.55 B.M. for the potassium salt, and this low value has 
been ascribed to a large spin-orbit coupling constant [349]. The [ Re(Ci\J)J%/ 
[Re(CN)6]6 potential is said to be -0.72 V 13441. The silver salt Ag4fRe- 
(CN),] can be methylated [360] to [Re(CNCH3]J2+, 

[ Re,(CN)s]‘- (as a mixed rhenium(IV)-rhenium(U) species) is, it is claim= 
ed, found when rhenium trichloride reacts with potassium cyanide [351]. 

K3[ Re(CN)s] is a hygroscopic brown solid [362], made by dehydration of 
&IWWV~CMJ. 

Na,[Re(HzO)(CN)s] has been made as a brown hygroscopic material by re- 
duction of sodium perrhenate by sodium amalgam in the presence of sodium 
cyanide, acetic acid added and air passed through the solution. A “free acid;’ 
was also made [352]. The compound is a useful source for the following so- 
dium salts, made by reaction with ligand X under appropriate conditions aa 
noted. 
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Na,[RenX(CN)61 (X = NH8 [355]; CNS (for the potassium salt the magnet- 
ic moment is 0.55 B.M. at room temperatures; &N is at 2100 and 2085 cm-‘) 
13491; SOB [ 3533 ; CO (blue; from CO at 140’ on the aquo complex [354] ). 
The [Re(H20)(CN)#-/jRe(HzO)(CN)sJ3- potential is -0.636 V 13441. 

Naa[Re(NO)(CN)s] is obtained by the action of nitric acid on NaB[Re- 
(H,O)(CN)s]; it is red, and undergoes reversible polarographic reduction to 
[Re(NO)(CN),]* (EIZ = -0.75 V vs. SCE) [354]. With alkali [353,3543 it 
gives salts of [ Re( NOp)(CN)&-. 

NasrReO(~N)~] is the improbable formula claimed for the reaction pro- 
duct of NaBIRe(HzO)(CN),] and sodium hydroxide. The salt is yellow 13553. 

Naz[Re(CN)4L] (L = phen, bipy, en) can be obtained from Nas[ Re(H20)- 
(CN)J and the ligand L. The electronic spectra were recorded from 200-- 
600 nm [355]. 

~~e~~~~~~~ f&f. K~~R~(CN~s] can be made by reduction of K+JReClsf 
with potassium cyanide by potassium amalgam [ 309] ; it is variously claimed 
as a trihydrate [ 3091 and as an anhydrous species [323,347]. The latter is 
the more likely since it is isomorphous with K6[Mn(CN)s] and K6[Tc(CN)J; 
it has a face-centered cubic lattice (a = 12.05 a) [309,323]. It may also be 
made by reduction of *‘K4[ReOZ(CN)4]” with potassium borohydride [ 3451. 
The salt is colourless and quite soluble in water, and is diamagnetic, The infra- 
red and Raman spectra of the solid have been measured (Tabie 6) (40-4000 
cm-‘) and fundamental modes assigned; force constants were calculated on the 
basis of a generalised valence force field and compared with those for the cor- 
responding manganese and technetium salts (see p. 189) [3t2). The electron- 
ic spectrum was measured over the range 300-1000 nm [323], 

Na~~Re(NO~(CN)~] has been claimed. It was made by peeing nitric oxide 
over Na3( Re( H20)(CN)B] at 130” (3641. The possibility that “Aga[ Re( NO)- 
(CN),]” should be formulated as Aga[Re(NO)(CN)a) has already been mcn- 
tionod (see p. 23?) [324], 

cb.Ka[Re(CN)4(CO)l] can be obtained from potassium cyanide and Rc- 
(CO)~(PPh~(CH~)*PPh~)~. It is coiourIess. The infr~ed spectrum (Table ‘7) was 
compared with that for the isoelectronic (W(CN),(CO)tl]4- and force con- 
stants calculated; the cis (CzV) structure was deduced from the spectrum [356]. 

Nas[Re(CN)aphen).H& and H[ Re(CN)pbipy,] were made by reduction of 
[ ReOa(CN)JSs- with sodium amalgam in the presence of phen or bipy [342 1, 

~~c-K~[R~(C!N)~(CO)~] is obtained by the action of sthanoiic potassium 
cyanide on Re(CO)&l at high pressure, The C~~structure was indicated by the 
infrared spectrum (200-4000 cm-‘) (Table 7) [366]. 

K[ Re(CN)z(CO)4]. This colourless complex 13681 has been obtained by 
the action. of methanolic potassium cyanide on Re(CO)&l. 

K[Re(CN)2(CO)3(NH3)] and Re(CN)(C0j3(NH& can be made from potas- 
sium cyanide in liquid ammonia on Re(CO)&l at.high pressures at 12Q9, In- 
frared spectra of the former complex showed VoN at 2011 cm-’ with &R*cz_N 
at 480 and 469 cm’-‘; for the latter at 2120 and 466 cm-’ [356], 
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Rhenium(Oj (cl’). Colton 13591 has pointed out that the analyses of the 
“K,[Re(CN) s-j” obtained by borohydride reduction of “K4[Re02(CN)r~]” 
[345] are closer to &[Re(CN),I than to K5[ Re(CN),] . He suggests [ 3591 that 
the compound could be a hydride, K6fReH(CN)Gf. 
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