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The comple.\-Ed [CO(NH,),NCS]*’ 11nd [Co(CN), 

SCN] ‘- hwe freyuentlv been cited US clooic e.~~ample.s 
of symbiotic bonding &I terms of the Htrrd/Soft Acid/ 
Base Princip!e. The rexrlrs of infmred md electronic 
spectral .studie.r in our Inhorrrtory hnr*e r~e~w~led thut 
this cornprrr-i.son is rrppropritrte onI>, in protic .t olvent.c, 
for the [Co(CN),SCN]‘-. comple.~- isomer-ize.5 to it, 
N-horlded isomer in CHLCI,, (awne, and nitroben- 
zene. In D MF, (111 equilihrirtm is twrrhli.shed involr,ing 
the N-bonded isomer and (I .specie.s resultiq from the 
dissocirctiorl of the SCW group. Di.ssocitrtiorl is eww 
tirrlly complete irl CH ,CN crud DMSO. S-bonding 
prevrrils in the protic, .toll,ent etliylene glycol, emphrrsiz- 
ing the importctnce of H-bonding in .stubili;ing the S- 
bonded ihomer. We hrrrje clccceeded in preprrring the 
corresponding [C‘o(CN) ,SeCN]‘- comple.\ via m 
irlrw-spher-e redo.1 reactiorl het~~eerl [Co(NH,), 
NC&]‘+ and [Co(CN),]‘~ NII~ ,firld thut it fhllou,\ the 
.snrne bonding puttern (IS a function of .tolvenr as its 
thiocyrrnrrte mrrlog. Infrrrwd drttrc indicrrte that the [Co 
(CN) ,XCN] ‘- comp1e.w.c it omerize I,in (I di.ss ocirrril,e 
mechcrnbm, po.ssibly involl,ing the formation of un ion 
prrir, in CH,CI,, trcetone, nitrohenzene, trod DMF, 
the thiocymate complex isonwrizirlg trt a frrsrer rrrte. 
The rates of dissocirction o,f the four [Co(CN) ,CIVX]‘~ 
linknge i.5omer.t in CH,CN rrnd DMSO ~w_y irl the 
order.: Co-SCN > Co-SeCN > C+NCS - Co-NC.%. 
The .size of the counterccrtion cm determine the hond- 
ing mode rrdopted by the complex-e.5 in the solid .st(rte. 
S-bonding prevrti1.s when K+, C., ‘, trnd CH,NH,3’ rrre 
present, o mixture (25% N-bonded) i.s obtrrined with 
(CH,),NH,+ rind (CHJ,N+, like the previously re- 
ported (n-CaNJaN+, yields onI)> the N-bonded i.somer. 

Introduction 

The [CO(CN),]~ moiety has proved to be an ex- 

ceedingly valuable probe for studies concerning the 
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nature of metal-ligand bonding. especially those in- 

volving the ambidentate thioc\:rnate and selcnoc>anate 

ion\*. Some of the most significant results include a 

classic example’ of inorganic sqmbiosis2, [Co(CN), 

SCN]‘- L’ewl.s [Co(~ti,),KCS]‘+, the dkovery’ of 

countercation bonding mode control, K,3[Co(CN), 

SCN] ~‘e~‘.ws [(n-C,H,),N],(Co(CN),NCS]. and one 

of the e;lrliest ewmplcs’ of solvent bonding mode 

control”. [CO( CN),SCN13- (aq) ver.sus [Co( CN), 

NCS]‘- (CH,CI,). The n;tture of the bonding inter- 

action\ between the metal and the thiocqanate and 

\elenoc!an:rte ions has been convincingly interpreted 

by Ciuttel-m;ln and GI-;I!” on t.he haG of electronic ;tb- 

wrption spectral \tudiex. However. several points of 

Awe h:ne remained unresolved. among them being 

the ambiguity wt-t-ounding the sq.nthesis”,6 of the Se- 

bonded iwmer. K,[Co(CI\;),SeCN], and the nature 

and extent of the effect\ of b,olvent\ and countercations 

on the bonding modes adopted by the thiocyanate and 

92lenocyanate group\ in the [Co( CIV),CNX]3P 

complexes in. respectively. solution and in the solid 

state. Thi\ papel- describes the results of our attempts 

to rexol\~e these ksues. which hwe led to the discovery 

of ;I LCI-y important limitation on the concept of sym- 

biotic bonding in coot-dination complex\. 

Experimental 

Preptrtxtion of Complexes 
The syntheses described in detail in this section in- 

volve the following Ireaction sheme. with suitable 

vxiation\: 

* Throughout this paper. the archaic symbolism CNX will be 

wed to specify the presence of the thiocyanate or seleno- 

cyanate ions without regard to their bonding modes. The 

formulas MNCX. MXCN, MXCNM, and MFM will be used 

N 

to indicate, respectively, N-bonding, S- (or Se-) bonding, 

triatomic bridging and monatomic bridging via the S (or Se) 

atom. 



[Co(NH,),NCX]‘- + [Co(C‘N),13- 

\ 
[Hg(SeCN),]‘- + [C:,(CN),]‘- 

Co(!WYk),Hg 

Co( II). CIi- 1 Hz0 

[(‘0((:‘N)5XCN]i-c;,q) 

I 

K,[Co(CN),XCN],,, 

ion-exchange 
1 

.?H+ + [ Co(CN),XCN]G 

1 [( n-C,H,),N]OH 

[(n-(‘,H,),N],[Co(CN),XC~],,, 

J, time 

I(n-C,t~,),N],[Co(C‘N),NCX],,, 

(1) 

The following compound\ \xere pi-epared I>! methods 

given in the liter-aturc: [Co(NH,),NCS]SO,~ 7H207. 

K,[Co(CN),SCN]‘. [(n-C,}~,),~],[(‘o((‘N)sNCS]‘, 

K2[t3g(SeC‘k’),]n. Co(NCSe),HgR_ [(n-C,H,),N],[(‘o 

(CN),NCSe]“. K,[Co(C‘N),N;]“. and K,[(‘o(C‘h’), 

NCO] I”. 

[(“-C‘,lf,),h’],[~‘o(C,L’),XC‘IL’] (X = s. SC) 

Three-tenth\ ot ;I g~-;~m of K,[CO(CN)~X(‘N]. di\- 

wl\~ed in IO ml of H20. \\;I\ p;t\\cd o~ci- ;I cation- 

exchange column (Do~cs iO-SX). The acid elucnt 

\\:I\ titrated to pH 7 \\ith a meth;lnolic solution ot 

[(n-C,H,),N]OH. The aqueou\ wlution \\:I\ atract- 

ed with two 40 ml portion\ of dictilorometh~~ne. Exce\\ 

anh!dro~is dicth! I ether \\;I\ immediatel! added to the 

dichlol-omethane wlution to pl-ccipitate the product. 

Thi\ LV;I\ quickI> iwlated II> filtl-ation. v,ashed with 

anh!dl-ous dioth\ I ether and dried irk \‘u(‘I~o for I5 min. 

Solvent \tudie\ \\crc initiated in IL‘\\ than tv.o hr before 

appreciatlle solid stab2 iwmcri/ation could take place. 

[C‘~(,~H,),][(‘O(C‘N)~XC~;] (X = S, SC,) 
[(‘o(h‘fl,)&I, (2.67 g) ~1 a\ dis\ol\ cd in i 00 ml 

of 13,O and to thk W;I\ added 1.9 1 g ot’ Glwr acetate. 

After stirring for 0.5 hl-. the rewlting \il\ cr chlol-idc wa\ 

remo\cd I>> filtration. The volume of the liltratc \\\;I\ 

l-educed almost to dynes\ 11) boiling under reduced 

presure. The r-esidue \\a\ ~redkwl\cd in 250 ml of 

methanol and filtered. The volume of the filtrate wa\ 

rcduccd to ahout 50 ml :~nd the first crystal crop ot 

product ([Co(~t~,),](C‘lI,COI),) VG;I\ recovc~-cd. 

Further reduction of volume to 25 ml yielded ;I second 

crop. The combined product w;t\ washed \vith isopropyl 

alcohol. followed 171 anh!drow dieth!,l ether and dried 

irk I’NUU. A portion of the product (0.163 g) \\;I\ then 

dkwlved in 30 ml of methanol and IO ml of H,O. 

One-half gi-am of K,[Co(CN),SC&] UI- 0.5hlg of 

K,[Co(CN),SeCN] WI\ diswlved in IO ml of H,O 

and pa\wd (wet- ;I cation-exchange column (Dowex 

50-8X). When the two wlution\ were mixed together, 

the product precipitated immediately. Thi\ u’a\ iwlated 

hq filtration, washed with methanol and then anh!drou\ 

diethyl ether and dried irr VU-UO. 

Tetra-n-hut! Iammonium isothioc!,anatspent~lc~~iii(~- 

cohaltate(ll1) (0.975 g) W;I\ diswl\,ed in 25 ml of 

methanol. To this solution u’;I\ added 0.?.?8 g of [Co 

(NH_3),](CH,C02).3 dkwlved in 25 ml of H,O. The 

product W;I\ precipitated h) the addition of 75 ml of 

methanol. The product WI\ iwlated bv filtration. 

washed uith methanol and then anh)dl’ow diethll 

ether. and dried ilz VMYW. 

Q ,[ColCN)JCN] (X = S, Se) 

One-half gl-am of K,[Co(Cli),SCN] OI- 0.564 g of 

K,[Co(CN),SeCN] u’a\ dissolved in IO ml of Hz0 

and pawzd wet- ;I cation-exchange column (Dowex 

50-Xx). Cesium iodide ( I IO g) \\‘a\ added to the 

acid and the volume of the solution U;I\ reduced under- 

;I \ acuum until near dr!nes\. To thi\ WI\ added 100 ml 

of ethanol to precipitate the product. This u’a isolated 

I>\ filti-ation, \\ahed uith ethanol and air dried. The 

5 callow complex W;I\ rcdi\wlvcd in 20 ml of H,O and 

filtered into 200 ml of ethanol. The pwduct was ix>- 

lated hy filtl-ation. washed with ethanol followed h! 

anhqdrouh dicthyl ether. and dried irl I’UCLIO. 

c‘\ ,[c~o,c’,v),NCs] 

-fct~a-n-but!lammonium i4othiocqanatopent~ic~~ln~- 

col~alt,~tc(lll) (0.975 g) \\;I\ dkolved in IS ml of 

metlianol and p;i\\ed OLCI ;I catinn-e\ch~inge column 

(Dowe\ 50-8X). The acid u’;I\ titrated with aqueous 

CsOH to pH 7. The volume \+:;I\ reduced under ;I 

\‘;icuum to - IO ml. The I-cmaining solution \\a> filter- 

ed into 200 ml of ethxlol to precipitate the product 

and kept at 0” C wernipht. The cornpIe\ W;I\ iwlated 

131 tiltration. washed with ethanol and then anhydrous 

d;cth\l ether and dl-ied iv \~~crw. 

/VCX] (X = S. SP), atd [(CH,),NH],[Co(CN),SCN] 
One-half gram of K,[Co(CN),XCI\;] M;IS dksolved 

in IO ml of HZ0 and passed over ;I cation-exchange 

column (Dowes SO-XX). The acid was titrated with 

[(<‘H,),k]OH OI- aqueous (C‘I13).,N to pH 7. Ace- 

tone (350 ml) LV;I\ added to precipitate the pr-oduct. 

uhich W;I\ iwlated bq filtration. sashed with ethanol 

and then anhbdrous diethll ether. and air dried. The 

product U;I\ Irect-!~t;lllized from meth~~nol,ethanol. The 

[(CH,),N]+ salts thus isolated undergo an X - N- 

bonded iwmeriration in the solid state. 

[(CH,),NH],[Co(CN),NCS] 
Sodium perchlorate (0.3617 g) was dissolved in 15 ml 

of H,O. To thk wlution L\;IS added 0.975 g of [(n- 

C,H,),l\i],[Co(CN),NCS] and the resulting [(n- 

C,H,),N]CI04 removed h> filtration. The yellow fil- 
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trate was passed over a cation-exchange column 
(Dowex 50-8X). The acid eluent was titrated to pH 7 

with a methanolic solution of (CH,),N and taken to 

dyne\\ under a vacuum. The product WI\ dissolved 

in 25 ml of methanol and precipitated by the addition 

of SO ml of anhydrou\ dicthyl ether. The pale yellow 

solid was filtered out, washed with anhydrous diethyl 
ether and dt-ied in VUICUO. 

One gram of K,[Co(CN),SCN] was dissolved in 

IO ml of H,O and passed over ;I cation-exchange 

column (Dowex 50-8X). The solution was titrated to 

pH 7 with an ethanolic solution of dimethylamine ot 

meth>lamine. It WI\ then taken to dryness under ;I 

vacuum. The resulting solid \\a dissolved in SO ml of 

methanol and the product \\;I\ precipitated by the ad- 

dition of 100 ml of anhydrous diethyl ether, isolated 
hv filtration. \va\hed with anhydrous dicthyl ether and 
di-ied j/z I*U~CIIO. 

[(CH,)2NH,],[Co(CN),h'CS] 
Thi\ complex LV;IS pl-epared hy the same method ;I\ 

[(CH,),NH,],[Co(CN),SCh‘] using [(n-C,H,),N], 
[CO(CN)~NCS] instead of K,[Co(C~),SCN]. 

[CH,NH,],[Co(CN),&CS] 
A \alution cont:iining 0.075 g of [(II-C,H,),N],[Co 

(CN),NCS] in IO nil of Hz0 W;I\ passed o\er ;I cation- 

achange column (Dowex 50-X><). The acid wa ti- 
trated to pH 7 with ac~~~eous meth!laminc. The volume 

wa\ reduced to dr\nes~ The taulting solid wa\ di\- 

solved in 25 ml ofSmcthanol containing 3 ml of HzO. 

After filtering the solution. 200 ml of ethanol followed 

hy 500 ml of anhy~rou\ diethll cthcr w;t\ added to 

precipitate the product. The cornpIe\ was isolated I>! 

filtration. washed with anh!,drous dicthhl ether and 
dried in IYICUO. 

The method of Duff! and Koscl” M’;I\ uvzd. cxccpt 

that [Co(NH,),N0,](C10,)2 and [Co(NH,)50P(OC, 

H,),I(ClO,),” were used instead of [Co(NH,),OH,] 

(CIO,),. There wa also no need for the molecular 
sieves. The [Co(NH,),N0,](CI0,)2 was prepared lq 

adding excc\\ NaCIO, ,md 100 ml of 72% pcrchloric 
acid to one liter of ;I solution containing 5.0 g of [Co 

(NH,),N03](N03)2’3. After- cooling the mixture to 

0’ C. the product WI\ isolated by filtration. wjashed 
with ethanol and anhydrous diethyl ether and ail- dried. 

[Co(NH,),NCSe](C10zJ2 
Crude [Co(NH,),NCSe]Br, wa\ dissolved in ;I mini- 

mum amount of IO-‘M HBI-. After filtering the WIU- 

tion. exce\\ solid &aCIO, W;I\ added and the solution 
wa\ placed in ;I refrigerator overnight. The orange 

product W;I\ isolated by filtration, washed with methanol 
and then anhydt-ous diethyl ether, and air dried. 

K,[Co(CN),SeCN] 
A modification of the method of Burmeister and 

AI-Janabi” was used. Co(NCSe),Hg (20.38 g) WI\ 

hlurricd in a mixture of 20 ml of H,O and 10 ml of 

ethanol. The color changed immediately upon the ad- 
dition of 9.77 g of KCN. A black solid. thought to be 
Hg,(SeCN),. &;I\ removed by filtration. The filtrate 
was passed directly into 750 ml of ethanol. The volume 
W;I\ incl-eased to 500 ml with ethanol to precipitate 
more of the brown product. After stirring fol- 3 hours, 
the complex was isolated by filtration. washed with 
ethanol followed b\ anhydrous diethyl ether and dried 
iri b30c140. 

The inner sphere redo\ reaction was carried out in 
deos!genated water under- 21 blanket of nitrogen. One- 
half gram of (Co(NH,),NCSe]Br, was slul-ried in 
I5 ml of H,O. A catalytic amount of CO(CH,~CO,),. 

3 H,O U;I\ added. followed by 0.400 g of KCN. The 
reaction wa complete in less than one min. The in- 
soluble\ were removed by filtt-ation and the filtrate 
was allowed to pas\ directly into 700 ml of ethanol to 
precipitate the brown product. This was isolated by 
filtl-ation, washed with ethanol and dried in VNCUO. The 
product WI\ converted to the [(n-C,H,),N]+ salt 21s 

described I~! Gutterman and Gray’. 

The lieId\ and analyses for the complexes prepared 
are given in Table I. Microanalyse\ were performed by 
the Alfred Rernhardt Microanalytical Laboratory. 
Elbach-iiber-Engcl\kirchen. West Germany. M-H-W 
Laboratories, Garden City, Michigan and Micro-Ana- 
I!,\is. Inc.. Wilmington. Delavat-e. 

Physiuil Mws~4semen ts 

Solid \tatc infrared spectra w’ere recorded as Nujol 
mulls on a Perkin-Elmer 337 \pectrophotometer using 
KRr plats. A Perhin-Elmer IX0 spectl-opEotomete1 
was used for high resolution solid state Nujol mull and 
solution infrared \pectt-a in the vCN region and in the 
far infral-ed to 180 cm-‘. When the solvent used was 

either dichloromethane or benzene, matched 1.00 mm 
NaCI solution cells were used. For all other solvents, 
matched 0.5 mm polyethylene cells were used. These 
are transparent in the regions, 7 170-1030 cm-’ and 
570-180 cm-‘. in which they were used. They were 
used to t-emove the possibility of chloride, from NaCI 
windows. substituting for thiocyanate’4. The cells were 
constructed from 0.077 inch thick sheets of polqethyl- 
ene. purchased from Barnes Engineering Co., Stam- 
ford, Connecticut. cut to fit Pet-kin-Elmer sealed liquid 
absorption cell mounts. The windows were separated 



K,[Co(CN)$CN] 

[(n-C,H,),N],[Co(CN),)NCS] 

[Co(NH,),][Co(CN),SCN] 

~Co(NH,),,][Co(CN),N(‘S] 
C\,[CO((‘N),SCN] 

[C‘o(NH,),NCSc]((‘lO,)Z 

K,[Co(CN)5ScCN] 

[(n-C,H,),N],[Co(C‘N).~SeC‘N] 

[(n-C,H,),N],[Co(CN)~NCS~] 
[((‘H,),N],[Co((‘N)jSe(‘N] 

C\,[Co(CN),SeCN] 

[Co(NH,),][C‘o((‘N),Se<‘N] 
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(2Y.M) 
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(.:2.M) 
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20 7i 

(X.7.3) 
10.50 

(I0.h I )” 

(~0.70) 

IS.78 

( I S.SO) 

20.33 

(20.45) 

I?..34 

( 12,.X,) 

23.1 I 

(3.Y7) 

17.1.3 

( I2.3.?) 
q- 
., .3 .5 i 

(i5.55) 

0.05 .?.2Y 
(h.4.~) (.3. I I )” 
2x.5 I 7.85 

(X.X7) (X.0.3)” 

12.55 h H 3 
( I2.Q) (7.01);’ 

I .3.7s 7.50 
( I i.XS) (7.0(,)“ 

I .i .2 Y x.i2 
( I5.3S) (X.21)” 

14.17 
( I -I.‘)())” 
( I-I.(W)’ 

5.77 7.73 

(h.l.3) (7.63)” 

I I.41 15.1’) 

( I 1.34) (15.85)” 

“ I31 diftel-ewe. ” Prepared from [Co(N~-1,),NO,](CIO~)~. ’ Prepared fl-om [CO(NH,),OP(OC,H,),](C~O,), 
” Not dztermmcd. 

with 0.5 mm lead qxxet-\. Since the cell \+;I\ w thin. 

three Ill6 inch thick aluminium spacet~ were made 

and placed helow the cell to allow it to be held in the 

mount. A set wa matched hy the addition ot 0.015 

and 0.015 mm \p;xcr\ to the thinnest cell until the 

1x1~ line WI\ ;I\ flat as possible in the vC-N stretching 

region when DMF U;I\ used ;I\ the wlvent. The cell\ 

leaked hadlq in the IK heam with wlvent\ having low 

boiling point\. Since \pectr:r in the far inft-wed r-egion 

took longer to razor-d than those in the vC-N stretching 

region, dihromomcthane (h. p. 97’C) was the solvent 

wed for solution spectra trecor-ded in thi\ tregion. C\I 

plate\ were used when Nujol mull spectra were record- 

cd in the t'al- infrar-ed region. All of the aprotic solvents 

cxcpt DMF and DMSO wet-e distilled. nitrohenrene 

being distilled abet- P,O,. prior to use. All wlvents 

expect dichloromethnnc were stored weI- l.inde 3A 

molecular sieve\. Electronic uhsorption spectra wel-e 

~recorded on ;I Cal-\ I4 ~pectr-ophotometel- using 

matched I cm quaI-tz &Is. 

Results and Discussion 

Synthesis of (Co(CN),SeCN]‘- 
Burmeistet and AI-Jan:thi’\ initial syntheG\” of 

K,[Co(CN),CNSe] utilized the follo\\ing reaction: 
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[t-lg(SeCN),]2p + [Co(CN),]‘-+ [Co(CN)JNSe]‘- 

+ ‘/2 Hg,(SeCN), + 2SeCN- (2) 

[Co(NH,),NCSe]2+ + [Co(CN),]'- + 6H20 + 

[Co(CN),SeCN]‘P + [Co(OH2),]” + SNH1 (3) 

The selenoc~anatc group was assigned” an N-bonded 
mode in the K,[Co(CN),CNSe] product, based on the 
observation of ;I weak absorption band in the infrared 
spectl-urn of the complex at 603 cm-‘. which W;I\ 
thought to be the VCSC band. Although the formation 
of K,[Co(CN),NCSe] was e;14ly Irationalized on 
kinetic ground\ (the reaction W;I\ expected to proceed 
vitr the formation of an [(NCSe),Hg-SeCN-Co 
(CN),]j- bridged complex). the apparent stability of 
the N-bonded Lomet- W;I\ totally unexpected. given 
the known’ htahilit> of the corresponding S-bonded 
K,[Co(CN),SC%‘] complex. 

Gutterman and Gra>’ trepeated the \ynthe\i\ of the 
K,[Co(CN),CNSe] complex and alw converted it to 

the [(n-C,H,),N]+ salt. They did not observe the 
664 cm-’ peak in the infrared spectrum of the K’ 
\alt; furthermol-e. ;I\ in the C;ISZ’.~ of thiocyanate in 
the [Co(CN),CNS]‘- complc\. the \elenocyanate’s 
bonding mode in the [Co(CN),Ch’Se]‘- cornpIe\ WIT 

dependent upon which counterion LV;~\ employed. The 
results of electronic spectral studies5 (\,ce Table II) 

indicated that the K’ \alt contained ;I significant 
amount of the Se-bonded isomer, nherea\ the [(n- 
C,IH,),N]’ salt W;I\ completely N-bonded. 

Remote attack by the [Co(CN),]‘- to form an [(H,N), 
Co-NCSe-Co(CN),]- bridged complex would cer- 
tainly be expected to predominate. yielding an Se- 
bonded [Co(CN),SeCN]‘- product comple\. It should 
be noted that the spectra of the filtered solution of 
the product prior- to isolation and that of the redis- 
solved potassium 4;11t Lifter isolation weI-e found to be 
the \ame. within experimental error. Furthermore. the 
encrgie\ of the lowat energy d-d transitions (see 
Table II) for the variou\ linkage isomers follou the 
generally accepted spectrochemical szrie\ for thae 
ligands: -NCSe- (3X.OkK) p -NC‘S_ (77.6kK) > 
-SCN- (20.4kK) > -SeCN- (2.3.3kK). 

The complex K,[Co(CN),SeCN] wah alw prepared. 
in the present ztudq. bq employing a vat-iation of rex- 
tion (2) wher-ein both the H&II) and the Co(I1) 
were incorporated in the ame complex: 

Co(NCSe),Hg + 5 KCN + K,[Co(CN),SeCN] 
+ 1 KSeCN + ‘/2 Hg,( SeCN), (4) 

The electronic spectral data (see Table II) for the 
product ix~lated from thi\ reaction are virtually identi- 
cal to the data obtained for the product of reaction (3). 

The complex K,[Co(CI\;),SCN] wax initiall) pre- 
pared’ by an inner--sphere redos reaction between 
[Co(NH,),NCS]‘+ and [Co(CN),]‘-. The synthesis of 
[Co(NH,),Nr‘Se]Bt-2 b) Duff! and Koseli’ enabled 
u\ to u\e an analogous rL’action to prepare an isomeri- 
cal1y pul-e sample of [Co(CN),SeCN]‘- for the first 
time: 

At first glance. the present,: of two absorption bands 
(at 429 and .363 nm) which could be attributed to 
d-d transition5 in the electronic spectra of the prod- 
ucts of reactions (3) and (4) would seem to indicate 
that the! contain \ome of the N-bonded isomer, since 
it5 &l-d transition at .35X nm is very similar in energy 
!o the 363 nm band. However. while only one d-d 
transition (at .37X nm) i\ listed for the corresponding 

TABLE II. Electronic Abwrption Spectr-:I of Complexes. 

Complex 

K,[Co(CN),SCN]” 

[(n-C,H,),N],(Co(CN),NCS]’ 

K,[Co(CN),CNSe]“.’ 

K,[Co(CN),ScCN]“,’ 

K,[Co(Cti),SeCN]“” 

i.,;,,(nm) 

37Xh 
? 6 5” _ . 
.3 6 3 ” 
76i” _ . 
320 ahi’ 

362 sh” 
774h 
420 sh’ 

361 \h’ 
273’ 
32’) \h’ 
363 sh’ 
274’ 

[(n-C,H,),N],[Co(CN),NCSe]’ .3SXh 
2J4h 

Assignment 

lYlh 
17,100h 

5ov 
2.3-W 

130’ 

306” 
17,X00* 

171’ 
295’ 

7 1.300’ 
119’ 
29oj 

2 I .7ow 
4X4h 

h.XW 

d 

d 

” Aqueous solution. h Data taken from ref. 5. ’ IA, -‘E (‘A2’?) (d-d transition). d 4e+.ia, (charge-transfer). 

’ 5 : 5 : 2 ethyl ether : isopentane : ethanol solution. f Prepared from reaction between [Hg(SeCN),]‘- and [CO(CN),]~-. 
g D. F. Gutterman and H. B. Gray, private communication. h Not assigned. i Prepared from reaction between 

[Co(NH,),NCSe]” and [Co(CN),]“-. j This work. * Prepared from reaction between Co(NCSe),Hg and CN-. 



stretching region of thk complex. (the potaGum silt 

in DMSO xxi the tkhl) iwl:~tecl [(n-C,H,),N]* 
ult in dichloromethane. nitrohewcne and xcctonitl-ilt’) 

all \hou no e~idcnce of an abwrption in the I-anp 

113-I-2 1.X cm-’ (see Figure I). Solution infrawd 
\pectra of the [(n-C‘,H,),N]' wit after the Se - rK 

iwmeriration ha\ occurred. howoel-. \hov ;I \tl-ong 

absorption in the 2 I.?&1 1 iS cmr’ Iregion (xe Fig- 
ure 2). If the Iwlated pota\Gum wit cant;iincd an 
;lppreci:rhle amount of the N-bonded iwmer. thi\ 
would certainly \hw up in the ini’l-ad. Since it does 
not, it i\ concludcci :hat the idated pot;l\\ium salt 

from both waction\ (3) ;~nd (1). wing [Co(NH,), 
hCsc]‘+ and Hg( II) a the oxidantx. yield\ the pure 

Sc-honded iwmcl.. The infr-ared \pcctra of both [Co 

(C‘N),C‘NX]‘- (X = S. Se) completes will he di5- 
cu\vxl iii greatci’ detail in the follo\x ing vxtion. 

2138 

Ionic 
sax- 

2108 

2340 2100 2060 2140 2100 
, I‘ 1.11 I I# I. I I I B 4 

Frequency (cm-l) Frequency (cm-l) 

Fi,gut-c 1. Inltlal Infrared Spectrum of [CO(CN),SKN]‘~ 
( I Om* M) in DMSO. 

Figure 2. Initial lnfl-ared Spectrum of [Co(CN),NCSe]'- 

(ICT’M) in DMSO. 

2138 2118 
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nant formation of the Se-bonded isomer in reaction 

(2) can no& be understood ;I\ the result of favored 

rr~jrrcent attack on the selenium atom, leading to the 

formation of the hl-idped cornpIe\ [(NCSe),Hg-Se- 
C 

N 

COG]“-. In support of thi\ hypothesis. recent 

studiw’” have shown that the reaction of [Co(NH,), 

SCNL‘lZ’ with [Co(CN),]‘~ proceeds virr adjxent 

attack on Afur. and that the rate i\ conGderably fa\tel 

than the t-ate of the reaction bet\veen [Co(NH,), 

NCS]‘+ and [Co(CN),]‘-. u hich necc’\sitate\ remote 

attack on the wlfur. In both case\. [CO(CN),SCN]‘~ 

is the sole product formed. The mechanism of Ireaction 

(1) remain\ ;I \uhject of conjt’cturc. 

tion into dichloi.omethane. The> alw noted that the 

equilibrium isomer mixture in xjueous wlution cw- 

tain> 70% of the S-bonded iwmer and .TOV of the N- 

bonded ihomer. Since there is ;I wlvent dependence 

of the bonding mode of the thiocqanate. it \\;I\ highly 

desirable to investigate both ot the [Co(CN),CNX]’ 

(X = S. Se) hy\fcrn\ in ;I number of wl\enr\ of Larying 

dielectric constant in order to determine the extent 

and direction of this wlvent effect’.“. InitialI!. hased 

on the two data points, available. it appeared that the 

[Co( C‘N),CNS]‘- yxcie\ wa\ exhibiting the wne 

\enGtivit\ to the dielectric constant of the s,ol\,ent ;I\ 

that obs~rwd I>! 13ui-mei\tei-. ef (11.~ for palladium(I1) 

and platinum( II) thiockanate complexe\. i.c.. an in- 

ci-ew2d ten&xc! for S-hondins to occur in 5011 ent\ of 

higher dielectric constant. 

The infrared igc‘h‘ \trctching Iregion (??OO-2000 
cm-‘) lieId\ complctcl! different \pecti-a for each of 

the ~OLII- linkage iwmer\. Figul-e\ I and 2 \how the 

infrared spectra in DMSO in thi\ region for the linkage 

isomers ot [C‘O(CN),C‘NS~]‘~ and Fiyi-e\ 3 and 4 

2113 

2140 2100 2060 

Frequency (cm -1) 

Figure 3. Initial Infrared Spectrum of [Co(CN),SCN]~ Figure 1. Initial Infrared Spectrum of [CO(CN)~NCS]~ 

( IOm2M) in DMSO. (I(T’M) in DMSO. 

2150 2100 I t I I, I I1 I1 
Frequency (CIII-~) 



It i\ po\~ihle to niahc trelati\ cl! ct‘t-tain ;t\Ggtirnent\ 

of rhc ICN stretching hand\. ‘I‘hcot-eticall!. ~1 hen the 

\>mmctr! of the [Co(CN),X]‘~ ion i\ (‘4, (v.,q., u hen 

the pseudohalide I\ N-hontled). thet-c 4lottIcI he fi\c 

ifCN \tt.ctche\. including that of the pwttd~~hitlide. f3ut 

\vhen the s\‘tnmctr\ i\ C, (L+hcn the pwudohalide i\ 

S or Se-lx~nded. Iitid hence. in\ol\.c\ ;I non-litieat 

Co-X linkage). the nunitwr inct-eawr to \i\. f\ctuall!. 

\ 

i 

Nitrohenxne 

Acetone 

Acctonitrile 

DMF 

Furfut-al 

DMSO 

Eth\lene Cilvcol 

Formamide 

TABLE IV. Initial ICN (cm-‘) 13;1nd\ of Pure Iromcr\ of 

[Co(CN),CNSeJG in Solution.” 

Sol\cllt Se-R0l1dLzd 
lwmet 

iw30t~id 
1\omet 

Dichlot-omeihane 

Nttrolxnzene 

Acetone 

Acetonitrile 

DMF 

DrblSO 

Eth) lcnc <ilyl 

Fotm;imide 

2 I17 mu 

2 IOX \\ 

711X sh 

2107 \ 

7121 m 

71(lY m 

21 I7 tllH 
7 IO’, \\ 

_ 

7108 \ 

1112-l \ 
2117\ 

TABLE V. A\Ggnments of Intt-ared Ahwrption Maxima of 

IO-’ M Dichlot-omethane Solution\ of [Co(CN),X]‘- Bet- 

HCC‘II 1 I70 and ?OOO cm-‘: 

-N(‘Y 

-KCSe_ 

-SCN- 

-St?CI\;~ 

-Cl- 

-NNN- 

21.34 \ 
2117\ 

2 I 3 6 \ 

1118\ 

210X m 

712Y mu 

71115 

7OY6 m 

1127 rnw 

1 IOX \‘\ 

2111\ 

7111 b 

201s \h 

1027 L1 

C=N 
C-N 
SC=N 
CEN 

C-N and SeC-N 

C-N 
CEN 

NJ 
N3 

‘I Ahhreviation~: w. very \rrong: \. strong; m. medium: w. 
weak \h \houlder. * ? 

” Ahbt-eviation\: vs. \ery \tt-ong: \. htroty: m. medium: u. 

weak: jh. \houldct-. 



Solvent [C‘o((‘N)),C‘NS]‘~ [Co(CN),CNSe]‘- 

.,S 

Nit]-ohcnrcne“ 

Acetone” 

Acetonitl-ile’ 

DMF” 

Furfural” 

DMSO’ 

Eth! lene Glycol” 

Fol-mamide’ 

Solvent and Counrerccrtion Effects in Amhidentute Bonding 

The absorptions assigned to the cyanides all fall in the 

range of 710X to 2127 cm-‘. If this holds for the \pec- 

tra of the pseudohalides, the additional major absorp- 

tions must be due to the pseudohalides themselves. 

The high energy absorptions exhibited by the N-bonded 

complexes can then be assigned to the KN stretch of 

the pseudohalides. The low energy absorption in the 

[Co(CN),SCN13- \pectt-urn has therefore been as- 

signed to the KN stretch of the thiocyanate. The single 

m;ljol- ICN stretch in the [Co(CN),SeCN]‘- spectrum 

is more intcnx than the cart-apondinp stretch of [Co 

(CN),SCN]‘-. It ha\ therefore been asumed that the 

corresponding LICK stretch of the Acnoc!anate i\ 

located under the same emelope as the cyanide 

stretc’le\. The fact that the pxudohalide KN stretches 

of the N-bonded isomer\ arc of higher enel-gy than 

those of the S and Se-bonded isome]-s in the\c haa- 

coordinated complex\ i\ completely in accord with 

the result\ of prc\iou\ infrared spectral stud& of thio- 

c!anate linkage i\omcr\ ot octahedral complese\“. The 

intensities of thex ab\orptions al\o follow the apcctcd 

ol-del-I’. i.e., the N-bonded isomers exhibit much more 

intense tCN absorption\ than that obser\ ed for the 

S-bonded thioc) anatc III [(‘o(CN)5SCN]3? 

TABLE VI. ICN lSand\ (cm-‘) ot Final Iwmerization and 

Di\wciatlon Product\. 

“ Spectra characteristic of N-bonded ihomer, with \light div 

sociation. at equilibrium. h Equilibrium mixture of cc,. 40% 

N-honded and ca. 60% dissociated (see text). ’ E\aentially 

completely di\aociated at equilibrium. ’ Predominately S- and 

Se-honded at cyuilihrium. Abbreviation\: v. very; \. strong: 

m. medium: w. weak: sh. shoulder. 

YY 

The results of the solvent study are shown in Table 

VI in terms of the LCN bands exhibited by the solu- 

tions at equilibrium. Both isomers of each complex 

were placed (individually) in each of the solvents 

listed. Equilibrium was cokdered to be Ireached when 

the spectrum of each of the linkage isomers in a given 

pair was identical. The solution\ u\ed were stored in 

volumetr-ic flasks at room temper-ature and spectra 

were taken periodicall!. Since no real control of the 

temperature of the solutions ~J;IS attempted. the Ire- 

suit\ are onI> qualitative in nature. The time required 

to arrive at equilihl-ium varied with the solvent\ from 

Ic\s than one da! (acetone) to revel-al months (ethyl- 

ene glqcol), A comparison of the\c raults with the 

data for the pur-e i\omcr\ (Tables 111 and IV) shows 

that in dichloromcthane, nitrohenzcne. acetone. and 

ful-fural. the N-bonded komers are the more stable. 

The weal\ ahx~rptions below 2070 cm-’ are due to 

small amount\ of ionic pseudohalide present in the 

solution. The S- - N-bonded and Se- - N-bonded 

i~omerizations arc relati\el~ 40~. processes. Figure 5 

show\ the spectral change\ in the KN region accom- 

panving the S- + N-bonded komerization of [Co 

(Cg),SCN]‘- and Figure 0 \how\ the analogous 

change\ caused b\ the Se- - N-bonded isomerization 

of [Co(CN),ScC6l]‘- with the length of time the 

complete\ ~~\ere in solution wtlen sampled. 

In DMF. the equilibrium point is reached when the 

comple\e~ are - OOY diaociated and - 40% N-bond-, 

ed. T!lcx numhcr\ were al-rived at by comparing the 

;tb\orbancc\ calculated fron- the percent transmittance 

of the KN bands of the coordinated N-bonded pseudo- 

!lalides. The\ ;II-c onI\ intended to be estimates. In the 

final two apktic solvent\ . acetonitrilc and DMSO, the 

di\\ociatinn i\ virtually. if not totally, complete. The 

time required for the S- and Se-bonded komers to 

reach equilibr-ium in these la\t three solvent\ W;I\ less 

than that for the N-bonded komers. 

The results of the infrared spectral studies provide 

;\ fail-l! clear pictut-e of the linkage isomerization me- 

chanism\. Ionic thioc!anate and selenocyanate both 

hate relati\.cl! strong absorptions below 1070 cm-’ 

(2056 for SCN‘ and 2000 for ScCN- in DMF), which 

do not interfere with any of the KN stretches of the 

complexes thcm\elves. In all of the solvents, except 

those whet-e dissociation is complete (acetonitrile and 

DMSO). an initial increase followed hq ;I decrease in 

the intensity, of the ionic pseudohalide absorption was 

obser-ved. Flgur-e 5 show\ this sequence quite clearly. 

The isomerization ther-efore appeal-s to involve :I dk- 

sociative PI-ace\\. 

The ;Inalq\is of the reaction 

[Co(CN),OH,]‘- + X- ~9 [Co(CN),X]“P + H,O 

(5) 

by Haim and Wilmarth ‘9.20 is considered to be the 
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[(‘o(CN)JCN]‘-- [Co((‘N),]‘- + NO- 

[C‘O((‘N)~KCX]~~ (X) 

When the wl\cnt i\ ;icetonc, the diwxziation of cclenn- 

c!xi:rte in [Co(C‘iK),SeC1\;]‘- OCCLIIP at \LlCll ;I I’;ltc 

that a11 ahwl-ption hand at 2121 cn-’ appears :111d 

Ilien disappc;r\. Thi5 al~so~ptioii h;ind i\ thought to 1x2 
due to the fi\c-coordin;rtc intermediate. The n;ItuIc of 
the complc~c~ in solution bhen the stronger coordind- 

ing wl\ent\ (DMF, acctonitrile ;111d DhlSO) at-t’ used 
i\ not lknoxn. The\ could be either the fi\c-coordinate 
intermedIate 01. ;I wl\ cnt \ub\tituted cornpIe\. [Co 
(C‘N), wl\cnt]‘-. [C~,(Cb),SC‘N]‘e ciiwxi:~teci \el-l 
quickI\ in DMF, giving an ahwl-ptlon 1’;1nd at 1 I22 

cm-‘. which zuhwqucntl! di\appe;tt-cd. l‘hi\. lil\e the 
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cyanide vCN stretches observed in DMSO (2 12 I cm-‘) 

and acetonitrile (2 122 cm-‘). is due to either a sol- 

vent substituted complex or the five-coordinate com- 

plex. 

Since the N-bonded isomers of both complexes are 

the more stable in the aprotic solvents used. the unique 

bonding site in [Co(CN),X]?- is electronically hard in 

these solvents, contrary to the results obtained for 

water and ethylene glycol. wherein the site was found 

to be 4oft (S- and Se-bonding predominate). Possible 

reasons for the difference in behavior will be discussed 

momentarily. 

Another pertinent observation involving these com- 

plexe\ in the aprotic solvents used is that [Co(CN), 

SCN]‘- always isomerizcs or dissociates faster than 

[CO(C‘N),S~CN]~-. Th’. I\ would $eem to be 21 rather 

unexpected result. at first glance. It would seem mot-e 

likel) that.. if the site were hal-d. the softer sclcnium of 

selenocyanatc \\ould form a Mcaker bond than the 

sulfur of thiocyanate. However. the observed or-&r of 

pi-eference of N > Se > S is not wjithout precedent. 

c>.g.. trimcthylgallium complexes also exhibit this 
ol-del?‘. 

These rewlts esemplifq ;I problem frequently en- 

countered in trying to LISZ Pearson’s HSAI3’” prin- 

ciple. Whet-cas ;I relati\,el! mooth transition from 
cla\\ (a) to cIa\\~ (11) donor character occur-\ in going 

clown Group VII. the Ii~anGtion going doun Group VI 

is not nearI\ so mooth. and ;I discontinuit\ occur\ at 

phosphor-us’ in (ii-oup \‘. Phosphorus. _ not antimony. 
exhibits the greatest tcndcnc! to coordinate to clan (b) 

metals. This illustrates II v;r> important, but frequentI! 

neglected point: cla\s (a) i\ UOI rrew.~wtYly \\ non)mou\ . 
with hard nor i\ class (b) ~ww~wtt-il~ s) non) mou\ with 

\oft. The cIa\s (a)/(b) clas4fication refers to the 
retati\ e order- of l’ormation con\tants. K,. which ;IC- 

cording to Pearson”. in\ol\c\ fhttr parameter\. not 
,ju\t the tno liard/sofl parameter\: 

to 1 

IogK, = S ,S,, + (J \(J,) 

A = acid; 13 = b;~\c (9) 
S,S,, = Intrinsic \ti-ength parameter\ 

(J,\(iii = Hard (wft) parameters 

In practice. the intrinsic \ti-cngth pai-;imeter\ arc usually 

ignored. \\ ith the prima’! emph;lGs being placed on 

the hard (\oft) parameter\. White this correctI> pre- 

dict\ the greatest tendency for the formation of homo- 

eeneou\ (hard/hai-d or \oft/soft) acid/base adducts. 
r 
it c;lnnot hc used to predict the irelative \trengths of 

heteropencous (hard/wft or- \oftihai-d) acid/base in- 

teraction\. In these cases, the intrinsic \trcngth pal-am- 

etcrs a\\ume greater importance. They can no longci 

be \wamped by the hard (\oft) parameters. Indeed. 

the HSAB principle norm;lll\ cannt,t be used to predict 

the relative sti-engths of like homogcneou\ interactions. 

e.g., hat-d metal/fluoi-ide versus hat-d metal/oxygen 

because of the difference in intrinsic strength pal-am- 

cters. Put more simply. the HSAB principle works best 

when comparing donor atoms in the same group in the 

periodic table having extreme differences in hard (soft) 

character- with ;I I-eference acid. Thus, in the present 

case. it is not surprising that the observed N > Se > S 

order is not that of constantly decreasing soft donol 

atom character, since the Co-Se and Co-S interactions 

involve heterogeneous hard/\oft interactions in the 

aprotic solvents used. 

Even more important is the aforementioned question 

of wh!, the unique Gte in [Co(CN),X]‘- i\ hat-d in 

aprotic sohents. but is soft in water and ethylene gly- 

col. The infrai-ed spectra of the complexes in ethylene 

glycol were poorly resolved because the relatively high 

absorhancc of the solvent required ;I wide 4it width: 

consequently. it was impossible to determine what 

percentage of the N-bonded isomers were present. 

Both complexes dissociate completely in formamide. 

the other protic solvent employed in this stud!. 

Both water and ethylene glycol arc capable of hy- 

tirogcn bonding. The) wilt strongly solvate hard bases 

\uch as F and OH-. The negative hydration heats in 

\vater for the halide ions arc 6 I. 73. X5 and I 17 kcal/ 

mol for I-, I3r. Cl- and F-. respectively”. 

Klopm;u? has suggested that the softness parameter 

E,,+ for ;I L.ewis acid can bc c:ltculated as follows: 

F:,,+ = - (orbital energy of lowest unoccupied MO) 

+ desolvation energy ( IO) 

The mot-e ncgati\e E,,* values are indicative of greater 

s,oft characttr. Thus. in terms of this equation. the 

\oftnc\\ parameter of the acid would become more 

po\iti\e (the acid would become harder) as the desot- 

\ ation encrg! increase\. Therefore. the [Co(CN),]‘- 

moict) should become harder in watci than in di- 

chloromethane. Lihcwise. the softness parameter, 

E,,*. for L.c\\i\ ba\e\ can hc calculated in a simitai- 

tkhloll: 

t. 111 * = - (orbital enei-g\ of the lowest filled MO) 
_ de\ol\~ation energ) ( 1 1) 

The more po\itivc I$,+ \alucs are indicative of greatci 

\oft character. Thus. the softness parameter of the base 

would become mol-e negative (the base would become 

haI-dcr) as the des,ol\ation energq increases. 

Thc\c ecluation\ pl-edict that the tcndencc for ;I 

hard/hard (Co-NC‘X) interaction should increacc as 

the desoh aiion cnei-gl increase\. The preference fol 

Co-NCX bonding then should be greatest in H,O. 

Precisely the opposite result is observed. Thcrr is no 

\ arying trend ob\erved in the aprotic \ol\ents, which 

show ;I preference for the N-bonded complexes only. 

S-bonding and Se-bonding are favored onI> in protic 

solvents where h\drogen bonding i\ possible. The con- 
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trolling factor thw appear\ to he that ;I \trongw hq - 

drogen bond ful-ms \vith Co-X than with Co-NC?<. 

\ \ 
C \ 

\ \ 

N H 

\ 
H 

The N atoms of the free KCX- ions would be solv- 

ated to ;i much greater extent ~irr H-bonding inter- 

action\. making the S and Se atom\ mow available fat 

cool-dination. The nitrogen end of the thioc! anatt‘ k 

more apt to 1x2 h\drogcn bonded to the wlvcnt htxxuw 

it is ;I first row element. In agreement with thi\ at-gu- 

ment. thioc\anic acid exhibit\ ;I \tlwcture whel-ein the 

proton i\ hondrd to the nitrogtxi’“. 

not totally. the N-bonded iwmcr. Thih can part11 es- 

plain \rhy the molar- extinction cocl’ficient of the &a~-ge 

trmhfei- hand in [C0(CN),NCSe]‘- is w much higher 

(h8.3))’ than the wme hand in [CO(CN)~~‘C‘S]~- 

( 1.X))5. (iutterman and Gra! wee-t‘ not cei-tain’ it 

this wit W;I\ totall> N-bonded OI- not. 

The liarnan spectra of this region for [Co(CN), 

i%C‘Sc]‘- and [Co(CN),NCS]‘- in CH2Urz both +OM. 

an additional alw~rption at 386 cnr’ \\ hich is the in- 

ti-XI-cd inactive metal-carbon stretch. 

With the dixxner~l th;tt [Co(CN),NC‘S]~* i\ the 

I~OIK \tahle iwmer when the tet~a-n-hut~lammonium 

counter-ion I\ ud and the S-lwnded iaomei- i\ mow 

\tahle \vhen potassium i\ the countei.-ion, it hc‘came of 

intelat to inve\tigafe the nature and rxtcnt of counter- 

io!l control of the bonding mode of the thioc~anate 

:md selenocyanate ions in these complexes. The degree 

of i\omtxization \\;I\ tietel-mined h> waluation of the 

molar cltinction coefficient of the chalge tran\ft‘r h;lnd 
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TABLE VIII. Solid State Far Infrared Spectra of [Co(CN),X]‘- Complexes (cm-‘).,’ 
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Complex 

[(“-C,H,),Nl,[Co(CN),C11 

K,(Co(CN),SeCN] 

[(CH,),N],[Co(CN),N~S]” 

C\,(Co( CN),SeCN] 

L’M-\ 

1.55 m 

\h. \houldcl-. 

in the electt-onic ab\ot-ption spectra since it k the moht 

intense ab\o~-ption. With [Co(CI\;),CNS]‘-. thi\ band 
occur\ at 265 nm. T-he c u\ed for the pure S-bonded 
isomel- wa\ 17.100 and that for the pure N-bonded 
isomer L\ as 1830. The pt‘rcent N-bonded isomer wa\ 

calculated a\ folk)\\\: 

I x30x + I7.100 ( I-X) = F (ohsmcd) (12) 

where 100X = (; N-bonded isomer pre\ent. 

The value of 1530 uwd for the N-bonded i\omel 

wa\ the Ioucst \,aIuc obtained fol- an analyticall> pure 

sample. The Iresult\ for the thiocyanato cornpIe\ al-e 

shown in Table IX. With the counter-ion\ [Co 

(NH.d,I’+. C\+ and Ctl,NH,+. the N-bonded komei-s 

have partially i\omcri~ed in the solid \t;ltc while the 
S-bonded isomer\ habe not. With the\e ion\ and the 
pot:r\\ium ion, [Co(CN)5SCN]3~ i\ the more \tablc 

komer. But, with the dimeth~lammonium ion. an 

equilibrium is ~rclati\~el\ quickI) reached M hich con- 

TAH1.E IX. Effect of Counter-ion on the I3ondlng Mode ~,f 

Thiocyanate in [Co(CN),CNS]‘.” 

Counter-wn OrIginal Time in Percent 

Isomer Solid State N-Bonded 

[Co(NH,),]” s 14.4m 0 

N 94% 3m x3 

c‘\+ s 2~. 5m 0 

N I!, Ym 72 

CH,NH,+ s Im 0 

N 14. Im Is7 

(CH,),NH,’ s 1 .hm 2.5 
ii 5m 2 3 

(CH,),NH+ S Im 0 
N ly. 3m 9s 

(CH.,),N+ s ly 100 

~’ Ahhreviatiom: y. year; m. month. 

taint about 2.J”r of the N-bonded isomer. The trimethyl- 

ammonium ion C;IUKY~ the complex to be rather inert 
to i\omcrization. It would been better if the S-bonded 
komcr had been observed over a longer period of time. 
When the counter-ion is (CH,),N+. as with (n-C,H,), 

h“ >, the S-bonded ihomer totall! komerizes. There k 

:t trend among the Gngly charged cations, except for 

the trimcthSlammonium ion. in which the tendency 
toward N-bonding increase\ with the size of the cation. 

[Co(CN),CNSe]3~ \how\ the same tl-end, but, as 

in the 4vent \tud!. the strength of the Co-Se bond 
alters the result\. The molar extinction coefficients 

LILA M cl-e 2 I .400 for the Se-bonded isomer and 6360 
for the N-bonded komer, e\ en though ;I completely 

putw sample of the latter has not been prepared. as 
\houn earlier. After- 3 yeat-\, the Se-bonded iaomer 
I-cache\ an equilibl-ium wjhich contains 71% of the iso- 
\elenocynato complex when (CH,),N+ is the cation. 

Also, in agreement with the solvent study is the fact 
that [CO( CN),SCN]7- isomerizes faster than [Co 
(CN), SeCNj3- in the solid state when (n-C,H,),N’ 

i\ the counter-ion. 
This counter-ion effect has been described by 

Ciuttcrman and Gt-ay3 in terms of preferenlial hard/ 

hard ot- soft/soft interactions between the non-bonded 
end of NCX- and the cation. They suggest that the 
potaGum ion can have ;I more favorable interaction 

with the hat-d nitrogen end of the thiocyanate while the 
soft tetl-a-n-butylammonium ion will better accommo- 
date the softer sulfur end of the thiocyanate. 

An alter-native argument can be made on the’ basis 
of the size of the cation. In the N-bonded complexes, 

the thiocyanate and selenocyanate groups protrude out 
from the complex further than do the cyanides. The 

\mallel- counter-ions cannot separate the complexes 
from each ion in the crystal lattice as well as the larger 
ones can. The potassium ion is smal!er than the sulfur 
and selenium atom\ which protrude from the complex. 
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The crystal lattice should be more compact when the 
pseudohalide is S- or Se-bonded since the metalpseudo- 
halide bond angle approaches 90”. The hard/hard 
nitrogen-counter-ion interactions should also be im- 
portant. With the larger cations, there is more room in 
the crystal lattice to accommodate the less spherical 
N-bonded species. Soft/soft interactions are more co- 
valent in nature. It does not seem probable that there 
would be a strong enough interaction between the hy- 
drogen atoms of the alkylammonium ions and the su- 

fur or selenium atoms to cause the pseudohalides to 

isomerize. Furthermore, the results of our solwnt study 

strongly suggest that, electl-onically, the unique site i\ 

hard. If this is so. then the S- + N-bonded and Se- 
+ N-bonded solid state isomerization\ can be said to 
occur because there is no strong force to pt-cvcnt them 
from occurring. 

Tht-oughout the histoq of studies involving ambiden- 
tate ligands*‘. the primal-y focus of attention has in- 
vohed the interaction between the ligand and the 
metal coordination center. The results of this study 
vividly illu\tt-ate the importance of u hat might be 
tel-mcd “environmental” effects. The) \how that the 
eventual bonding fate of an ambidentate ligand k not 
solely or. in \ome ca\e\. e\en primaril> determined hq 
the nature of the direct acid/base interaction between 
metal and ligand. The nature and cxtcnt of interaction 
of the so-called “free” end with its environment. 
whether it invokes solvent molecules or counter-ions 
in ;I crgxtal lattice can. and doe\. play an important 
role in determining the stereochcmi\try of rhese ligands. 
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