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Linkage isomerism for terminal and bridging cyanide 
groups bound to transition metal ions has been reported 
in recent years. For terminal cyanide groups, the 
nitrogen-bonded isomers have been detected as meta- 
stable intermediates in inner-sphere redox reactions and 
are known to undergo relatively rapid isomerization to 
the stable carbon-bonded  structure^.^-^ In the case of 
bridging cyanide groups, linkage isomerism has been 
reported for the ill-defined, polymeric materials that 
precipitate on mixing transition metal-aquo ions with 
transition metal he~acyanides .~-~ We were interested 
in the possibility of finding simple binuclear systems 
with linkage isomers involving a bridging cyanide 
group. Following our previous report on the prepara- 
tion of p-cyano-pentacyanopentaamminedicobalt (III)8r9 
we report herein the preparation and some properties of 
the linkage isomer p-isocyano-pentacyanopentaammine- 
dicobalt(II1). The synthetic method employed in- 
volves the substitution of water in pentacyanoaquo- 
cobaltate(II1) by the nitrogen end of cyanide in cy- 
anopentaamminecobalt(II1) 
C O ( N H ~ ) E C N ~ +  + Co(CN)50Hz2----t 

(NH~)~COCNCO(CI\T)~ + €LO (1) 

Experimental Section 
Materials.-Cyanopentaamminecobalt(II1) perchlorate was 

* T o  whom correspondence should be addressed a t  the State University 
of New York a t  Stony Brook. 
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compound is'based on the fact  that  the bridging cyanide is bound to  the 
Co(CN)a moiety through the nitrogen atom. (c) U. S. lecturer under the' 
auspices of the Fulbright Commission, July 1969 and June 1970. 

(2) J. Burmesiter and D. Sutherland, Chem. Commun., 175 (1965). 
(3) J. Halpern and S. Nakamura, J Amev. Chem. Soc., 87, 3002 (1965). 
(4) J. Espenson and J. P. Birk, i b i d . ,  87, 3280 (1965); 90, 2266 (1968). 
(5) D. B. Brown, D. F. Shriver, and L. H .  Schwartz, Inoug. Chem., 7, 77 

(1968). 
(6) D. B. Brown and D. F. Shriver, ib id . ,  8, 37 (1969). 
(7) 1. E. House, Jr.,  and J. C. Bailar, Jr.,  ib id . ,  8 ,  672 (1969). 
(8) R. A. de Castellb, C. Piriz Mac-Coll, N. B. Egen, and A. Haim, ibid. ,  8, 

(9) The suffix ate was incorrectly used in ref 8. 
699 (1969). 

prepared and recrystallized as described by Siebert.10 Potas- 
sium azidopentacyanocobaltate(II1) was prepared by the reac- 
tion between azidopentaamminecobalt(II1) chloridell and potas- 
sium cyanide.l2 The resins used in the ion-exchange work were 
Amberlite IRA 124 (hydrogen ion form) and Dowex 2x4 (chlo- 
ride ion form). 

Preparation of pIsocyano-pentacyanopentaamminedicobalt- 
(III), (NH,)sCoCNCo(CN)s.-Preliminary experiments indi- 
cated that the desired reaction (eq 1) took place readily when 
solutions of pentacyanoaquocobaltate(II1) and cyanopenta- 
amminecobalt(II1) were heated a t  50". For 0.10 M Co(CN)s- 
OHz2- and 0.10 M Co(NH3)6CN2+, the 380-nm absorption 
of CO(CN)EOH~~-  disappeared and a new absorption a t  340 nm 
appeared over a period of 6 hr. Guided by these observations, 
the following synthetic procedure was adopted. A solution 
0.10 A4 in CO(CN)~OHQ~-  (prepared by reaction of K3[Co- 
(CN)ONB] with the stoichiometric amounts of potassium nitrite 
and perchloric acidla) and 0.10 M in [Co(NHa)aCN] (C104)~ was 
heated a t  50" for 6 hr. After cooling in an ice-salt bath and 
filtering the potassium perchlorate that crystallized, the resulting 
solution was percolated through a cation- and an anion-exchange 
resin to remove any unreacted Co(iXH~)5CNZt and Co(CK)s- 
OH23-, re~pective1y.l~ The effluent,15 yellow in color, was 
concentrated a t  40' in a rotary evaporator, until the solid began 
to separate. After cooling in an ice bath, the solid was filtered 
out, washed thoroughly with ice-cold water and acetone, and 
then air dried; yield 30%. Anal. Calcd for [(NH3)6CoCNCo- 
(CN)s] *HzO: CO, 31.3; "3, 22.5;  C, 19.11; N, 40.85; H, 
4.5. Found: Co, 30.15; "3, 21.9; C, 19.05; N, 40.32; H, 
4.44. 

Analytical Methods.-Ammonia and cobalt were analyzed as 
described previously.8 Carbon, hydrogen, and nitrogen analyses 
were performed by Galbraith Laboratories. 

Measurements.-Visible and ultraviolet spectra were mea- 
sured with a Beckman DB or a Cary 14 spectrophotometer. 
Infrared spectra were recorded with a Perkin-Elmer 521 spectro- 
photometer. Samples were potassium bromide pellets or Nujol 
mulls. Conductivity measurements were carried out as de- 
scribed before .a 

All other chemicals were reagent grade, 

Results and Discussion 
The assignment of the structure (NH&CoCNCo- 

(CN)5 to the complex prepared in the present work is 
made along lines similar to those used previously for the 
assignment of the structure (NH8)6CoNCCo(CN)5 to 
the isomeric compound.8 The nonelectrolytic nature 
of the complex is established conclusively from the con- 
ductivity measurements. The specific conductance at 
25" of a solution containing 1.44 g of complex/l. of solu- 
tion was 1.28 X ohm-' cm-l. Expressing the 
concentration of the complex in terms of gram-atoms 
of cobalt per liter of solution, the calculated molar con- 
ductance is 1.6 ohm-' cm2 mol-l. The behavior of so- 
lutions of the complex toward ion-exchange resins pro- 
vides additional support for the formulation of the com- 
plex as a neutral, binuclear species. The complex 
passes quantitatively through a ' cation-exchange resin 
but, in agreement with previous observations for the 

(10) H. Siebert, 2. Anoug. Allg. Chem., 327, 63 (1964). 
(11) M. Linhard and H. Flygare, ib id . ,  262, 340 (1950). 
(12) A. Haim and W. K. Wimarth, I n o v g .  Chem., 1, 573 (1962). 
(13) R. Grassi, A. Haim, and W. K. Wilmarth, Aduan. Chem. Seu., NO. 49, 

31 (1965). 
(14) At the high Co(CN)sOIW- concentrations used, some polytneriza- 

tion obtains: A. Haim and W. K .  Wilmarth, J. Ameu. Chem. Soc., 83, 509 
(1961). The polymeric material is poorly retained by the anion-exchange 
resin. 

(15) At  this stage the solution is supersaturated in binuclear complex. 
I t  is to be noted also that  the dissolution of solid samples of the binuclear 
complex is a very slow process. 
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isomeric compound (N H3) &ON CCo (CN) 6 ,  * is partially 
retained on an anion-exchange resin by surface adsorp- 
tion. The infrared measurements in the 2100-2200- 
cm-l region provide strong evidence for the presence of 
a cyanide bridge in the binuclear complex. Bands are 
observed a t  2128, 2131, and 2202 cm-l. The terminal 
cyanide groups give rise to the absorptions a t  2128 and 
2131 cm-l, whereas the bridging cyanide group is 
associated with the higher frequency absorption a t  
2202 cm-l. l6 

The present preparation of (NH3)$20Ch'Co(CN)j 
coupled with the previously8 reported (NH3)6CoNCCo- 
(CN)j represents an example of linkage isomerism in- 
volving a bridging, unsymmetrical, ambidentate ligand 
bound to two different moieties. The binding mode of 
the bridging cyanide in the two isomers is assigned on 
the basis of the electronic spectrum. The pertinent in- 
formation is summarized in Table I. As pointed out 

TABLE I 

CYANOAMMINECOBALT(III) COMPLEXES 

Co(NHa)e3+ 476 56 339 46 a 
Co(XH3)gCN2+ 440 56 327 52 a 
Co;\rTH3 (CN)6*- 346 230 . . . . . .  b 
Co(CN)ea- 311 196 268 138 a 

ELECTROXIC SPECTRA OF SOME 

Compound X,nm e X, n m  L Ref 

(N&)6CONCCO(CS)6 474 70 313 250 C 

(SH~)SCOCT\'CO(CN)~ 440 71 343 260 d 
a Reference 10. * P. B. Chock, R.  B. K. Dewar, J .  Halpern, 

Refer- and L. Y .  Wong, J .  Amer. Chem. Soc., 91, 82 (1969). 
ence 8. Present work. 

previously, the absorption spectrum of (NH3)5CoNCCo- 
(CK), is the sum of the spectra of a cobalt(II1) in a 
(c)f, environment (maximum at 313 nm to be compared 
with 311 nm for C O ( C N ) ~ ~ - )  and a cobalt(II1) in an 
(N)G environment (maximum a t  474 nm, to be compared 
with 476 nm for Co(NH3)e3'). On the basis of such 
additivity and by comparison with the spectra of co- 
balt(II1) complexes in known mixed C-N environ- 
ments, it was predicted earlier that  the isomeric com- 
pound where the cyanide bridge had flipped would have 
maxima a t  440 and 340 nm. It is seen from Table I 
that  this prediction has been borne out. The observed 
absorptions at 440 and 343 nm are those expected for 
the structure (KH3)jCoCNCo(CN)5 with a cobalt(II1) 
in a (C) (N)s environment (compare C O ( N H ~ ) ~ C W +  a t  
440 nm) and a cobalt(II1) in a (C)5(K) environment 
(compare CONH~(CN),~-  a t  346 nm). Moreover, it is 
noteworthy that  adding a Co(CN)5 or Co(XH3)5 
residue to the nitrogen end of cyanide has little or no 
effect on the ligand field strength of the carbon end and, 
in agreement with previous conclusions, l7 that the 
nitrogen end of cyanide in Co(NH3)&NZ+ and Co- 
(CN)e3- has a ligand field strength very close to that of 
ammonia. 

A cursory examination of the base hydrolysis of 

(16) D. A. Dows, A. Haim, and W. K. Wilmarth, J .  Iiiorg. X ~ c l . .  C h e m ,  

(17) D. F. Shriver, S. A.  Shriver, and S. E. Anderson, Inovg. Chem., 4, 
21, 33 (1961). 

725 (1965). 

(NH3)&oCNCo(CnT)j was carried out. The reaction 
is extremely slow and produces a precipitate of cobalt- 
(111) hydroxide and a mixture of cobalt(II1) cyanide 
complexes in solution. The stoichiometry was deter- 
mined by measuring the cobalt left in solution spectro- 
photometrically as C O ( N C S ) ~ ~ -  after decomposition 
with sulfuric acid. The amounts of cobalt left in solu- 
tion after heating a t  80" in 1 M sodium hydroxide for 6, 
10, and 15 hr were 64, 59, and 50%-'o, respectively, of the 
total cobalt initially present. At the completion of the 
hydrolysis, the solution was examined spectrophoto- 
metrically and was found to consist of a 1 :1 mixture of 
hexacyanocobaltate(II1) and hydroxopentacyanoco- 
baltate(II1). The following reaction scheme accounts 
for the observations. 
(NH8)sCoCIiCo(CS)j + OH- --f 

Co(XH,)aOH2+ + Co(CN)jNC3- (2) 

(3) Co(NHa)sOH2- + 20H- + CO(OH)3 + 5NH3 

Co(CN)sNC3- + C0(CS)G3- (4 1 
C O ( C S ) ~ N C ~ -  + OH- + Co(CS)50H3- ( 5 )  

Reaction 4 was postulated by Halpern and Kaka- 
mura3 to  account for their observations on the reaction 
between Co(XH3)&NZi and Co(CN)j3-. No mention 
was made in their work about the possibility of loss of 
cyanide (eq 5) competing with isomerization (eq 4). 
However, the conditions used in the present work are 
very different from those used by Halpern and Xaka- 
mura, and, apparently, reaction 5 becomes important 
compared to reaction 4 under our experimental condi- 
tions. 

The base hydrolysis of (NH~)&OCNCO(CN)~ is 
considerably slower than that of the linkage isomer 
(NH~) ;CONCCO(CN)~ .~  Since there is a linear free 
energy relation between rate constant for hydrolysis 
and equilibrium constant for aquation,ls it is concluded 
that the equilibrium constant for eq 6 is smaller than 
that for eq 7 and, therefore, that the equilibrium con- 
( N H ~ ) ~ C O C N C O ( C X ) ~  + Hz0 = 

Co(NH3);OHe3' + CO(CN)~NC'- ( G )  

(NHa)sCoSCCo(CN)s + H20 Jr 
C O ( N H ~ ) : ~ H Z ~ +  + C O ( C N ) ~ ~ -  (7) 

stant for isocyano to cyano linkage isomerization is 
smaller for the binuclear complexes than for the mono- 
meric pentacyano species. This conclusion is not 
unexpected since for the monomeric complexes there is 
undoubtedly a net gain in energy on isomerization, 
whereas the isomeric binuclear complexes may show 
only a small difference in stability, both cobalt(II1) 
centers having a preference for the carbon end over the 
nitrogen end of cyanide. 

Finally, it is noteworthy that the synthetic method 
used exploits the relative ease of substitution of water 
in Co(CN)jOH22- 12 and the nucleophilicity of the 
nitrogen end of cyanide in Co(?\TH3)5CN2++. The 
method is not restricted to the ambidentate ligand 
cyanide but promises to have some generality since we 

(18) W. E, Jones, R. B. Jordan, and T. W. Swaddle, i b i d . ,  8 ,  2504 (1969). 
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have succeeded in synthesizing (NH3)&oNCSCo(CN)5 
by reaction of Co(NHa)5NCS2+ with Co(CN)60HZ2-.l9 
We are planning to  study these reactions kinetically in 
order to obtain information about the nucleophilicity of 
ambidentate ions where one of the donor atoms is 
already bound to a metal center. 

(19) R. A. de Castellb, C. Piriz Mac-Coll, and A. Haim, to be submitted 
for publication. 
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Procedures for the synthesis of decaboranes( 14) 
which are labeled with deuterium atoms in the bridge 
( P ) , ~ - ~  1,2,3,4-termir1al,~*~ and the ~,5,6,7,8,9,10-ter- 
mina13r4r6 positions are well known and commonly used. 
Recently, during the course of our studies of the struc- 
ture and llB nmr spectrum of the BIOHIS- ion7 we have 
found a method for the preparation of a 6,g-deuterium- 
labeled decaborane( 14). Although the labeled mole- 
cule contains slightly less than two deuterium atoms, 
the new compound is designated nominally as 6,S-Blo- 
HlzDz in this communication. The new specifically 
labeled species should prove to  be highly useful for 
further studies of decaborane chemistry. 

Experimental Section 
Apparatus.-All work which required inert-atmosphere condi- 

tions was done in an Nz-flushed glove bag. Vacuum-line manip- 
ulations were performed on a standard vacuum line.*I9 

Boron-11 nmr spectra were obtained using a Varian Associates 
HA-100 equipped with standard 32.1-MHz probe and radio- 
frequency unit accessories. Chemical shifts were measured 
relative to B(OCH& and are reported relative to  BF3-O(C2H& 
(bB(OCH3)3 = ~ B F ~ .  o ( c ~ H ~ ) ~  - 18.1 ppm). Spectra were cali- 
brated using the audiofrequency integrator side bands and spec- 
tral integrals were measured with a planimeter. Infrared spec- 
tra were obtained with Perkin-Elmer Model 21 and Beckman 
IR-5 spectrometers. 

Materials.-Decaborane, obtained from a laboratory supply, 
was sublimed before use. Sodium borodeuteride (Alfa Inor- 
ganics) was used without further purification. Deuterium chlo- 
ride was obtained from the reaction of SiCl, with DzO1° and was 
shown by mass spectral analysis to contain >95% deuterium. 
Hydrogen chloride was obtained from Matheson Co. and was 
purified by routine fractional condensation techniques. Mono- 

* To whom correspondence should be addressed. 
(1) Recipient of a National Defense Education Title IV fellowship, 

(2) M.  F. Hawthorne and J. J. Miller, J .  Ameu. Chem. Soc., 80, 754 (1958). 
(3) J. J. Miller and M.  F. Hawthorne, ibid., 81, 4501 (1959). 
(4) I .  Shapiro, M. Lustig, and R.  W. Williams, ibid., 81, 838 (1959). 
(5) J. A. Dupont and M.  F. Hawthorne, ibid., 81, 4998 (1959). 
(6) J. A. Dupont and M .  F. Hawthorne, ibid., 84, 1804 (1962). 
(7) J. A Slat-r and A. D.  Norman, to he submitted for publication. 
(8) A. Stock, "Hydrides of Boron and Silicon," Cornel1 University Press, 

(9) R. T .  Sanderson, "High Vacuum Manipulations of Volatile Com- 

(10) K. Clusius and G. Wolf, 2. Natuvforsch. A ,  3, 406 (1947). 

1966-1969. 

Ithaca, N.  Y., 1933. 

pounds," Wiley, New York, N. Y., 1948. 

glynie and dioxane were distilled from LiAlHa and stored under 
an Nz atmosphere prior to use in an experiment. 

The p-B~oHloDa" was prepared according to the method of 
Miller and H a ~ t h o r n e . ~  The p-BloHloD4 contained 3.50 D/ 
molecule. Within experimental error, no deuterium migration 
into terminal positions could be detected in the llB nmr spec- 
trum. 

Deuterium analyses were performed by Mr. Josef Nemeth, 
Urbana, Ill. 

Preparation of 6,9-B10HlzD2.-1n a typical reaction p-BloHloDc 
(1.0 mmol) in 1 ml of monoglyme was allowed to react under an 
NZ atmosphere with NaBD4 (2.0 mmol). Upon completion 
of the reaction, as evidenced by the discontinuation of slight gas 
evolution, the solution was decanted from the excess undis- 
solved NaBD4. The monoglyme solution was treated with a 4-5 
molar excess of DC1 for 1 hr. Hydrogen, unreacted DCI, and 
monoglyme were removed by passage of the reaction materials 
through a -30' trap. The intermediate decaborane, nomi- 
nally described as BIOHSDG, was purified by sublimation. Re- 
moval of deuterium from bridging positions was accomplished 
by a rapid equilibration in HzO in which the BIOHsDc was stirred 
in 5 ml of an equivolume HzO-dioxane mixture for 3 min. To 
this mixture several 10-ml portions of ether were added to ex- 
tract the product. Evaporation of the ether followed by vacuum 
sublimation of the product yielded 62 mg (0.5 mmol; 50% yield) 
of 6,9-B10H12Dz. A content of 1.90 D/niolecule was found. 

Results and Discussion 
In this study, we have found that  6,9-BloHlzDz can 

be prepared using the following multistep synthetic 
procedure. Bridge-deuterium-labeled decaborane 
( ~ - B I ~ H ~ o D ~ )  is converted to the pentadecahydro-nido- 
decaborate(1-) ion, BIOHIODS-, in a reaction with boro- 
deuteride ion in monoglyme (eq 1). The B10H14-NaBH4 

P-BIOHIODI 4- BD4- ---f BloHloDa- + BH3 (1) 

reaction has been reported previously.lz In the second 
step of the synthesis the B1oH1oD5- ion is converted back 
to  decaborane by reaction with DC1 (eq 2). Finally, 

B ~ o H ~ o D s -  + D +  + hydrogen + p,6,9-BioHsDs (2) 

exchange of bridge deuterium for hydrogen by reaction 
with HzO results in the final 6,9-BloHl~Dz. 

The deuterium content of 6,9-B10H12D2 is established 
by deuterium analysis and mass spectral data. Deu- 
terium analysis indicated the presence of 1.90 deuterium 
atoms/molecule. The mass spectrum exhibits peak 
envelopes characteristic of a de~ab0rane . I~  The most 
intense peak occurs a t  m/e 123. Small peaks as high as 
m/e 130 are evident; however, the main spectral cutoff 
occurs a t  m/e 126. The cutoff a t  m/e 126, compared to 
m/e 124 for normal B10H14, indicates the absence of 
large quantities of decaboranes containing more than 
two deuterium atoms. However, the presence of small 
quantities of more highly deuterated species is recog- 
nized. 

The infrared spectrum of 6,9-BloHlzDz exhibits strong 
absorptions a t  2560 and 1920 cm-' which can be as- 
signed to terminal B-H and B-D stretching modes,3~14ri5 
respectively. The B-D bridge absorption in deca- 

( 1 1 )  Throughout this paper the designation p is used as a sholthand 

(12) R.  Schaeffer and F. Tebbe, Inorg. Chem., S, 1638 (1964) 
(13) I Shapiro, C. 0. Wilson, J .  F. Ditter, and W. J. Lehman, AdVan. 

(14) W. E. Keller and H. L Johnston, J. Chem. Phys , 20, 1749 (1952). 
(15) J. J. Kaufman and W. S. Koski, J .  Amev. Chem. Soc., 78, 5774 (1956). 

designation for what is in fact p,p',p'',p"' tetrasubstitution. 

Chem. Seu., No. Sa, 127 (1961). 


