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follows in ppm (JBH, Hz): 9.2 (147), -4.2 (153), -9.1 (152), 
-29.9 (149), -34.0 (126), -36.0 (147 Hz). The IlB N M R  
spectrum of the major compound (CH2C12 solvent) contained 
five doublets with relative areas of 1 : 1 :2:3:2, respectively, as 
follows in ppm ( J B H ,  Hz): 11.4 (144), -2.3 (172), -5.9 (155), 
-27.8 (134), -32.4 (148 Hz). The IlB N M R  spectrum of the 
major compound was different from but still quite similar to 
that of compound IX. An analysis of the I'B N M R  spectra 
of B9HllE.ligand (where E = S ,  Se, or Te) compounds has 
been reported previously.16 Both the major and minor com- 
pounds have I'B N M R  spectra very similar to those of other 
known B9HllS.ligand derivatives. After stirring of the mixture 
at room temperature for 2 h, nearly complete conversion of 
this major compound to the thiacarborane I was observed. the 
quantity of IX did not change during this prolonged reaction 
a t  room temperature. Even an attempt to convert IX to I by 
reflux in toluene for 48 h was not successful. 

We interpret this result to mean that there are two isomeric 
B9HllS-CN(t-C4H9) adducts initially formed. One isomer, 
IX, is stable and cannot easily be converted to the thia- 
carborane, but the second adduct is more reactive and readily 
converts to I. The structures of these two adducts are of great 
interest and are presently under study. It is possible that IX 
has the structure given in Figure 1 and that the less stable 
isomer has the alkyl isocyanide ligand coordinated to the same 
boron atom but extending over the open face of the B9H11S 
unit. 

The presence of isomeric adducts of B9Hl IS.NCCH3 was 
previously suggested by the observation in the 'H N M R  
spectrum of two singlet resonances attributed to the methyl 
group.I4 A similar finding was observed for B9HI1E-NCCH3 
(E = Se or Te) as we11.I6 

22. 3724-3726 

There are a few previous reports of the synthesis of thia- 
and selenacarboranes. Reaction of K[7,8-B9CzHI2] with 
K2S205 at 100 OC formed nido-SC2B8Hlo.21~22 Treatment of 
Na[CZBloHl3]  with HCl and K H S 0 3  formed arachno- 
SCHzB7H9 (a B7C2HI3 analogue).2z A low yield of B7CzHl,Se 
was produced by reaction of B7C2HI3 with polyselenide ion 
in aqueous base and subsequent acidification of the mixture.23 
The nido derivative B9H9SeCN(CH3), was prepared by re- 
action of B9HllCN(CH3)3 with the polyselenide ion.24 The 
thia- and selenacarboranes reported previously were each 
obtained in low yield. The synthetic route described in this 
paper gives for the first time thia- and selenacarboranes in 
sufficiently high yields so that futher chemical studies of this 
type of molecule can be made and such studies are under way 
at present. 
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Previous reports have demonstrated that the base hydrolysis of organonitriles is catalyzed by a factor of about lo8 on coordination 
to pentaammineruthenium(II1) and by about lo6 on coordination to Co(II1) and Rh(II1). Although not previously reported, 
there is a base-independent hydrolysis path as well. The reported specific rates of base hydrolysis at 25 O C  for acetonitrile 
and benzonitrile coordinated to Ru(II1) are 2.2 X lo2 and 2.0 X lo3 M-' s-], respectively. The rates of acid hydrolysis 
for acetonitrile, benzonitrile, and 1-adamantylcarbonitrile complexes at  25 O C  are 1.2 X 3.4 X loW5 and 7.2 X lod 
s-', respectively. In acid aqueous solution, the hydrolysis reaction rate constant is independent of acid concentration and 
ionic strength, indicating that the attacking nucleophile is a water molecule. The activation parameters for the acid hydrolysis 
of pentaammineruthenium(II1) complexes of acetonitrile, benzonitrile, and 1 -adamantylcarbonitrile (AH* = 20.0 f 0.2 
kcal mol-', AS* = -13.9 f 0.5 eu, AG* = 24.1 kcal mol-'; AH* = 19.0 f 0.2 kcal/mol-l, AS*  = -15.3 f 0.5 eu, AG* 
= 23.5 kcal/mol-l; AH* = 21.2 * 0.3 kcal/mol-', AS* = -10.8 A 1.0 eu, AG* = 24.4 kcal mol-', respectively) are very 
similar, which is consistent with postulation of a similar mechanism for each reaction. 

Introduction 
In 1973 Buckingham, Keene, and Sargeson reported that 

the hydrolysis of acetonitrile in basic aqueous solution is 
catalyzed by a factor of 2 X lo6 on coordination to Co- 
(NH3)S3f.1 More recently, Zanella and Ford reported that 
the effect of coordination to Rh(NH3)53+ was similar to that 
of C O ( N H ~ ) ~ ~ +  and that R u ( N H ~ ) ~ ~ +  was an even more ef- 
fective catalyst by 2 orders of magnitude.2 In both cases, there 
was no evidence for a base-independent hydrolysis path. We 
have synthesized bimetallic complexes with Co(II1) and Ru- 
(111) ammines bound to nitrile groups for the study of intra- 
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molecular electron-transfer  reaction^.^ When such complexes 
are dissolved in acidic aqueous solution, spectral changes 
consistent with hydrolysis of the nitrile group bound to Ru(II1) 
occur slowly. To understand the nature of this reaction and 
to determine how well the reaction rate can be predicted for 
given conditions, we undertook the study of the acid hydrolysis 
of organonitriles bound to Ru( 111) reported herein. 

(1) Buckingham, D. A.; Keene, F. R.; Saraeson, A. M. J .  Am. Chem. Soc. 
1973, 93, 5649-52. 
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Acid Hydrolysis of Organonitriles 

Table I. Kinetic Results for the Acid Hydrolysis of Organonitrile 
Complexes of Ru(II1) in 0.005 M Aqueous 
Trifluoromethanesulfonic A cida 

temp, 
complex OC rate const, s-' 

Ru(NH,), NCCH, ,+ 25.0 (1.24 i 0.02) X l o - '  
(4.85 i 0.22) x lo-, 37.0 
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Table 11. Absorption Maxima and Extinction Coefficients for 
Amido Complexes of Pentaaniniinerutheniuni(II1) 

50.0 (1.83 f 0.13) X 
RU(NH,) ,NCC,H,~+ 25.0 (3.39 i 0.05) X 

37.0 (1.24 i 0.01) X 
50.0 (4.39 i 0.08) X 

R~(NH,) ,NC(adamantane)~+ 25.0 (7.20 i 0.15) X 
37.0 (2.90 j: 0.02) X 
50.0 (1.25 f 0.03) X 

a The limits indicated are the average deviations for 2-10 indi- 
vidual runs. For each run, the correlation coefficient for the fit 
for first-order dependence was better than 0.99 and the variance 
for absorbance readings of individual points was 0.002 absorbance 
units or less. 

Experimental Section 
The pentaammineruthenium(II1) complexes were synthesized by 

the method previously reported for the 1-adamantylcarbonitrile 
~ o m p l e x . ~  In this procedure, (trifluoromethanesu1fonato)penta- 
ammineruthenium( 111) trifluoromethanesulfonate is combined with 
an excess of the ligand in sulfolane with (CF3S02)20 added to remove 
trace amounts of water. The reaction mixture is heated for about 
15 min at  60 OC and cooled to ambient temperature. The product 
is precipitated by adding an equal volume of acetone and diethyl ether 
in an amount about 20 times that of the original volume. The product 
is quickly dissolved in a minimum amount of water, the resultant 
solution is filtered, and the product is recovered by precipitation with 
5 M H30+CF3S0<. The acetonitrile and benzonitrile complexes made 
in this manner have the appropriate spectral properties.* 

The H30+CF3S03- was obtained by careful addition of a stoi- 
chiometric amount of water to anhydrous HCF3S03 (3M, "Fluorad") 
and vacuum distillation twice. The LiCF3S03 was obtained by the 
addition of dilute H30+CF3S03- to recrystallized LiC03. 

Data were obtained with a Beckman DU-8 spectrophotometer with 
a Peltier thermoregulated cuvette holder and were treated with statistics 
programs available on the PROPHET computing ~ y s t e m . ~  
Results and Discussion 

The results of the kinetics of acid-hydrolysis reactions of 
pentaammineruthenium(II1) complexes of acetonitrile, ben- 
zonitrile, and 1 -adamantylcarbonitrile are given in Table I. 
All of these reactions show excellent first-order behavior 
(typical correlation coefficients of 0.999 and standard devia- 
tions of individual data points of <0.002 absorbance units). 
From the data previously presented for the base-hydrolysis 
paths of the acetonitrile and benzonitrile complexes of 2.2 X 
lo2 and 2.0 X lo3 M-' s-l a t 25 "C, respectively,2 no com- 
petition from the base-hydrolysis path is expected at pH values 
below 4. Since the lowest concentration of [OH-] used in 
previous studies was 10" M, it is not unreasonable that the 
acid-hydrolysis path for Ru(II1) organonitrile complexes was 
not previously detected. The rate law for the hydrolysis of the 
Ru(II1) organonitrile complexes is therefore 

-d In [ R u ( N H ~ ) ~ N C R ~ + ] / ~ ~  = ko + kl[OH-] 

where ko is the rate constant for the acid-hydrolysis path and 
kl  the specific rate constant for the base-hydrolysis path. 

The product of the base-hydrolysis rsaction for a Ru(III), 
Rh(III), and Co(II1) organonitrile complex has been dem- 

(4) Anderes, B.; Collins, S. T.; Lavallee, D. K. 'Abstracts of Papers", 183rd 
National Meeting of the American Chemical Society, Kansas City, MO, 
Sept 1982; American Chemical Society: Washington, DC, 1982; INOR 
15. 

( 5 )  The PROPHET computing system is a multisite network, the CBIS system 
of the NIH, which includes a wide array of statistics and structural 
simulation software. We are grateful to the NIH for the installation 
of the Hunter College Facility. 

complex Amax, nm E ,  M-j cm-' 

Ru(NH, ) <  (CH .CONHY+ 383 3 . 5 ~  103a  - .  " 
249 2.3 X 

Ru(NH3), (CH,CONH,)3+ 322 1.6 X l o J a  
Ru(NH,), (C,H,CONH)Z+ 393 4 . o x  103a - _  - - 

314 3.7 x 1 0 3 ~  
RU(NH,),(C,,H,,CONH)~+ 388 3.6 X l o 3  

276 2.4X l o 3  
Reference 2. 

Table 111. Kinetic Results for Acid Hydrolysis of 
[RLI(NH,),NCCH,~*] at Various Acid Concentrations and 
Ionic Strength? 

acid concn, M rate const, s-' I ,  M rate const, s-' 

1 .0  X lo-, 4.15 X 0.0267 4.23 X l o v 5  
5 .0X low3 4.13X lo- '  0.0517 4.22X10-5 
100 X 4.31 X 0.103 4.22 X lo-, 

At 37.OoC. The ionic strength wasvaried with LiCF,SO, and 
[H'] = 0.0050 M with H,O+CF,SO;. 

Table 1V. Activation Parameters for the Acid Hydrolysis of 
Pentaanimineruthenium(II1) Organonitrile Complexes of 
Acetonitrile, Benzonitrile, and 1-Adamantyl~arboni t r i le~ 

AG*, 
AHs 3 kcal mol-' 

complex kcal mol-' AS*, eu (298 "C) 

Ru(NH,),NCCH," 20.0 f 0.2 -13.9 i 0.5 24.1 

Ru(NH,),NCC,,H,, 21.2 f 0.3 -10.8 2 1.0 24.4 
Ru(NH,),NCC,H,~* 19.0 i 0.2 -15.3 i 0.5 23.5 

a Activation parameters were obtained by the Eyring formalism 
using two values a t  each temperature. These points were obtained 
by addition and subtraction of average deviation of all values ob- 
tained at that temperature t o  the average value for all runs at that 
temperature. 

onstrated to be the corresponding coordinated amide com- 
plex.2J The spectral UV-visible changes are pronounced and 
are characteristic of the conversion of the nitrile to the amide.',* 
We find the same spectral changes for the acetonitrile and 
benzonitrile complexes as previously reported? and the changes 
for the 1-adamantylcarbonitrile complex are very similar to 
that for the acetonitrile complex (Table 11). To demonstrate 
that the reaction in acidic solution does not involve hydroxide 
ion as the attacking nucleophile, the effect of changes in acid 
concentration and ionic strength were investigated, as shown 
in Table 111. The independence of the rate constant on acid 
concentration and ionic strength indicate the attack of an 
uncharged nucleophile, the water molecule. In the experiment 
at an acid concentration of 0.100 M, the spectrum of the 
product indicates a substantial concentration of the protonated 
amide complex, consistent with the pK, of 2.00 previously 
reported by Zanella and Ford.2 The rate constant to produce 
this product is the same as that for the unprotonated coor- 
dinated amide (produced at 1 .O X low3 and 5.0 X M acid) 
as expected for protonation as a rapid step subsequent to 
hydrolysis. The reaction sequence for organonitrile hydrolysis 
at pH >> pK, is 

Ru(NH3),NCR3+ 
0 

H 
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The activation parameters for the acid-hydrolysis path of 
the Ru(II1) organonitrile complexes shown in Table IV are 
very similar to one another. There may be a compensation 
of more favorable AH* values by less favorable AS* values, 
as expected for reactions with the same mechanism, especially 
in cases where bond formation is important, but experiments 
over a larger temperature range would be necessary to sub- 
stantiate this effect. 

The relative rates for the benzonitrile, acetonitrile, and 
1-adamantylcarbonitrile reactions (3.4 X 1.2 X and 
7.2 X s-]) are  consistent with the ideas previously ad- 
vanced for the base-hydrolysis reactions,'q2 i.e., that the metal 
atom catalyzes hydrolysis by withdrawing electron density 
from the nitrile group when the nucleophile attacks and that 
substituents on the nitrile group can retard the reaction by 
donating electron density. As previously found for the base- 
hydrolysis reactions, the acid hydrolysis of organonitriles co- 
ordinated to Co(II1) and Ru(I1) appears to be much slower. 

With regard to electron-transfer reactions of organonitrile 
complexes of Ru(II1) and Co(III), the hydrolysis of the Ru- 
(111) nitrile moiety can be predicted quite readily and the 

extent can be ascertained readily from the visible absorption 
spectrum of the complex. The half-lives of such reactions a t  
25 O C  are sufficiently long to allow sample preparation without 
an  unacceptable loss of concentration of the desired nitrile 
complex. Upon reduction of Ru(II1) to Ru(II), hydrolysis is 
greatly for retarded (by a factor of a t  least lo6 for the base- 
hydrolysis path and undetected for the acid-hydrolysis path), 
posing no significant limitation to the study of reactions of 
Ru(  11)-Co(II1) bimetallic complexes. 
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Kinetic studies of the acid aquation of Cu(I1) complexes of a structurally related series of polyamines have been made 
as a function of [H30+], temperature, and presence of a general acid for catalysis of the chelate-ring opening reaction. 
The polyamines studied include en, dien, trien, tren, dach, and [9]aneN3. Activation parameters are reported for a ratelimiting 
reorganization step; the rates of all ligands in the series for the dissociation of the CuL2+ complex saturate in [H30+] except 
the strained ligand dach. C ~ ( d a c h ) ( H ~ O ) ~ ~ +  dissociates with a strictly first-order law in [H30+]. The mechanism for 
chelate-ring opening via a distorted intermediate, CuL*,+, for ligands of this series is compared to the reported ligand dissociation 
reactions for analogous Ni(I1) complexes where comparable data exist. It is concluded that the more rapidly dissociating 
Cu( 11) complexes proceed to products predominantly via intermediates in which protonation of a partially ruptured Cu-N 
bond is assisted by H30+ as an ion pair with an electrolyte anion. However with Cu(tren)(H,O),+, two different intermediates 
are required to explain two different kinetically active paths that saturate in [H30+] at 3 s-' (pH 3.0-5.0) and 500 s-l 
([H30+] > 0.050 M). The path saturating at 3 s-l has activation parameters like those of other straight-chain polyamines. 
This path is independent of counteranion, Clod- or CI-. The one at 500 s-' has an 8.3 kcal/mol lower activation enthalpy 
in C1- solution than for Cu(en)(H,O)?+ at 12.0 f 1.8 kcal/mol (NO3- medium). The more rapidly dissociating intermediate 
is described as one in which an H30+,X- pair intercepts a partially ruptured Cu-N bond of C~(tren)(H,O)~+ prior to the 
time for the rupturing ring to rotate out of the first coordination sphere of Cu(I1). The rate of this path is counteranion 
dependent. CI- provides an additional lowering of the barrier by ca. 2.0 kcal/mol vs. C10;. The Cu(tren)(Hz0)2+ dissociation 
in acetate buffers (pH 3.0-5.0) exhibits approximately the same general-acid acceleration as recently reported for Ni- 
(~II)(H,O)~,+. The influence of increasing chain length or a modification of the CuL*+ structure that increases strain for 
the dissociation step is discussed for complexes of the above series. 

Introduction 
Dissociation of a chelate ligand, such as ethylenediamine, 

is much slower than the analogous loss of monodentate ligands 
of the same donor type (NH3 for en) from a metal ion center. 
Acid can accelerate the dissociation of chelate rings by several 
orders of magnitude. Wilkins and co-workers observed the 
acid acceleration in their early mechanistic studies of the 
dissociation of Ni(en)(H20):+ and Cu(en)(H,O)?+.l4 Their 
conclusions have largely held up to the test of time for most 
of the labile-ion transition-metal systems that have been ex- 
amined mechanistically.' Most of the mechanistic conclusions 

( 1 )  Wilkins, R.  G. Act. Chem. Res. 1970, 3, 408. 
(2) Melson, G. A.; Wilkins, R. G. J .  Chem. Sot. 1962, 2662. 
(3) Moore, P. Ph.D. Disseration, University of Sheffield, Sheffield, England, 

1964. 
(4) Ahmed, A .  K. S.;  Wilkins, R. G. J .  Chem. SOC. 1960, 2895. 
(5) Wilkins, R. G. J .  Chem. Sot. 1962, 4475. 
(6) Ahmed, A. K. S.; Wilkins, R. G. J.  Chem. Sot. 1959, 3700. 

have been drawn from studies of Ni(I1) complexes because 
the rates with Ni(I1) are slower (albeit kinetically rapid) than 
with most other ions of interest of the first-row transition metal 
ions. The Ni(I1) cases are therefore more amenable to kinetic 
methods. 

Ahmed and Wilkins suggested in their earliest studies of 
chelate-ring openings with Ni(I1) and Cu(I1) complexes that 
H+ might be involved in the direct attack of the shared electron 
pair between ligand and metal ion center.6 

I 

(7) Margerum, D. W.; Cayley, G. R.; Weatherburn, D. C.; Pagenkopf, G. 
K. ACS Monogr. 1978, No. 174, 1. 
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