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that  calculated by It appears prudent, there- 
fore, not to attempt definite assignment of the transi- 
tions to doublet states until more information is avail- 
able. 

With Dq = SO0 cm-I and B = '753 cm-I the elec- 
tronic energy of the 4T1,(4P) level is 22.24 X lo3 
crn-l. The observed highly structured spectrum in 
this region becomes more intense a t  higher tempera- 
tures and is probably mainly vibronically allowed 
transitions to the 4T1,(4P) level. The absorption ob- 
served above 24 X lo3 cni-' is very strong for transi- 
tions from the ground state to excited doublet states 
and does not become n-eaker a t  low temperatures. I t  
is probable that this strong intensity derives from 
admixture of the doublet states XT-ith the nearby charge- 
transfer states of the crystal responsible for the very 
strong absorbance above 32 X 103 

Addendurn.--%xial spectra of VCIB a t  room tempera- 
ture, liquid nitrogen temperature, and liquid helium 
temperature have recently been reported by Smith, 
who gave a gsaph of optical density os. wave number 
but did not report quantitative intensities of absorp- 
tion. There is qualitative agreement between our 
spectra and those reported by Smith. 
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It has been reported that  the carbonyl substitution 
reaction of C,H5V(CO), with triphenylphosphine, 

CO, proceeds according to a second-order rate lav,  
first order in C5HiV(CO)I and first order in P(CeH:)3.l 
The absence of a term first order in C3HjV(CO)I only 
suggested that this complex did not react according to 
a mechanism in which unimolecular dissociation of a 
carbonyl group Tvas rate determining. This was un- 
usual in vien- of the fact that  essentially all carbonyl 
substitution reactions of octahedral metal carbonyl 
complexes have been found to proceed, a t  least in 
part, according to  a path governed by the unimolecular 

CjHjV(C0); + P(CtjH:)3 -+ CjHjV(C0)3P(CcHj)8 + 

(1) 117. Strohmeiet and  H Blumental, Z X a , x r . / a s c i ~  , 22b, 13,51 (1967) 

dissociation of CO.* The pseudo-seven-coordinated 
nature of CjHjV(CO)4 would suggest that  i t  m-ould be 
even less likely t o  react by an associative (Srv2) inecha- 
nism for steric reasons. Thus, i t  was believed a rein- 
vestigation of the reaction of C:H,V(CO), with LeIvis 
base ligands was warranted. Herein are reported the 
results of the investigation. 

Experimental Section 
Preparation and Purification of Materia1s.-CjH;V(CO was 

prepared according to a standard procedure.s The complex was 
sublimed twice and stored under nitrogen a t  -80" in a foil- 
xyrapped vial. Triphenylphosphine, P(CsHi)3 (Aldrich Chemi- 
cal Co.),  was recrystallized from ethanol, washed with pentane, 
and dried a t  85", as the melt, under high vacuum for 1 hr. Tri-n- 
butylphosphine, P (C ,HQ)~  (Aldrich Chemical Co.), was frac- 
tionally distilled under high vacuum and was stored under nitro- 
gen. Tri-n-butyl phosphite, P(OC4Hv), (Matheson Coleman 
and Bell Chemical Co.), was used as obtained. Pure samples 
of the bicyclic phosphite, .l-~z-propyl-3,6,7-triosa-l-phosplla- 
bicyclo [2.2.2]octane, P(OCH?)3C(CHy)2CHa, were kindly sup- 
plied by G. I(. McExyen. The solvent, decalin (Baker Chemical 
Co.), was stirred over sodium for 6 hr at 130" and was carefully 
distilled under reduced pressure. Chlorobenzene iMallirickrodt 
Xnalytical reagent) was used as obtained. 

Identification of Products.-The products of the reactions, 
CaH:\'(CO)gL (where L = P(CsHi)s, P(CdH,)s, P(OCdH,)g, and 
P (OCH2)3C~CH2~2CH3) ,  were not isolated. However, the 
products were identified by comparison of their infrared carbonyl 
stretching spectra v i th  those of the already reported C;H;\.- 
(CO)3P(C8H;)a4 and CiHiY(C0)aP [iX(CHa)n]a .6 The infrared 
spectra of the products were recorded with a Beckman IR-12 
infrared spectrophotometer, and the carbonyl stretchinr: fre- 
quencies are given in Table I.  The infrared spectra of the reac- 

TABLE I 
CARBGSYL S~RETCHING FREQUENCIES FOR 

CaH;>\'(CO)rL PRODUCTS 

P ( G H  u ) a  %-Heptane 1957, 1878, 1855 
P [N(CH3)21:j6 Mull 1953, 1853. 1939 
P(CsH:)s5 Mull 1950, 1833, 184,) 
I'(0C1iHg)s Decalin 1970, 1893, 1868 

L l led ium Carbonyl str frerl, cm - 1  

P (  OCHn);C(CH2)2CH3 Decalin 1983, 1907, 1882 

tion solutions after 3 or 4 half-lives indicated the presence o f  
another product of the type CaH;'V(C0)2L? (only when L = 

P(C:H$)a and P(OC4H0),). The  lowest carbonyl stretching fre- 
quencies of the phosphine and phosphite products occurred a t  
1766 and 181 7 cm-1, respectively. These frequencies corre- 
spond to the lowest CO stretching frequency (1787 c n - I j r  of 
CiHiT7(CO)2diphos.' Since the other CO absorption of CJHa\'- 
(C0)2diphos occurs a t  1864 cm-', it is probable that this absorp- 
tion of the phosphine and phosphite product, CjHj'V(C0),L,,, 
is masked by the bands of the predominant product, CjHa\-- 
(COhL. 
In reactions where the ligand concentrations were less than 0.1 

lf, decomposition \\-as observed. When triphenylphosphine was 
employed, decomposition \vas even observed at  higher concentra- 
tions. Hence, ligand concentrations employed were, for the most 
part, greater than 0.1 11f and reactions with triphenylphosphine 
were not studied in detail. 

Determination of Rates.-Reaction rates were determined by 
inonitoring the decrease of the high-frequency infrared carbonyl 
stretching absorption of C5Hi\*(CO)~ a t  2019 em-'. In a typicai 

( 2 )  I<. J ,  Angelici, Oigaitomelal C h ~ w  Rrz'., 3, 1 3  (1968) 
(3) 1%. B. King, 0;garromela l .  Syiz., 1, 107 (1965). 
(4) 12. Tsumra and K. Hagilhra,  Bidl SOL C h u m  J o p o n  38, 11101 ( l i i i i i ) .  
(5) I<. B. King, J n o v g .  Chei i l . ,  2 ,  936 (1963: 
(6) H. Behrens and H. Brandie, %. . Y a ~ z w ~ o r s ~ / ~ . ,  22b, 1353 (196i ) .  
17) diphos = l ,Z~his(diphenylphI,sphinr,!ethane 
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experiment, 10 mg of C;H:V(CO)r was dissolved in 10 ml of ligand 
solution in a foil-wrapped vessel equipped with a rubber septum. 
Air was rigorously excluded from the reaction by carefully purg- 
ing the solution and vessel with nitrogen. Samples were with- 
drawn from the reaction solution with a syringe, preceded by the 
injection of a small volume of nitrogen; the absorbances of the  
samples were immediately measured on a Perkin-Elmer 237b 
infrared spectrophotometer. The  initial experiments with the 
various ligands were also monitored by  scanning the carbonyl 
stretching region on a Beckman IR-8 equipped with an external 
recorder or a Beckman IR-1% infrared spectrophotometer. 
The  concomitant increase in product bands was observed with 
the disappearance of the CjH:,V(C0)4 bands. Pseudo-first-order 
reaction conditions were maintained by using ligand concentra- 
tions of greater than 10-fold excess. Plots of In ( A ,  - A m )  v s .  t 
(where At is absorbance at time 1 and A= is absorbance after 
completion of reaction; in most cases, A m  was taken to be the  
absorbance of the solvent-ligand blank since the values were 
essentially identical with those a t  the completion of the reaction) 
were linear to a t  least 7 5 7 ,  of reaction. The  pseudo-first-order 
rate constants, kobs , j ,  were determined graphically and are re- 
producible to within 6y0 or better (Table 11). 

TABLE I1 

WITH VARIOUS LIGANDS IN DECALINQ 

P(C4Hu)a 0. 062b 109.5 0.810 
0. 062 0.840 
0.178 0.722 
0.407 0.770 
0.454 0.789 
0.103 119.3 2 .48  
0.190 2.68 
0 ,491  2 .62  
0.17FC 2 .45  
0 .  405c 2 .45  

P(OC4H D )a 0.129 2 .62  
P(OCHz)aC(CHg)pCHa 0.386 2 .51  
P ( C ~ H Q ) ~  0.198 129.5 8 . 2 5  

0.429 8.25 
0 ,653  8 . 4 3  

'1 A H *  = 55.1 & 1.2 kcal/mol; A S *  = 36.0 + 2.8 eu. 

RATES O F  REACTION OF CsH;V(CO)4 

Ligand, L Concn, M Temp, OC 104kobJd, sec-1 

Rate  
determined in the presence of room light. Chlorobenzene 
solvent. 

Results and Conclusions 
Kinetic da.ta in Table I1 indicate that the reaction 

CjHjV(CO)q + L --f CjHjV(C0)3L + CO proceeds 
according to the first-order rate law : rate = k [CzHb- 
V(CO),]. The rate is thus independent of the ligand 
L concentration and ligand identity. As indicated in 
Table I1 some rate determinations were performed with 
and without the exclusion of light and in solvents of 
varying dielectric constant ; the rates were very little 
affected by these alterations. The first-order rate 
law obtained for the reaction is consistent with a mech- 
anism involving rate-determining dissociation of a 
carbonyl group (eq 1). The positive entropy of acti- 

o 

vation (+36 eu) also supports a dissociative mecha- 
nism. 

The enthalpy of activation of 55.1 kcal/mol is, to 
our knowledge, the largest value known for substitu- 
tion reactions of metal carbonyl complexes. Other 
AH* values of approximately 40 kcal/mol have been 
reported for carbonyl dissociation reactions of M(CO)68 
(where M = Cr, W) and diph0sM(C0)4~ (where M = 

Cr, M o ) .  The fact that  the reaction of C Z H ~ V ( C O ) ~  
proceeds under milder conditions than those of the 
Cr, Mo, and W complexes previously mentioned is 
attributable to the large favorable entropy effect ac- 
companying the reaction. 

Although second-order kinetics have been reported 
for the carbonyl substitution and CO-exchange reac- 
tions of CSH&O(CO)~~O and (CjHg)2NiZ(C0)2, l1 the 
absence of a second-order term for the CjHjV(C0)d 
reactions is apparently due to steric influences which 
inhibit expansion of the metal coordination sphere 
and/or prevent nucleophilic attack a t  the carbonyl 
carbon. 

Since the work of Strohmeier and Blumental' indi- 
cated that the reaction of CaH6V(C0)4 with P(C6H5):, 
was first order in each of the reactants, contrary to our 
results with other Lewis bases, we attempted to  study 
the reaction under conditions very close to those em- 
ployed by those investigators. Thus a t  102.5' using 
0.2 M P(C6Hj)a' in decalin solvent, C,H,V(CO), was 
observed to disappear but  a t  a rate which was much 
slower than reported. Also very little product, Cj- 
HsV(C0)3L, formed during the reaction; a great deal 
of decomposition accompanied the small amount of 
product formation. \Vhile the discrepancy between 
our results and those of Strohmeier and Blumental 
cannot be accounted for in detail, i t  is apparently re- 
lated to the fact that  the other authors measured the 
rates of reaction by following the increase in product 
absorptions in the visible spectrum; we have found that  
in fact very little product is formed under their con- 
diticns. 
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We reported several years ago' that  planar, diamag- 
netic bis (ethylxanthato) nickel (I I), Ni [S2C0 ( C2H& j 2 ,  

( 1 )  R. I,. Carlin, J ,  S. Dubnoff,  and  W. T. Hunti-ess, Proc. Chr'iz .  S o c . ,  
228 (1964). 


