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Exchange reactions of CO with some carbonyl compounds such as CO~(CO)~GRR’ in n-heptane solution were studied. 
The kinetic order and activation energies for exchange were determined. The rate constants are discussed in relation with 
the CO stretching frequencies and Taft’s polar constants u* of R. R’. Results show an unusual relation between the nature 
of the Co-CO bond and the exchange rate. 

Introduction 
A kinetic study of CO exchange in metal carbonyl 

derivatives is an important method for investigating 
the significance of some factors with respect to the 
stabilities of the compounds, especially the M-CO 
bond. 

The rates of substitution reactions may not be as 
satisfactory because they can be affected not only by 
the nature of the metal-ligand bond in the initial 
compound but also by the properties of the compound 
which is produced as a result of the reaction. 

It was therefore decided to make a detailed and sys- 
tematic study both of the substitution reactions (these 
now form the subject of another paper’) and of the ex- 
change reactions in a series of compounds of the type 
Co2(CO)6CzRR’ which are derived from Coz(CO),g by 
its reaction’-4 with various acetylene derivatives 
R-CzC-R’. The following carbonyl compounds 
have been studied: C O ~ ( C O ) ~ C ~ ( C F ~ ) ~ ,  co2(co)6c2- 
(C&)Z, co2(co) ~ c z ( c ~ ~ c ~ ~ ) ~ ,  COz(c0) ~ C ~ C H ~ C B H I ~ ,  
cO2(co) ~cz(CH3) 2, coz (eo) sCzHCsH5, cOz( co) &zH- 
CH,, Co~(C0)6C2H2, and Co2(C0)6Cz(CHzC1)2. A ki- 
netic study of the CO exchange with Co2(CO)6C2(C6H5)2 
was reported previously by Keeley and Johnson5 and 
by Basolo and Wojcicki.6 

The presence of different groups R and R‘ in the 
acetylene derivatives enables one to obtain a gradual 
change of the u- and x-bonding abilities of the ligand 
and allows one therefore to study the influence which 
these ligands may have on the rates of exchange of the 
CO groups. These changes in R and R’’ also result in 
changes in the C-0 stretching frequencies and were 
determined by examining the infrared spectra of the 
compounds. 

The kinetic data are discussed in terms of the donor- 
acceptor capacities of the coordinated acetylene deriva- 
tives. 
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Experimental Section 
Compounds and Solvents.-All compounds used were prepared 

and purified according to the methods described in the litera- 
t ~ r e . l - ~  

Their purity was checked by thin layer chromatography, infra- 
red spectrophotometry, and combustion analysis. %-Heptane 
was purified by refluxing over sodium followed by fractional 
distillation. 

The 14C0 used in the experiments was supplied by the Radio- 
chemical Centre of Amersham and was suitably diluted with 
inactive CO of a very high standard of purity, which had been 
previously dried by calcium chloride and silica gel columns. The 
argon used was purified in the same way. 

Apparatus.-The apparatus used for the study of the exchange 
reaction between the carbonyl derivatives and the 14C0 consisted 
of a simple vacuum line to which reaction ampoules, similar to 
one described by Cetini and co-workers> can be connected. The 
volume of the ampoules was measured separately and for each 
experiment a series of ampoules of constant volume was used. 
(In the case of variations in excess of 1% the necessary correc- 
tions were made. 1 

The experiments were carried out as follows: equal volumes of 
the metal carbonyl solutions in n-heptane were pipetted in the 
ampoules: these were connected to the line and after saturation by 
slow bubbling of CO for standard times radiocarbon monoxide 
(or mixtures of I4CO and argon in known compositions) was added 
and the ampoules were sealed. They were then placed in a ther- 
mostated bath (A0.1’) and kept in a state of continuous agita- 
tion. 

At various times the ampoules were removed and their con- 
tents analyzed. Measurements of activity a t  equilibrium time 
were carried out on ampoules left in the thermostat for periods 
equivalent to 8-10 half-exchange times or on ampoules kept a t  
higher temperatures for suitably long times. 

Control experiments were also carried out in which the car- 
bonyl compound, after labeling with radioactive CO, was ex- 
changed. For each compound, infrared spectra in the carbonyl 
stretching region (2000-2100 cm-1) were determined during the 
course of the kinetic study and compared with solutions of the 
same compound a t  the same concentration; in no case was any 
decomposition of the compound discovered. Light was ex- 
cluded in all experiments. The solubility of CO a t  the tem- 
perature a t  which the ampoules were filled (25’) is reported in 
the literature.g Solubility at other temperatures was determined 
in our laboratory. 

Measurement of Specific Activity.-Measurements of the 
specific activity of the gas phase and the solution of each am- 
poule were taken. Specific gas activity was determined by 
separate measurements of the mass and the activity of the CO. 
The gas was passed with He flow through a gas chromatograph 
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TABLE I 
RATES O F  co EXCHANGE WITH COz(CO)6CzRR' I N  R-HEPTANE AT 40.0" 

Coz(C0)6CzRR'. ( C O ) A . ~  (CO)t ,b  t 1 / 2 .  

m M  

8.22 
8.22 
8.22 
8.22 
8.22 

12.31 
4.32 
8.22 
8.22 
8.22 
8.22 
8.22 

13.15 
7.94 
8.22 
8.22 
8.22 

Dissolved CO. * Total CO in each ampoule. 

m M  

8.50 
8.50 
4.12 
8.50 
8.50 
4.05 
4.10 
8.50 
4.80 
8.50 
3.95 
8.50 
4.45 
8.50 
8.50 
8.50 
3.72 

column packed with molecular sieves. On exit it was suitably 
mixed with argon and passed into an ionization flow chamber. 

The apparatus consists of a Model Erba chromatograph, with 
thermal conductivity detectors, and a Nuclear Chicago Corp. 
ionization flow chamber and Model 6000 electrometer. The 
determination of the specific activity of the solution was carried 
out by a Tricarb Model 314 EX liquid scintillation spectrometer 
of the Packard Instrument Co. 

The scintillator used was a toluene solution of 2,5-diphenyl- 
oxazole (PPO) (4 g/l.) and 1,4-di[2-(5-phenyloxazolyl)] benzene 
(POPOP) (0.05 g/l.). 

Infrared spectra were recorded using a Beckman Model IR7 
double-beam spectrophotometer with sodium chloride optics. 

Treatment of the Data.-In all the experiments linear plots of 
log (1 - F) vs. time were obtained and thus all the reactions 
studied follow McKay's equation.'O F ,  the exchange fraction, 
is given by (A0 - At)/(Ao - A,) for measurements made on the 
initially labeled compounds and A ' t /A  ', for measurements 
made on the initially inactive compound, where Ao, At, and A ,  
represent the specific activities a t  time 0, a t  timet, and a t  equilib- 
rium time of initially labeled compound, and A' ,  and A' ,  repre- 
sent the specific activities a t  time t and at equilibrium time of 
initially inactive compound. 

The rate of exchange is calculated by the equation 

where x is the number of exchangeable CO groups in the carbonyl 
derivative and [CO], is the total molar concentration of CO ex- 
pressed as though all the CO was in solution. 

The orders of reaction a and b with respect to the two reagents 
are calculated and also the specific reaction rate on the basis of the 
relationship 

R = K[CO~(CO)GC~RR']~[CO]* 

Results 
In  some preliminary experiments the correspondence 

between the experimental and the theoretical values of 
A ,  and A',, calculated on the basis of the exchange 
of all six carbonyl groups, was determined. It was 
found that under our conditions all six CO groups are 
equivalent. 

The kinetic order of exchange was determined in 
experiments conducted a t  40.0" on the following com- 

(10) H. A. C. McKay, Nature, 142, 997 (1938) 

mmoles 

1.05 
0.867 
0.457 
1.02 
1.05 
0.495 
0.498 
0.99 
0.605 
0.93 
0.450 
0.928 
0.485 
0.98 
0.97 
0.890 
0.484 

hr 

7 .2  
11.7 
8.75 

13.7 
14.25 
8.75 

13.4 
21.5 
16.75 
21.2 
16 .5  
62.5 
34.4 
83.8 

299.5 
1020 
750 

107~, 105k, 

8 .9  10.9 
5.18 6.32 
5.21 6.34 
4.64 5.66 
4.54 5.54 
6.50 5.30 
2.40 5.51 
2.95 3.58 
3.11 3.77 
2.57 3.56 
2.72 3.28 
1.00 1.21 
1.69 1.29 
0.735 0.93 
0.208 0.255 
0.060 0.073 
0.063 0.076 

M sec-1 sec--l 

plexes: COz(CO)sCaHz, COz(CO)sCzHCH3, COz(c0)~- 
CZHC6H5, coz (co) sC2(CH3) 2, COz (co) &2( CG&) 2, and 
COZ(CO)&Z(CF~)Z. The data show a first-order de- 
pendence on the carbonyl concentration and no de- 
pendence on CO concentration. 

The influence of the two substituents R and R' on the 
exchange rate was determined by measuring the rate 
constants of the different complexes a t  a temperature of 
40.0'. It will be noted that the rate constants decrease 
in the following order: (CHZPI:(CZH~)Z)Z > (CH3)Z > 

C1)z > (COOCH3)z > (CFB)~.  The results are tabu- 
lated in Table I. Experimental values with complex 
concentration 8.22 mM (for CO~(CO)&!Z(CHZC~)~ 7.94 
mM) and CO concentration 8.50 m M  are represented in 
Figure 1. The effect of the temperature on k is deter- 
mined by experiments carried out in the range 32.0- 
60.4". From these data the activation energies and 
entropies are calculated. The results are given in 
Table 11. 

CH3CsHs 3 (C6H5)Z > HC6H5 3 HCH3 > Hz > (CHz- 

TABLE I1 
DATA ON THE CO EXCHAXGE REACTION WITH 

Co2(CO)&RR' IN %-HEPTANE 
E., as+, 

Temp, lOSk, kcal cal mole-' 
O C  sec-1 mole-' deg-1 

cOz(co)~cz(c&)z 32.0 1.58 
40.0 5.45 
48.0 18.5 29.9 15.4 

40.0 3.68 
48.0 12.2 

50.0 0.396 
60.4 2.06 33.8 19.2 

COz(CO)eCzHCe,Hs 32.0 1.00 

30.4 16.2 
C O Z ( C O ) ~ C ~ ( C F ~ ) ~  40.0 0.0745 

Discussion 
The first observation that can be made about the 

series of carbonyls examined is that  there are regular 
variations in the rate constant k in relation to the 
groups R and R'. It can be seen for example that CO 
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Figure 1. 

TABLE I11 
k, VC-0, AND U * R  + U*R* VALUES FOR VARIOUS COZ(CO)P,CZRR’ COMPOUNDS INVESTIGATED 

R CHzN(CzH5)z CHI CH3 CBHK H H H CHzCl COOCHs CF3 
R‘ CHZN(CZHK)Z CHs CsH6 CaH5 CsHa CHI H CH2C1 COOCHo CF3 
105k, sec-1 10.9 6 .3  5.66 5.45 3.67 3.42 1.24 0.93 0.255 0.0745 
V C - o  in 

%-heptane, cm-1 2088.5 2090.0 2091.0 2090.5 2094.5 2094.5 2099.5 2102.5 2112.0 2122.5 
U*R $. U*R‘ 0,000 0.600 1.200 1.090 0.490 0.980 2.100 4.00 5.8a 

a U * C F ~  is calculated by extrapolation from the series CHs, CHZF, CHFz (see ref 7). 

exchange is more favored by the CH3 group than by 
the C6H5 group and more by the latter than by H. 
This is established by the constant decrease of k in the 
series (CH& > HCH3 > H2; (C6H5)2 > HC6H5 > H2; 
(CH3)2 > CH3C6H6 3 (C&)2. The effect is larger 
for the first series than i t  is for the last. 

The CO stretching frequencies also show a gradual 
variation of VC-o with changes in the groups R, R’ 
(see Table 111). The Ingold-Taft polar constants 
u*ll of these groups show a linear correlation with the 
values of ~ c - 0 ~ ~  (Figure 2 ) .  This is in accord with the 
earlier observations of Bigorgne7 and his hypothesis 
that, since the u* values are related to the inductive 
effect of the groups, the shifts in frequencies can be 
mainly attributed to this effect. 

The possibility of a mesomericeffect, superposedon the 
inductive effect and of opposite sign, cannot be excluded. 
Perhaps the mesomeric effect, which can generally be 
ignored in view of the dominant inductive effect, is 
responsible for the behavior of the C6Ha group being 
analogous to that of the CH3 group. 

An examination of the VC-0 shift in the different 
compounds reveals that an increase in electronegativity 

(11) R. W. T a f t  in “Steric Effects in Organic Chemistry,” M. S. Newman, 

(12) We have reported the highest CO stretching frequencies of each 
All the characteristic vc-0,  however, follow a similar relation- 

Ed., John Wiley and Sons, New York, N. Y., 1956, p 619. 

compound. 
*hip. 

31 2 

of the group shifts these frequencies to higher values. 
Thus, in going from (CH~N(C~HS)&. to (CFa)2, the 
order of the C-0 bond increases, which suggests that  
the order of the Co-CO bond decreases. 

We have related the rate constant k with the values 
of VC-0 (Figure 3) and have observed that log k de- 
creases linearly with increasing VC-0. 
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2070 ' 2090 ' 21io ' 21'30 ' L l - 0  

Figure 3. 

Since our results show that the reaction is first order 
in carbonyl compound and zero order in carbon mon- 
oxide, the rate-determining step should be the dis- 
sociation of a CO group from the carbonyl. This is 
in agreement with the values of the activation energies 
and entropies which are typical for such a process. 

One would therefore expect to find a behavior coni- 
pletely opposite to that observed, i .e. ,  a rate constant 
increasing in the direction (CH2N(C2H5)2)2 -+ (CF,),, 
this being the direction in which the Co-CO bond de- 
creases. 

A possible explanation of this result, from the kinetic 
point of view, follows if we assume that the reaction 
occurs by loosening, in the first stage, of the acetylene- 
Co bond. This stage is followed by the isotopic ex- 
change in the activated complex via addition of I4CO, 
splitting of CO groups, and rearrangement of the mole- 
cule for re-formation of the acetylene-Co bond. In  fact, 
derivatives of these acetylenic compounds with a greater 
number of CO groups are already known.13s14 

Therefore the over-all rate of exchange reaction 
decreases with the increasing strength of the acetylene- 
Co bond, strictly related to  the increase of the electron- 
acceptor power of the acetylene groups. We neces- 
sarily conclude that casual factors must be excluded 
but also that such dependence must be explained 
with respect to the structure and the nature of such 
compounds. Exactly the opposite correlation was re- 
ported earlieP as well as one similar to that reported 
here. IG 
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