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Detailed kinetic data are reported for the reactions of M(CO)e (where M = Cr, Mo, and W) with Me3N0, 
in the absence and in the presence of triphenylphosphine (PPh3). The rates of reaction are first-order 
in concentrations of M(CO)e and of Me3N0 but zero-order in PPh3 concentration. The rates of reaction 
decrease in the order W > Mo 2 Cr. A mechanism is proposed which involves attack on a carbonyl carbon 
with the formation of coordinatively unsaturated intermediates of the type M(CO)5, which then rapidly 
react with an entering ligand. Compared with other nucleophiles reported to react by carbonyl attach 
in M(CO)6 substrates, Me3N0 is a strong nucleophile. Qualitatively, the nucleophilic strengths decrease 
in the order MeLi > Me3N0 > PhCH2MgBr >> N3- > NCO- > NCS- > C1- > Br- > I-. 

Introduction 
The comprehensive reviews by Albers and Coville' and 

by Luh2 on induced substitution reactions of metal car- 
bonyl complexes have prompted us to initiate a study of 
oxygen atom transfer reactions to  metal carbonyls. Our 
approach will be to  investigate simple systems in order to 
maximize our chances of better understanding the factors 
that affect the kinetics and thermodynamics of these re- 
actions. This, our first study, repo& data on the kinetics 
of reactions of the chromium metal triad hexacarbonyls 
with trimethylamine N-oxide (Me3NO). Further studies 
will report the effect of other changes in substrates on the 
rates of CO substitution and the effect of using other 
known oxygen atom transfer  reagent^.^ 

Hieber and Lipp4 first reported the use of pyridine 
N-oxide to facilitate CO release from Fe(C0)5. A decade 
later, Alper and Edward6 established the generality of the 
reaction. The past decade has seen extensive use made 
of the reaction in syntheses and reactions of metal carbonyl 
derivatives,'V2 but to our knowledge this paper is the first 
report of a quantitative systematic kinetic study of the 
reaction. 

Experimental Section 
Compounds and Solvents. Manipulations involving the metal 

hexacarbonyl compounds were routinely carried out under a N2 
atmosphere by using standard Schlenk techniques. Acetone, 
acetonitrile, chloroform, and dichloromethane were purified and 
dried by publishede procedures. The solvents, which were gen- 
erally spectroscopic grade, were distilled under a Nz atmosphere 
prior to use. The metal Complexes M(CO)e (M = Cr, Mo, W) were 
obtained from Strem Chemicals and were purified by sublimation. 
Trimethylamine N-oxide (Me3NO) was obtained either as the 
dihydrate (Aldrich) and purified by sublimation or it was syn- 
thesized by a literature method.' The nucleophiles PPh3 and 

(1) Albers, M. 0.; Coville, N. J. Coord. Chem. Reu. 1984, 53, 227. 
(2) Luh, T. Y. Coord. Chem. Reu. 1984,60, 255. 
(3) Groves, J. T.; Nemo, T. E.; Myers, R. S. J.  Am. Chem. SOC. 1979, 

101,270. Tovrog, B. S.; Diamond, S. E.; Mares, F.; Szalkiewicz, A. J. Am. 
Chem. SOC. 1981,103,3522. Andrews, M .  A.; Chang, T. C. T.; Cheng, C. 
W. F.; Kelley, K. P. Organometallics 198, 3, 1777. 

(4) Hieber, W.; Lipp, A. Chem. Ber. 1959,92, 2085. 
(5) Alper, H.; Edward, J. T. Can. J. Chem. 1970, 48, 1543. 
(6) Gordon, A. J.; Ford, R. A. The Chemists Companion, Wiley-In- 

terscience: New York, 1972. 

AsPh3 (Strem) were purified by recrystallization from hexane. 
The phosphite P(OEt)3 (Strem) was distilled over Na in a N2 
atmosphere prior to use. 

Instrumentation. Infrared spectra were recorded on a Ni- 
colet-50X FT-IR using 0.5-mm NaCl ce&, on a Nicolet 7199 FT-IR 
using a Specac P/N 20.500 variable-temperature IR cell which 
contained a 0.5-mm AgCl cell, or on a Perkin-Elmer 283 using 
0.2-mm CaFz cells. Ultraviolet-visible measurements were ob- 
tained on a Shimadzu UV-240 or on a Perkin-Elmer 320 spec- 
trophotometer using 0.5-cm quartz cells. 

Kinetic Measurements. Rate data for the disappearance of 
reactant metal complexes were obtained by monitoring UV-vis 
spectral changes and by monitoring spectral changes in the v(C0) 
region of the IR. In a typical experiment using a UV spectro- 
photometer, a solution of M(CO)e (-1 X lo4 M) and PPh3 was 
prepared in a cuvette, and the cuvette was placed in a temper- 
ature-regulated jacket. Constant temperature was maintained 
by the internal circulating bath of the Shimadzu UV-240 or by 
an external circulating bath (Neslab RTE-8). After 15 min of 
temperature equilibration, a CHzC1, stock solution of Me,NO was 
syringed into the cuvette, the cuvette was removed and rigorously 
shaken, the cuvette was replaced in the light beam, and the 
resultant spectral changes were monitored. 

Infrared spectral changes for the disappearance of the TI, vco 
band were monitored by injecting a solution containing M(CO)e 
(7 X M), and MeSNO into a variable-temperature IR cell 
(Specac P/N 21.000). The reaction solution was prepared at 0 
"C by adding a CHzClz stock solution of MeSNO to a CHzCl2 
solution containing metal complex and PPh3. 

Plots of -In A vs. time for the disappearance of reactant and 
plots of -In A,  - A vs. time for the appearance of product were 
linear over 2-3 half-lives (linear correlation coefficient > 0.995). 
The slopes of these lines yielded bow.  Both methods for mon- 
itoring the reaction rates yielded similar b o w  values for a given 
reaction. 

Results 
The rates of reactions 1 and 2, where M = Cr, Mo, or 

W, were monitored by following changes in the IR and/or 
UV-visible absorption spectra with time. Spectral changes 

M(C016 + Me3N0 - M(CO)5NMe3 + COz (1) 

M(C0)5PPh3 + Me3N0 + COz (2) 
M(C0)6 + PPh3 + Me3N0 - 

(7) Lecher, H. Z.; Hardy, W. B. J. Am. Chem. SOC. 1948, 70, 3789. 
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Figure 1. Infrared YCO absorbance changes vs. time for the 
reaction W(CO)B + 2Me3N0 + 2PPh3 - W(CO)4(PPh3)2 + 2NMe3 + 2C02 in CH2C12 at 11.6 O C .  

J A 

3 0 0  400 500 

W a v e l e n g t h ( n m 1  

Figure 2. UV-vis absorbance changes vs. time for the reaction 
W(CO)6 + 2Me3N0 - W(C0)4(NMe3)2 + 2C02 in CHzC12 at 30.0 
"C. 

WE3NOI X lo2 

Figure 3. Plot of kow vs. Me3N0 concentration for the reaction 
M(CO)6 + Me3N0 + M(CO)SNMe3 + COz in CHzC12 at 12 OC: 
0, Cr(COh, A, Mo(CO)8, +, W ( c 0 ) ~ .  

of the reaction mixtures suggest good stoichiometric re- 
actions affording monosubstituted and, after sufficient 
time, disubstituted products. For the reaction of W(CO)6, 
the second substitution is fast a t  these conditions, so no 
significant amount of monosubstituted product is detected 
during the reaction as indicated by the good isosbestic 
points shown by the spectral changes (Figures 1 and 2). 
In all cases, the reaction products had IR spectra in 
agreement with reported spectra of the known com- 
pounds.8 
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Table I. Second-Order Rate Constants and Activation 
Parameters for the Reactions of M(CO), with Me3N0 (eq 1) 

in Dichloromethane 
AS*, 

cal/(mol. 
M T, "C k, M-l s-l AH*, kcal/mol d e d  

Cr 12.5 5.99 X 12.2 f 0.5 -21.3 f 1.7 
20.1 9.96 X lo-' 
23.5 1.34 X lo-' 
32.5 2.59 X lo-' 

16.5 1.03 X lo-' 
23.5 1.62 X lo-' 
29.5 2.71 X 10-1 

17.3 1.67 X lo-' 
21.3 2.76 X lo-' 
32.0 6.89 X lo-' 

MO 13.0 6.95 X lo-' 13.0 f 0.8 -18.1 f 2.8 

W 11.3 8.72 X lo-' 16.7 f 0.8 -4.5 f 2.7 

Table 11. Observed Rate Constants, kob,d, for Reaction 2, 
with Changes in PPh3 Concentration at a Fixed Me3N0 

Concentration in Dichloromethane 
M T, O C  IMeaNO1, M [PPhJ, M k n h d ,  s-l 

Cr 14.5 1.75 X 4.72 X 2.13 X 

2.36 X lo-' 2.67 X 
Mo 11.6 8.33 X 6.30 X 6.41 X 

1.89 X 6.79 X lo-' 

9.44 x 10-2 2.28 x 10-3 

3.34 x 10-2 3.90 x 10-4 
W 23.5 1.75 X lo-' 4.27 X 7.21 X 

1.42 X 6.72 X 
2.36 X 6.71 X 

Table 111. Solvent Effect on the Rates of Reaction 1 for 

solv e, M-I cm-' k. M-' s-' 
Cr(CO)s at 16.5 O C  

CH3CN 38.8 5.50 
acetone/CH2C12 (1:2) a 0.88 
CH&lz 8.9 0.08 
CHC13/CH2C12 (3:2) a 0.01 

"The dielectric strength of the mixed solutions are not known, 
but L = 20.7 M-' cm-I for acetone and t = 4.73 M-' cm" for CHCI3. 

Plots of -In A vs. time were linear for more than 3 
half-lives and gave koW values reproducible to f5%. Plots 
of K o b d  vs. [Me,NO] show (Figure 3) a first-order depen- 
dence on Me,NO, so the reactions (eq 1 or 2) obey the 
second-order rate law given by eq 3. Rates of reaction 2 

-d[M(CO),]/dt = k[M(CO),][Me,NO] (3) 

are zero-order in [PPh3] (Table 111), and the same rates 
are obtained for corresponding reactions of this type by 
using either P(OEt& or AsPh,. Kinetic data for reaction 
1 are given in Table I and for reaction 2 are given in Table 
11. The effect of solvent on rate constants for the reaction 
of Cr(CO)6 with Me3N0 is shown in Table 111. 

Discussion 
The reactions of M(CO), (M = Cr, Mo, W) with Me3N0 

alone afforded the compounds M(CO)5NMe3" (eq l), but 
in the presence of excess PPh, the products are M- 
(CO),PPh, (eq 2). For the second substitution, reactions 
of the metal complexes with Me3N0 and PPh, yielded the 
trans isomers; in the absence of PPh3, the cis-(Me3N), 
produds are formed. Kinetic data for both reactions 1 and 
2 obey a second-order rate law (eq 3), first-order in sub- 
strate and in Me3N0 concentrations but zero-order in 

(8) (a) Magee, T. A.; Matthew, C. N.; W a g ,  Z. S.; Wotiz, J. H. J. Am. 
Chem. SOC. 1961,83, 3200. (b) Cotton, F. A.; Kraihanzel, C. S. h o g .  
Chem. 1963, 2, 534. (c) Koelle, U. J .  Organornet. Chem. 1977, 133, 53. 
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Scheme I 
0 

CM(C0)5X 1- I I  
C M(CO)&-NHRI- 

M : Cr. Mo, W 

Scheme I1 

1 o---NMe3_1 U 

"(OCI5M" t COz t Me3N - (OCI5MPPh3 

PPh3. The rate law is consistent with an associative re- 
action mechanism, where both bond making by attack of 
the Me3N0 nucleophile and bond breaking of the M-C 
bond contribute to the energetics of the rate-determining 
step. This mechanism is supported by experimental values 
of the activation parameters (table I) which are low for 
AH* and negative for A S ,  whereas for a dissociation 
(bond-breaking) mechanism values of AH* would ap- 
proximate 30 kcal/mol and values of AS* would be posi- 
tive. 

Next it is necessary to decide on the position of attack 
by the nucleophilic atom 0 of Me3N0. Attack may occur 
either on the metal or on the carbonyl carbon. Circum- 
stantial evidence favors attack at  a carbonyl carbon chiefly 
because of the efficient ready evolution of COz by the 
reaction. Attack at  carbonyl carbon, believed to be harder 
than the metals with a zero oxidation state, also is more 
in keeping with the concept of hard and soft acids and 
bases.g Likewise, there is a large body of information on 
reactions of M(CO)6 with different nucleophiles where 
attack is believed to occur on the carbonyl carbon (Scheme 
1). 

In addition to these reactions where attack on carbonyl 
carbon results in the formation of a stable product con- 
taining the attached carbon (except for reactions forming 
[M(CO),X]-, there are examples where attack a t  carbon 
does not result in formation of a stable product but where 

(9) Pearson, R. G. Hard and Soft Acids and Bases, Dowden Hutch- 
inson and Ross, Inc., Stroudsburg, PA, 1973. 

(10) We could find no examples of this reaction for chromium group 
metal hexacarbonyls, but such processes occur for Mn and Re carbonyl 
systems. Kruck, T.; Noack, M. Chem. Ber. 1964,97,1693. Angelici, R. 
J. Acc. Chem. Res. 1972,5335. Angelici, R. J.; Brink, R. W. Inorg. Chem. 
1973,12,1067. Drew, D.; Darensbourg, D. J.; Darensbourg, M. Y. Inorg. 
Chem. 1975,14, 1579. 

(11) (a) Pardue, J. E.; Memering, M. N.; Dobson, G. R. J.  Organomet. 
Chem. 1974,71,407. (b) Asali, K. J.; Dobson, G. R. J.  Organomet. Chen. 
1979, 179, 169. 

(12) Beck, W.; Werner, H.; Engelmann, H.; Smedal, H. S. Chem. Ber. 
1968,101,2143. Werner, H.; Beck, W.; Engelmann, H. Inorg. Chim. Acta 
1969, 3, 331. 

(13) (a) Dobson, G. R.; Paxson, J. R. J.  Am. Chem. SOC. 1973,95,5925. 
(b) Darensbourg, M. Y.; Conder, H. L.; Darensbourg, D. J.; Hasday, C. 
J. Am. Chem. SOC. 1973, 95, 5919. 

(14) Fisher, E. 0.; Schemer, K.; Kreissl, R. J.  Organomet. Chern. 1976, 

(15) King, R. B. Inorg. Chem. 1967, 6, 25. 
118, c33. 

Scheme I11 

fast Me3NO t M(CO)s - 

Table IV. Rate Constants for Reaction 1 Estimated at  25 "C 

compd k, M-ls-l vcn,'' cm-' Fcn," mdvn/A 

and Values of uco and of Fco for M(CO)6 in CHzClz 

c r ( c 0 ) 6 0.147 1983 16.49 
MO(CO)~ 0.190 1985 16.52 
W(C0)6 0.366 1980 16.41 

Reference 27. 

the added nucleophile functions as a catalyst for CO 
substitution.16 For example, Morris1' reports that CO 
substitution in Fe(N0)2(C0)2 with the poor reagent AsPh, 
is catalyzed by halide ions and by amines. A similar 
process could be responsible for the R3P0 catalysis of 13C0 
exchange in Mn2(CO)lo and in C O ~ ( C O ) ~ ~ , ~ ~  but R3P0 does 
not catalyze 13C0 exchange with the M(CO)6  carbonyl^.'^ 

Alper and Edward5 investigated the reaction of Fe(CO), 
with Me3N0, and they proposed a mechanism which in- 
volves nucleophilic attack of Me3N0 on the carbonyl 
carbon to give Me3N and C02, but no study was made of 
the iron product. The results of our study concur with 
their proposed mechanism, and the kinetic data suggest 
formation of a coordinatively unsaturated active inter- 
mediate (Scheme 11). An alternative four-centered 
mechanism (Scheme 111) cannot be involved because the 
rate of CO replacement with PPh, in the presence of 
Me3N0 is much faster than is the rate of Me3N replace- 
ment with PPh3 in M(C0)5NMe3.20 

The effect of solvent on the rates of reaction 1, where 
the substrate is Cr(CO)6 (Table 111), was briefly investi- 
gated. The results show an increase in rate with increasing 
dielectric strength of the solvent, which suggests an in- 
crease in polarity in going from the ground state to the 
transition state. Also to be considered is the fact that 
CH3CN and CH3COCH3 are better coordinating solvents 
than is CH2C12. 

Previous studies21 suggest the ease of nucleophilic attack 
on carbon of a metal carbonyl correlates the C-O stretching 
frequency of the carbonyl. The higher the value of uc0, 
the greater the ease of attack on the more positive carbon 
which results from less ?r back-bonding from the metal. 
Table IV contains values of uco, the CO force constants, 
and the rate constants estimated for a temperature of 25 
"C  for the M(CO)6 compounds. On the basis of vco, the 
rates of reaction are expected to vary in the order Mo = 
Cr > W, but experimental results show W > Mo > Cr. 
Note the differences in rates are small, and even the rel- 

(16) Muetterties, E. L. Inorg. Chem. 1965, 4, 1841. Brown, T. L.; 

(17) Morris, D. E.; Basolo, F. J.  Am. Chem. SOC. 1968, 90, 2536. 
(18) Darensbourg, D. J.; Darensbourg, M. Y.; Walker, N. Inorg. Chem. 

(19) Darensbourg, D. J.; Walker, N.; Darensbourg, M. Y. J.  Am. Chem. 
SOC. 1980,102, 1213. 

(20) For example, the associative and dissociative rate constants for 
the reaction Mo(CO), amine + PPh, - Mo(CO)$Ph, + amine are - IO4 
M-' s-l and lo-, s-l, respectively, at 35 "C. Covey, W. D.; Brown, T. L. 
Inorg. Chem. 1973, 12, 2820. 

(21) Darensbourg, D. J.; Darensbourg, M. Y. Inorg. Chem. 1970, 9, 
1961. Koelle, V. J. J.  Organomet. Chem. 1978, 133, 53. 

(22) Jones, L. H.; McDowell, R. S.; Goldblott, M. Inorg. Chem. 1969, 
8, 2349. 

Bellus, P. A. Inorg. Chem. 1978, 17, 3726. 

1981,20, 1918. 
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states of the substrates and tell us nothing about the 
transition states for reaction. It is significant that the 
activation parameters (Table I) for Cr and Mo are about 
the same and different from W. The more rapid rate of 
reaction of W(CO)6 is due to its more favorable entropy 
term, which suggests a less restricted transition state, 
perhaps, because W is the largest metal of the triad. 

Rate data for reactions of M(CO), with nucleophiles 
believed to attack carbon are compared in Table V. The 
rate data show that Me3N0 is a strong nucleophile, second 
only to MeLi. The nucleophiles considered here for attack 
on the carbonyl carbon decrease in nucleophilic strength 
in the order MeLi > Me3N0 > PhCH2MgBr >> N3- > 
NCO- > NCS- > C1- > Br- > I-. Table V shows that the 
reactivity of the M(CO)6 complexes toward these nucleo- 
philes (except the halide ions) is W > Mo 5 Cr, in accord 
with the highest positive charge on carbon being present 
in W(CO)6. That Me3N0 is a strong nucleophile seems 
reasonable because of the high negative charge25 on oxygen 
in Me3Nd+ - Od-. What is anomalous is that Me3N0 is 
both a good nucleophile and a good oxidizing reagent, for 
the reactions being discussed involve oxidation of CO to 
C02 with reduction of Me3N0 to Me3N. Usually a good 
nucleophile is a good reducing agent26 because both pro- 
cesses require the release of electrons by the reagent to- 
ward the substrate. 
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Chinese Academy of Sciences and Ministry of Education. 
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W(CO)8, 14040-11-0; Me3N0, 1184-78-7; PPh3, 603-35-0. 

Supplementary Material Available: Additional values of 
hobsd for reaction 1 with changes in Me3N0 concentration at 
different temperatures in dichloromethane (3 pages). Ordering 
information is given on any current masthead page. 

Table V. Rates of Nucleophilic Attack at Carbos for 
M(CO)n Compounds 

compd nucleophile T, OC k ,  M-'s-l ref 
Cr(CO)6 Br- 120.0 2.89 X l l a  

I- 125.0 2.20 X l l a  

PhCHpMgBr 27.0 0.530 13b 
Me3N0 25.0 0.150 a 
MeLi 25.0 7.29 13a 

MO(CO)~ Br- 55.0 3.24 X l l a  
N3- 28.5 0.039 12 
PhCHzMgBr 27.0 0.91 13b 
Me3N0 25.0 0.182 a 
MeLi 25.0 8.67 13a 

W(CO)B Br- 100.0 2.00 x 10-~ 1la 
I- 120.0 3.20 X l l a  
NCS- 100.0 4.92 X l l b  
NCO- 100.0 8.33 X l l b  
CN- 95.0 1.07 X lo-' l l b  
N3- 30.0 0.107 12 
PhCHPMgBr 27.0 1.08 13b 
Me3N0 25.0 0.524 a 
MeLi 25.0 14.9 13a 

N3- 25.0 0.0 12 

(I This work. 

ative ordering of rate changes for different temperatures. 
More meaningful are the values of AH* and AS* (Table 
I), which also favor reaction in the order W > Mo > Cr. 
The reason for this behavior is not understood. The ob- 
served reactivity may be due to differences in CO to metal 
a donation. An earlier reportB suggests that the m e t a l 4 0  
a-bond energies increase in the order Cr < Mo < W. This 
increased electron donation to the metal center would 
remove electron density from the C atom, thereby making 
the C atom more electrophilic. The resultant metal to CO 
7r-back-bonding process may be less efficient in transferring 
electron density than is the a-donation process. Fur- 
t h e r m ~ r e , l ~ ~  these two modes of bonding may be active to 
different extents, as the central metal is changed. Un- 
fortunately, atomic charge calculations for the carbon 
atoms have only been reported23 for Cr(CO)6 (+0.20). 
However, considering that the metal with the highest 
ionization potential would have the highest positive charge 
on its carbonyl carbons, it follows that the rates of reaction 
(as found) should decrease in the order W > Mo > Cr.24 
Of course, all these considerations relate only to the ground 

(23) Caulton, K. G.; Fenske, R. F. Inorg. Chem. 1968, 7, 1273. 
(24) Huheey, J. E. Inorganic Chemistry, 3rd ed.; Harper & Row: New 

York, 1983; pp 42-44, Table 2.4A. 

(25) The Me3N0 molecule possesses a large dipole moment (5.03 in 
dioxane), and a Mullikan population analysis of Me3N0 has shown that 
the 0 atom has a formal charge of -0.504. McClellan, A. L., Ed. Tables 
of Experimental Dopole Moments; W. H. Freeman: San Francisco, 1963. 
Nelson, S. D.; Kollman, P. A.; Trager, W. F. J.  Med. Chem. 1973,16,1034. 

(26) Edwards, J. 0. J.  Am. Chem. SOC. 1954, 76, 1540-1547. 
(27) Cotton, F. A.; Kraihanzel, C. S. J. Am. Chem. SOC. 1962,84,4432. 
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