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The stereoselectivity of the dissociative process involving the reaction of t r ~ n s - C r ( C O ) ~ ( P P h , ) ~  with "C-labeled carbon 
monoxide to afford the pentacarbonylchromium triphenylphosphine derivative is examined. The data presented are consistent 
with a completely stereoselective process where the incoming "CO ligand occupies a site in the octahedral complex cis 
to the PPh, ligand (Le., formation of cis-Cr(CO),(I3CO)PPh3). Hence rearrangement of the initially formed [Cr(C0)4PPh3] 
intermediate of C4, symmetry to that of C, symmetry occurs faster than the bimolecular reaction of the intermediate with 
carbon monoxide. A subsequent reaction involving a stereomobility of the ligands in the six-coordinate derivative is observed 
which takes place in the absence of ligand (CO or PPh3) dissociation. Comparisons with the analogous processes involving 
the molybdenum derivatives are presented. Similar ligand stereomobility in other phosphine or phosphite complexes of 
chromium and tungsten are summarized. 

Introduction 
The initial step in many ligand replacement reactions in 

organometallic chemistry involves dissociation of the leaving 
ligand from a coordinatively saturated metal complex. In the 
nomenclature of Langford and Gray3 this dissociative pathway, 
which affords an intermediate of reduced coordination number, 
is designated D (eq 1). During the past few years several 
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studies have been done in an attempt to correlate the rate of 
ligand dissociation with the steric size or binding strength of 
L in M(C0)6-,L, derivatives, where M = group 6B metal., 
Current attention has focused on a discussion of the solution 
structure and reactivity of the five-coordinate [M(CO),-,L,] 
transients provided during these proce~ses.~- '~ 

Wovkulich, Feinberg, and Atwood have recently published 
a kinetic study of the reaction of a variety of truns-Cr(CO),L, 
species with CO (eq 2), where L = P(C4H9)3, P(OC&)3, 

trans-Cr(C0),L2 + CO - Cr(CO),L + L (2) 
P(OCH,),, P(C6HJ3, and As(C6Hs),).& These researchers 
assumed the intermediates in these processes, [Cr(CO),L], 
to be similar in character to the molybdenum analogues, 
[Mo(CO),L], which we have reported upon previously.a In 
order to unequivocally establish the generality of the behavior 
of five-coordinate intermediates of the group 6B metal triad, 
we have examined reaction 2 employing I3C-labeled carbon 
monoxide. An adventitious phenomenon of consequence in 
this report, which was not present in the molybdenum system, 
is the propensity of six-coordinate chromium carbonyl deriv- 
atives to undergo ligand rearrangements via a nondissociative 
process.'*!'* 
Experimental Section 

Materials. Tetrachloroethylene was Spectro Grade solvent obtained 
from Matheson Coleman and Bell. I3CO gas enriched to >90% was 
acquired from Prochem, BOC Ltd., London. 

Syntbesi. Cr(CO)5PPh3 and tr~ns-Cr(CO)~(PPh,), were prepared 
according to the literature pr0~edure . l~  [Et4N] [Cr(C0)4(PPh3)CI] 
was synthesizd by the irradiation of t r an~-Cr (CO)~(PPh , )~  in the 
presence of halide ion i4  

c ~ s - C ~ ( C O ) ~ ( ~ ~ C O ) P P ~ ~ .  Approximately 25 mL of EtOH was 
placed in a 50" Schlenk flask, cooled to -50 "C, and saturated 
with "CO. A 0.5-g sample of [Et4N] [Cr(C0)4(PPh3)CI] was added 
to the flask, and the solution was kept at  -50 O C  for 10 min and then 
slowly allowed to warm up to ambient temperature. After 30 min 
of stirring at room temperature, the solution was filtered under nitrogen 

*To whom correspondence should be addressed at the Department of 
Chemistry, Texas A&M University, College Station, TX 77843. 

and the solvent removed under reduced pressure to yield the light 
yellow product. The infrared spectrum of the product in hexane in 
the v(C0) region exhibited bands at  2057, 1977, 1942, and 1912 cm-'. 
The cis + trans isomerization of the stereoselectively "CO-labeled 
complex was effected by stirring the complex in a tetrachloroethylene 
solution at  40 O C .  

Reaction of tran~-Cr(CO)~(PPh,)~ A 1.08-g sample of truns- 
Cr(C0)4(PPh3)2 was placed in a 100-mL Schlenk flask in 40 mL of 
tetrachloroethylene, and the mixture was stirred under a I3CO at- 
mosphere a t  5 5  OC. Samples were withdrawn periodically, and the 
progress of the reaction was monitored by infrared and I3C N M R  
spectroscopy. 

Infrared Measurements. The infrared spectra were recorded in 
1.0-mm matched NaCl sealed cells on a Perkin-Elmer 283B spec- 
trophotometer equipped with an Infrared Data Station and employing 
the PECDS software package provided by Perkin-Elmer. The spectra 
were calibrated against a water-vapor spectrum below 2000 cm-I and 
against a C O  spectrum above 2000 cm-I. 

I3C NMR Measurements. The I3C N M R  spectra were recorded 
on a JEOL FX60 spectrometer operated at  15.03 MHz with an 
internal deuterium lock. Samples were run in CDCl, solvent at  
ambient temperature in 10-mm tubes. Spectra were determined 
employing a sweep width of 4000 H z  (16K data block) with an 
acquisition time of 2 s, a pulse repetition rate of 5 s, and a flip angle 
of 30'. 

Results and Discussion 
The activation parameters determined for the reaction de- 

scribed in eq 2 for L = PPh3 (AH* = 31.3 f 1.2 kcal mol-] 
and AS* = 21.2 f 3.6 eu)15 are indicative of a process in- 
volving dissociative loss of L from Cr(CO),L2 in the rate- 
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Reaction of tran~-Cr(CO)~(PPh,)~ with I3CO 
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Figure 1. I3C NMR spectra in carbonyl region of Cr(CO)5PPh3 in 
CDCl, [6(C-) 221.7 (Jpc = 5.9 Hz) and S(C,) 216.9 (Jpc = 13.0 
Hz)]: A, spectrum of Cr(C0),(I3CO)PPh3 product from rruns-Cr- 
(CO),(PPh,), + I3CO in CzCb for 4 h at 55 OC; B, natural-abundance 
spectrum; C, spectrum of C ~ ~ - C ~ ( C O ) , ( ' ~ C O ) P P ~ ,  prepared from 
cis-Cr( CO),( PPh3)C1- + "CO. 

determining step with concomitant formation of [Cr(CO),L] .4c 
Since the disposition of the L ligands are mutually trans in 
the starting material, the geometry of the primary intermediate 
is expected to be square pyramidal with the unique ligand (L) 
occupying the axial coordination site (C4" symmetry). Bi- 

Inorganic Chemistry, Vol. 21, No. 6, 1982 2489 

2 6 10 14 16 22 
Time, hrs. 

Figure 2. Variation in intensity ratio of 6(Cq)/6(C,,) absorptions 
in Cr(CO)sPPh3 as c ~ ~ - C ~ ( C O ) , ( ~ ~ C O ) P P ~ ,  isomerizes to the 
equilibrium distribution of cis- and trun~-Cr(C0),(~~CO)(PPh,) at 
40 OC in C,Cl,. 

molecular rate constants for reactions of the [Cr(CO),] in- 
termediate with a variety of incoming ligands are in the range 
107-108 M-' s-l; hence trapping experiments of the [Cr(C- 
O),L] (C,) species with 13C0 should be informative in es- 
tablishing its solution stability.10.'6 

Figure 1A depicts the 13C NMR spectrum in the carbonyl 
region for the Cr(C0)4(13CO)PPh3 product derived from eq 
3. Comparison of this I3C NMR spectral result with that 

tran~-Cr(CO)~(PPh,)~ + 13C0 - Cr(C0)4('3CO)PPh3 
(3) 

obtained on a natural-abundance sample of Cr(CO)sPPh3 
(Figure 1B) demonstrated reaction 3 to be stereoselective in 
production of the c ~ ~ - C ~ ( C O ) , ( ' ~ C O ) P P ~ ,  species. Similar 
experiments, where reaction 3 was quenched at various time 
intervals and examined by 13C NMR, clearly indicated that 
the degree of stereoselectivity of cis 13C0 labeling in the 
product species decreased with reaction time. Since both 
tran~-Cr(CO)~(PPh,)~ and Cr(CO)sPPh3 were found to be 
completely inert toward CO substitution under these mild 
reaction conditions, this observation dictates subsequent ligand 
rearrangements to be occurring in the product molecule by 
a nondissociative pathway."J2 Indeed, control experiments 
employing stereoselectively 13CO-labeled cis-Cr(CO),- 
(I3CO)PPh, derivative (see Figure lC),  prepared by means 
of reaction 4, showed that ligand rearrangement in this species 

cis-Cr(C0),(PPh3)C1- + 13C0 
EtOH 

c ~ ~ - C ~ ( C O ) , ( ' ~ C O ) P P ~ ,  + C1- (4) 

occurs via a nondissociative process on a time scale similar to 
that of PPh, dissociation in trans-Cr(CO),(PPh,),. Specifi- 
cally, the rate constant for PPh, dissociation from trans-Cr- 
(CO),(PPh,), in dichloroethane has been determined by At- 
wood and Wovk~lich'~ to be 4.15 X lo-, s-l at 40 "C. Figure 
2 illustrates the variation of the intensity ratio of S(C,)/S(C,) 
with reaction time as eq 5 approaches equilibrium. An in- 
cis-Cr(CO),( 13CO)PPh3 + trans-Cr(CO),( 13CO)PPh3 (5) 

tensity ratio of 5.8 was observed in the natural-abundance 
Cr(CO)5PPh3 sample (see Figure 1B). A value of the rate 
constant for CO scrambling in the six-coordinate Cr(CO)5PPh3 

(16) Kelly, J.  M.; Bent, D. V.; Hermann, H.; Schulte-Frohlinde, D.; Koerner 
von Gustorf, E. J .  Organomet. Chem. 1974, 69, 259. 
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species of 3.13 X lo-, s-l at 40 "C in C2C14 has been measured. 
Unfortunately, the I3C NMR method for determining the rate 
constant for nondissociative rearrangement involves a sizable 
error (perhaps as high as f 20%). Within the error limits of 
the rate data, these observations are consistent with complete 
stereoselectivity in the formation of the c i~ -Cr (CO)~( l~C0) -  
PPh3 via reaction 3, with rearrangement to a statistically 
scrambled I3CO ligand occurring in a subsequent process by 
a nondissociative mechanism. The lack of I3CO incorporation 
into Cr(CO)5PPh3 as well as Cr(CO),(I3CO) formation, in 
a control experiment carried out between Cr(CO),PPh3 and 
13C0 under the reaction conditions of eq 3 further substantiate 
the nondissociative nature of the stereomobility of the CO 
ligands in the pentacarbonyl derivative. Indeed, these ligand 
substitution reactions require considerably more drastic re- 
action conditions than those employed in this study. For 
example, the rate constant for CO dissociation in Cr(CO),PPh3 
is 3 X 1O-Io s-l at 30 OC,, whereas, the corresponding pa- 
rameter for phosphine dissociation is 9.97 X lo-, at 130 oC.4f 

The 13C NMR spectrum of Cr(CO),PPh3 observed in tol- 
uene-d8 at 80 OC, where dissociative CO loss is slow, exhibited 
no broadening of the axial and equatorial CO resonances (Av 
= 68.6 Hz at 23 "C) (see Figure 3).  This would be antici- 
pated for an intramolecular scrambling process which has a 
rate constant of only 3.13 X lod5 s-l at 40 OC, Le., an increase 
in temperature of 40 OC, would not be expected to increase 
this rate constant to where it would approach kcoalcsc (ap- 
proximately 2.22(Av).17 On the other hand, we observed 
stereomobility on the NMR time scale for the CO ligand in 
HCr(CO),- where a coalescence temperature of -4 OC has 
been determined. 18,19 

Hence, these experiments indicate that the five-coordinate, 
[Cr(CO),PPh3], intermediate afforded in reaction 2 rearranges 
to incorporate CO cis to the phosphine ligand (Scheme I).2o 
This in turn necessitates that the C4, - C, intramolecular 
rearrangement occurs with a rate constant greater than 3 X 
lo4  s-l with the assumption that [Cr(C0)4PPh3] and [Cr(C- 
0),] have similar bimolecular rate constants for the reaction 
with C0.21-23 

(17) Ghther, H. "NMR spectroscopy"; Wiley: New York, 1980. 
(18) Darensbourg, M. Y.; Slater, S. J.  Am. Chem. SOC. 1981, 103, 5914. 
(19) Darensbourg, D. J.; Darensbourg, M. Y.; Rokicki, A.; Slater, S., man- 

uscript in preparation. 
(20) Unlike this chromium reaction where AH* and AS' indicate a simple 

dissociative process as the rate-determining step, in the corresponding 
molybdenum systemu a great deal of ligand rearrangement is suggested 
in the transition state (large negative AS'). This could imply that there 
is a motion toward the cis configuration (minimizing mutually trans CO 
ligands) as the Me-P bonds lengthen in the transition state prior to PPh, 
dissociation. 

(21) [Cr(CO),] generated by flash photolysis of Cr(C0)6 has been reported 
to react with CO in cyclohexane with a bimolecular rate constant of 3 

the inverse lifetime of [Cr(CO),l in cyclohexane saturated with CO is 
expected to be about 3 X lo4 s- . 
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Figure 3. I3C NMR spectra in carbonyl region of Cr(CO),PPh, in 
toluenedc A, 23 OC, 6(C,) 222.7 (Jpc = 6.8 Hz) and 6(C,) 218.1 
(Jpc = 13.2 Hz); B, 80 OC, 6(C-) 222.5 (Jw = 6.4 Hz) and 6(C,) 

Presumably, the pathway for this nondissociative, intra- 
molecular rearrangement process in d6 octahedral complexes 
proceeds through either a trigonal-pri~matic~"~~ or bicap- 
@-tetrahedronM intermediate or transition state. The relative 
energy barrier to intramolecular ligand rearrangement as a 
function of metal has been found to be Cr < W < M0.I' 
Although this is somewhat unexpected based on steric con- 
straints alone, where a greater ease of flexibility for a trigonal 
twist would be anticipated for the larger Mo and W species, 
it is evident that electronic factors are important in these 

218.1 (Jpc = 13.2 Hz). 
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Scheme I1 

processes. For example, the importance of the elect.ronic 
environment about the metal center is revealed in the non- 
dissociative ligand isomerization shown in eq 6 which readily 

cis-MO(CO),(PR3), + trans-M0(C0),(PR,)~ 
PR3 = PEt3 or P-n-Bu, (6 )  

occurs wth AH* = 24.5 kcal m01-l.~' On the other hand, CO 
stereomobility in the M O ( C O ) ~ P R ~  derivatives is apparently 
a more energetic process than ligand dissociation where E, > 
30 kcal mol-' .32 

Thus far in our investigations of ligand stereomobility in 
M(CO)SL derivatives by nondissociatve routes we have ob- 
served this Occurrence in chromium and tungsten complexes 
containing a number of phosphorus donor ligands, including 
those where L = PPh3, PPhzMe, and P(OMe)3. Although 

(31) Darensbourg, D. J. Inorg. Chem. 1979, 18, 14. 
(32) Connor, J. A.; Hudson, G. A. J .  Organomet. Chem. 1974, 73, 351. 
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activation parameters have not as yet been determined for these 
rearrangements, it is apparent that AH* is less than that 
corresponding to ligand dissociation (Le., C32 kcal mol-') and 
greater than 16 kcal mol-'. This latter lower limit is suggested 
by the lack of line broadening in the I3C NMR of the carbonyl 
resonances in the high-temperature spectra of these deriva- 
t i v e ~ . ~ ~  More definitive assessments of activation parameters 
for ligand scrambling in M(CO)SPR3 species (M = Cr or W) 
are planned for future investigations. 

A caveat which should be considered in CO-dissociative 
processes as described in Scheme I1 is that at least part of the 
ligand mobility often ascribed to rearrangement in the five- 
coordinate intermediates (boxed in Scheme 11) produced may 
be due to intramolecular scrambling in the once formed six- 
coordinate product (see Scheme I). Further, in these processes 
where CO dissociation is slow relative to intramolecular ligand 
rearrangement in the six-coordinate species, no site preference 
for CO loss would be observable, although it would generally 
be anticipated on the basis of empirical as well as theoretical 
 consideration^.^^ 
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The significant mechanistic steps for the desulfonylation of 
arylsulfonyl halides by noble-metal complexes' include the 
attachment of the arylsulfonyl moiety on the transition-metal 
atom by substitution or oxidative-addition reactions, the re- 
arrangement (migration) of the aryl group from sulfur dioxide 
to the metal atom, and the subsequent expulsion of the sulfur 
dioxide molecule. Only few examples of stoichiometric de- 
sulfonylation have been reported.2 Attempts to induce elim- 
ination of sulfur dioxide from alkyl- or arylsulfinato complexes 
by creation of vacant coordination sites on the metal atom by 
photochemical or thermal extrusion schemes have been gen- 
erally futile.2a,b Desulfonylation of trans-[PtL2(RSO2)C1] 
(where L is PPh33 or PMe2Ph4 and R is p-tolyl) proceeds only 

(1) Blum, J.; Scharf, G. J .  Org. Chem. 1970, 35, 1895. 
(2) (a) Wojcicki, A. Adu. Organomet. Chem. 1974, 12, 31. (b) Wojcicki, 

A. Acc. Chem. Res. 1971,4, 344. (c) Vitzthum, G.; Lindner, E. Angew. 
Chem., In?. Ed. Engl. 1971, IO, 315. 

(3) Cook, C .  D.; Jauhal, G. S. Can. J .  Chem. 1967, 45, 301. 
(4) Chatt, J.; Mingos, D. M. P. J .  Chem. SOC. A 1969, 1770. 

at high temperature. It has been suggested that the vacant 
metal site on four-coordinate Pt(I1) may provide a suitable 
pathway for alkyl or aryl migration and subsequent desulfo- 
nylation2 However, [Pt(PEt3),Cl(p-tol-S02)] cannot be de- 
~ulfonylated.~ We have also observed that thermal desulfo- 
nylation is not facile for (alkylsulfinato)platinum(II) com- 
plexes. The difficulty of extrusion of SO2 from transition-metal 
sulfinates has been attributed at least in part to the strength 
of the metal-sulfur bond.2b Since silver ion abstraction of 
chloride from the acyl complexes [Pt(PPh,),(RCO)CI] pro- 
motes facile alkyl and aryl migration from CO to Pt,S it was 
of interest to determine if similar chloride abstraction from 
sulfinato complexes [Pt(PPh,),(RSO,)Cl] would lead to alkyl- 
and arylplatinum complexes. 
Experimental Section 

Alkyl- and arylsulfonyl chlorides were distilled or sublimed before 
use. Benzene was distilled from P,05 and stored over molecular sieves. 
Pt(PPh3)4 and [Pt(PPh3)2C2H4] were prepared by the usual methods6.' 
All other chemicals were reagent grade metals, which were used 
without further treatment. The platinum(0) complexes were ma- 
nipulated under a nitrogen atmosphere with use of Schlenk tubes. 
Microanalyses were performed by Chemalytics, Inc., Tempe, AZ. 
Infrared spectra were recorded in Nujol mulls on a Perkin-Elmer 621 
spectrophotometer. Proton magnetic resonance spectra were obtained 
with a Varian EM-360 spectrometer, and shifts were obtained relative 

(5) Kubota, M.; Rothrock, R. K.; Geibel, J.  J .  Chem. SOC., Dalron Trans. 
1973, 1267. 
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(7) Blake, D. M.; Roundhill, D. M. Inorg. Synrh. 1978, 18, 120. 

0020-1669/82/1321-2491$01.25/0 0 1982 American Chemical Society 




