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for Lorentz and polarization effects and reduced to structure factor
amplitudes, using a p value of 0.03.% Only those 4045 unique
reflections having F,2 > 34(F,?) were used in subsequent calcu-
lations.

Solution and Refinement of the Structure. Atomic scat-
tering factors were taken from Cromer and Waber’s tabulation®
for all atoms except hydrogen, for which the values of Steward
et al. were used.” Anomalous dispersion terms? for Co and P
atoms were included in F,.

The direct method approach,® based on 650 normalized
structure factors, yielded the correct positions of the Co and P
atoms. All other atoms were located through the usual combi-
nation of structure factors calculations and difference Fourier
syntheses. After location of the molecular (7-C;Hg)Co,(CO)g-
(HC(PPh,); complex, a Fourier difference map revealed the
presence of a free benzene molecule in the lattice. This additional
molecule was included in the model. The six phenyl rings of the

(26) Bonnet, J. J.; Mosset, A.; Gally, J. Acta Crystallogr., Sect. B 1977,
B33, 2639.

(27) Cromer, D. T.; Waber, J. T. “International Tables for X-ray
Crystallography”; Kynoch Press: Birmingham, England, 1974; Vol. IV,
Table 2.2A.

(28) Steward, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys.
1965, 42, 3175.

(29) Cromer, D. T.; Liberman, D. J. J. Chem. Phys. 1970, 53, 3175.

(30) Besides local programs, modified versions of the following ones
were used in solution and refinement of the structure: MULTAN by Ger-
main; FORDAP, the Fourier Summation program by A. Zalkin; NULCS,
full matrix least squares refinement, by J. Ibers; ORFFE, error function
program, by Busing and Lersey; ORTEP, by Johnson. All calculations were
performed, on CII IRIS 80 computer at the Centre Interuniversitaire de
Calcul de Toulouse.

tripod ligand and the benzene molecule were entered as rigid
groups, including hydrogen atoms in idealized positions (Dg;
symmetry; C-C = 1.39 and C-H = 0.95 A). Anisotropic thermal
parameters were used for 27 atoms.

Full-matrix least-squares refinement of such a model led to R, F
= 0.09 and R, = 0.11 for the 4045 reflections. These relatively
high values have to be related to the significant decomposition
of the crystal in the X-ray beam.

Complete listing of positional and thermal parameters are given
in Table II, and selected interatomic distances and bond angles
are given in Tables IV and V.
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Cobalt tetracarbonyl hydride and styrene react in the presence of carbon monoxide to form ethylbenzene
and (a-phenylpropionyl)cobalt tetracarbonyl; both reactions are first order in HCo(CO), and PhCH=CH,
and independent of CO and Co,(CO)g concentration. The kinetic data suggest a common radical pair
intermediate for both reactions. (a-Phenylpropionyl)cobalt tetracarbonyl is not the final product of the
reaction: it slowly decomposes into ethylbenzene, CO, and Coy,(CO)q and partly isomerizes into (8-
phenylpropionyl)cobalt tetracarbonyl. Accordingly, among these acyl complexes the branched-chain isomer
is the kineticly controlled product and the straight-chain isomer the thermodynamicly controlled product.

Introduction

The reaction between HCo(CO), and olefin is regarded
as a component of the hydroformylation catalytic cycle in
the presence of cobalt carbonyls, and because of the in-
dustrial significance of hydroformylation, it has been re-
peatedly studied.! The main products of this stoichio-
metric reaction are aldehydes (at low olefin/HCo(CO),
ratios) or acylcobalt tetracarbonyls, RCOCo(CO), (at high
olefin/HCo(CO), ratios in the presence of CO). Saturated

(1) P. Pino, F. Piacenti, and M. Bianchi “Organic Synthesis via Metal
Carbonyls”, Vol. 2, I. Wender and P. Pino, Eds., Wiley, New York, 1977,
pp 43-135.

hydrocarbons are formed as byproducts.

Recent kinetic studies? suggested that with aliphatic
a-olefins an alkylcobalt tricarbonyl is the common inter-
mediate of hydrocarbon and acylcobalt tetracarbonyl
formation and that the carbonylation/hydrogenation ratio
is determined by the relative reactivities of this species
toward CO and HCo(CO),. Furthermore it was found that
CO inhibits and Coy{(CQ)g catalyzes these reactions.
Presumably the role of Co,(CO); is to generate radical
species and thereby to facilitate the substitution of a CO
ligand by an olefin in HCo(CO),.

(2) F. Ungvary and L. Marké, J. Organomet. Chem., 219, 397 (1981).

0276-7333/82/2301-1120801.25/0 © 1982 American Chemical Society
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Table 1.
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Initial CO Absorption Rates (rcp) and Initial Stoichiometric Hydrogenation Rates (rg) at 15 °C in n-Octane

Solution and the Observed Rate Constants (kco = rgo/[HCo(CO),][styrene] and ky = ry/[HCo(CO), ] [styrene] )
at Various Initial Concentrations

[HCo(CO),1, [styrene], [Co,(CO),]1, 10*[CO], 10¢rco, 10%ry, 10%kcqo, 10%ky,
M M M M Mt M:s™! M-tg™! M-ts™!

0.0097 0.139 0.048 1.085 4.1 3.1

0.0121 0.139 0.048 1.072 5.0 3.2 3.0 1.9
0.0153 0.139 0.048 1.086 6.5 3.1

0.0207 0.069 0.00 1.080 4.1 2.2 2.9 1.5
0.0208 0.137 0.00 0.392 7.0 4.5 2.5 1.6
0.0207 0.139 0.048 0.528 7.9 5.2 2.8 1.8
0.0207 0.139 0.00 0.532 8.0 4.7 2.8 1.6
0.0207 0.139 0.00 1.080 8.5 4.5 3.0 1.6
0.0208 0.140 0.00 1.066 8.4 4.5 2.9¢ 1.6¢
0.0207 0.297 0.00 1.078 17.8 10.3 2.9 1.7
0.0207 0.594 0.00 1.073 30 19 2.5 1.6
0.0209°% 0.139 0.00 1.063 17.3 10 6.0 3.4
0.0207 0.139 0.012 1.077 8.7 4.8 3.0 1.7
0.0207 0.139 0.048 1.086 8.6 4.5 3.0 1.6
0.0208 0.137 0.00 2.56 8.0 4.2 2.8 1.5
0.0207 0.139 0.00 2.45 8.9 4.7 3.1 1.6
0.0209% 0.139 0.048 1.063 17.0 10.3 5.9 3.5
0.0207 0.139 0.164 1.074 8.5 4.7 3.0 1.6
0.0290 0.139 0.048 1.081 12.9 3.2

0.0500 0.139 0.048 1.074 20.3 11.8 2.9 1.7
0.0831 0.139 0.048 1.086 33.9 2.9

0.0967 0.139 0.048 1.073 41 24 3.0 1.8

a1n darkness. ? DCo(CO),.

We now wish to report on the reaction between HCo-
(CO), and styrene which shows completely different kinetic

behavior.

Results

When styrene and HCo(CO), react in heptane solution,

the rates of ethylbenzene (reaction 1) and of (a-phenyl-
propionyl)cobalt tetracarbonyl formation (reaction 2) are
both first order in HCo(CQ), and styrene and independent
of CO and Co,(CO); concentration (Table I).34

PhCH=CH, + 2HCo(CO), —
PhCH,CH; + Coy(CO); (1)

PhCH=CH, + HCo(CO), + CO —
PhCH(CH,;)COCo(CO), (2)

d[ethylbenzene]
ry = —— ———— = ky[HCo(CO),][styrene]
d(CO)
reo = - i = koo[HCo(CO),][styrene]

The reaction rates are not influenced by the diffuse light
in the laboratory. Both reactions have a strong inverse
kinetic isotope effect, rH/rD = (.45 and rco(H)/rCO(D) =049
at 15 °C (Table I).

The primary products of the reaction are (a-phenyl-
propionyl)cobalt tetracarbonyl, ethylbenzene, and Co,(C-

(8) Similar kinetic characteristics were already found earlier for the
stoichiometric hydrogenation of 1,1-diphenylethylene® and derivatives,®
9-methylidenefluorene and related compounds,’ and styrene and deriv-
atives® with HCo(CO),. The rate of acylcobaltcarbonyl formation (CO
absorption) has not been determined, however.

(4) A slight decrease in rate of CO absorption can be observed at
Co4(CO)g concentrations near to saturation (Table III). The reason for
this effect is unclear.

(5) J. A. Roth and M. Orchin, J. Organomet. Chem., 182, 299 (1979).

(6) J. A. Roth and P. Wiseman, J. Organomet. Chem., 217, 231 (1981).

(7) T. E. Nalesnik and M. Orchin, J. Organomet. Chem., 199, 265
(1980).

O)s. In a secondary process some a-phenylpropion-
aldehyde is also formed by the reaction of HCo(CO), with
(a-phenylpropionyl)cobalt tetracarbonyl (reaction 3). This
reaction is of importance especially at low styrene/HCo-
(CO), ratios (Table II).

PhCH(CH,)COCo(CO), + HCo(CO), —=
PhCH(CH,)CHO + CO,(CO); (3)

The infrared spectrum of the reaction mixture just after
CO absorption has stopped shows »(CO) bands charac-
teristic of Co,(CO)s® and an acylcobalt tetracarbonyl.’ The
frequencies of the latter can be determined as 2105 (w),
2046 (vs), 2025 (vs), 2005 (vs), and 1699 (w) cm™ in hep-
tane'® after Coy(CO)g was freezed out at 78 °C. When
PhgP is added to the solution, the »(CO) bands of the acyl
shift to 2050 (w), 1985 (vs), 1961 (vs), and 1679 (m) cm™;
the monosubstituted derivative PhCH(CH3;)COCo(CO),-
(PPhg) can be crystallized. The 'H NMR spectrum of this
complex [6(C¢Dy) 1.42 (3 H, d), 4.68 (1 H, q), 6.9 (9 H, m),
7.1 (5 H, m), 7.4 (6 H, m)] supports the a-phenylpropionyl
structure.

The aldehyde in the reaction mixture shows a charac-
teristic »(CO) band at 1738 cm™ in the infrared spectrum.
It can be isolated as the 2,4-dinitrophenylhydrazone de-
rivative. The 'H NMR spectrum of this hydrazone [4-
(CeDg) 1.22 (3 H, d), 3.30 (1 H, m), 6.33 (1 H, d)] shows
that the aldehyde also has the branched structure in ac-
cordance with reaction 3.

If DCo(CO), is used instead of HCo(CO),, the acyl band
of PhCH(CH,D)COCo(CO), appears at 1703 cm™! and the
aldehyde band of PhCH(CH,;D)CDO at 1720 cm™. The
'H NMR spectra of the isolated derivatives confirm the
branched structure and show that only one deuterium

(8) G. Bor and L. Marké, Spectrochim. Acta, 16, 1105 (1960).

(9) L. Marks, G. Bor, G. Almésy, and P. Szabé, Brennst.-Chem., 44,
184 (1963).

(10) A very weak band at 2094 cm™! is probably due to a small amount
of PhACH(CH;)Co(CO),. This conclusion is based on the 2097-cm™ band
of the analogous p-MeC¢H,CH,Co(CO),.1!

(11) V. Galamb and G. Palyi, J. Chem. Soc., Chem. Commun., 487
(1982).
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Scheme I
PhCH==CH; + HCo(COl4
A
/’-\i 1
:
EPhCHCHa CO (CO)g1]
/ '\ .
. - +CO
PhCHCHz + Co(CQ)q PhCHCH3 Q—? PhCH==CH; s——;‘ PhCH2CH2C0(CO}4

A
HCo(CO '
(fm)l+ HCo(COl4 ColCON CotCOls ~Coj[+co
I
|
- co
PRCHzCHs + *Co(CO)e °°“* (tast) PhCH2CH2COCO(CO)4
PRCHCHz3
COCo(CON

/:n.dl HCo(CO)g

PhCHCHz + Co2(CO)s

CHO
2eCo{C0O4

atom is incorporated into the acyl complex but two deu-
terium atoms are incorporated into the aldehyde: PhCH-
(CH,;D)COCo(CO)3(PPhy) [6(CgDg) 1.42 (2 H, d), 4.68 (1
H, t)]; PACH(CH,D)CDNNHC H;3(NO,), [6(CsDg) 1.22 (2
H, d), 3.30 (1 H, t)].

If the reaction mixture is left standing at room tem-
perature, a slow evolution of CO sets in, and in a few days
30-60% of the CO absorbed is liberated. The rate of this
process is low; initial rates are as follows: r_cq = (0.72 X
10_2)7'00 at 10 OC, rco= (078 X 10_2)7'00 at 15 OC, and r_co
= (0.93 X 10)rgo at 25 °C.

This decarbonylation is accompanied by a gradual in-
crease of the amount of ethylbenzene and a change in the
»(CO) bands in the infrared spectrum. The acyl »(CO)
band at 1699 ecm™ of (a-phenylpropionyl)cobalt tetra-
carbonyl gradually decreases, and simultaneously the acyl
»(CO) band of (8-phenylpropionyl)cobalt tetracarbonyl
appears at 1715 cm™.'2 In accordance with this obser-
vation the acylcobalt tricarbonyl triphenylphosphine de-
rivatives obtained from the reaction mixture after several
hours are mixtures of the branched- and straight-chain
isomers. After 24 h at 20 °C (a-phenylpropionyl)cobalt
tetracarbonyl practically vanishes, and the triphenyl-
phosphine derivative of (8-phenylpropionyl)cobalt carbonyl
can be isolated.

In the case of PhCH(CH,D)COCo(CO), the same isom-
erization takes place and the acyl band of the 3-phenyl
isomer appears at about 1718 em™. The 'H NMR spec-
trum of the triphenylphosphine derivative [6(CgDg) 2.87
(m), 3.53 (m)] shows the presence of both possible deu-
terated §-phenylpropionyl isomers, PhCH,CHDCOCo-

(12) (8-Phenylpropionyl)cobalt tetracarbonyl was Prepared from
NaCo(CO), and PhCH,CH,COCI by the method of Heck.!* The terminal
»(CO) spectrum of this acylcobalt tetracarbonyl in heptane is identical
with that of the a-pheny! isomer; the acyl »(CO) band, however, appears
at 1715 cm™. The monosubstituted derivative PA\CH,CH,COCo(CO);-
(PPh;) has »(CO) bands at 2050 (w), 1984 (vs), 1961 (vs), and 1686 (w)
cm™! in heptane. The *H NMR spectrum of this complex shows unam-
biguously the straight-chain structure [6(C¢Ds) 2.87 (2 H, t), 3.53 (2 H,
t), 7.0~7.4 (20 H, m)).

(13) R. F. Heck and D. S. Breslow, J. Am. Chem. Soc., 84, 2499 (1962).

T==——= Co0,(C0)g

(CO);(PPh,) and PhCHDCHzcoco(CO)a(PPha), in about
equal amounts.

Discussion

We propose the mechanism shown on Scheme I for the
observed reactions.

Assuming steady-state concentration for the interme-
diate radical pair and not including &_ since it is negligible
as compared to k(r_cg < rcg), the following equations are
obtained for the initial rates:

ru = k[PhCHCH,, Co(CO),] =

ekl
m [PhCH=CH,][HCo(CO),}

b = keky
H™ k. +k, +E,
rco = kc[PhCHCH3, CO(CO)4] =

m [PhCH CHZ] [HCO(CO)4]

k _ kckl
O™ g, +k, +k,

T'co kco k.

' kH ke

The relative rates of carbonylation and hydrogenation
are determined by the ratio of the rate constants for the
coupling reaction k. and the escape reaction k, of the
radical pair. The relative values of these constants are not
influenced by any of the reactants since both processes
may be regarded as monomolecular. The ratio of the two
reaction rates is therefore constant, e.g., 1.79 at 156 °C.
When the temperature is increased, the relative rate of
hydrogenation increases (Table III).

The supposed radical pair character of the common
intermediate is in accordance with the branched-chain
structure of the primary acylcobaltcarbonyl product which
proves that the hydrogen of HCo(CO), is transferred ex-
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clusively to the terminal carbon atom of the double bond.
The inverse kinetic isotope effect is similar to that observed
by Halpern for the hydrogenation of a-methylstyrene by
HMn(CO);* and by Orchin for the hydrogenation of 1,1-
diphenylethylene by HCo(CO),% in which for both cases,
similar radical pair intermediates were proved unambig-
uously.!#15 Tt should be mentioned here that also for the
hydrogenation of 9-ethylidenefluorene’ by HCo(CO), and
a-methylstyrene by HM(»n?-CsH;)(CO); (M = Mo, W)18
inverse kinetic isotope effects were found.

We have no strong evidence for or against the reversi-
bility of step 1 at the moment, which was assumed by
analogy.® The incorporation of one D atom into (a-
phenylpropionyl)cobalt tetracarbonyl if DCo(CO), is used
suggests k_; to be very small, the inclusion or omittance
of k_; does not influence the kinetic evaluation of the
results, however.

The kinetic experiments were performed with a large
excess of styrene over HCo(CO), (Table I). The formation
of aldehydes according to reaction 3 is negligible under
such conditions and does not interfere with the kinetic
results especially since initial rates were measured and
evaluated. If HCo(CO), is used in about equimolar
amounts, most of the (a-phenylpropionyl)cobalt tetra-
carbonyl formed is transformed into a-phenylpropion-
aldehyde within the reaction time needed to complete CO
absorption (Table IT). The rate of reaction 3 is apparently
comparable with the rate of acylcobalt carbonyl formation,
but we did not investigate this process in more detail

If a large excess of styrene is used, the total measured
amount of absorbed CO agrees well with the amount which
can be calculated from the k¢g/ky ratio. For example at
15 °C this ratio is 1.79 from which the absorption of 0.473
mol of CO/mol of HCo(CO), can be calculated, and the
experimental value is 0.46 mol (Table II). This shows that
the reaction continues at the initial rate up until 100%
HCo(CO), conversion. Obviously the amount of absorbed
CO is lower if no large excess of styrene is present, since
in this case the formation of aldehydes (reaction 3) also
uses hydride. Increasing the temperature of the reaction
also diminishes CO absorption since k¢o/ky decreases
(Table III). On the other hand, large concentrations of
Co,(CO)g increase CO absorption (Table II) probably by
increasing [-Co(CO),] and thereby the probability of
PhCHCH, and -Co(CO), radical recombinations.

The acyl complex formed initially is the branched-chain
isomer PhCH(CH;)COCo(CO), as shown by the ‘H NMR
spectrum of its PPh, derivative. The aldehyde which is
formed if higher concentrations of HCo(CO), are used is
also the branched isomer PhCH(CH;)CHO, again sup-
ported by the 'H NMR spectrum of its dinitrophenyl-
hydrazone. The amount of linear isomers in samples
prepared immediately after the reaction is completed at
15 °C has to be less than 5% as can be estimated from the
NMR spectra.

Unexpectedly, (a-phenylpropionyl)cobalt tetracarbonyl
is not stable in heptane solution at room temperature, not
even under 1 atm of CO. It is slowly transformed into its
straight-chain isomer, PACH,CH,COCo(CO),. The rate
of this reaction is about 2 orders of magnitude smaller than
the rate of (a-phenylpropionyl)cobalt tetracarbonyl for-
mation. This ratio of reaction rates is in agreement with
the observation that the primary acyl complex is at least
95% branched chain isomer. We propose the mechanism

(14) R. L. Sweany and J. Halpern, J. Am. Chem. Soc., 99, 8335 (1977).

(15) T. E. Nalesnik and M. Orchin, Organometallics, 1, 223 (1982).

(16) R. L. Sweany, D. S. Comberrel, M. F. Dombourian, and N. A.
Peters, J. Organomet. Chem., 216, 57 (1981).

Unguvéry and Marké

shown on Scheme I for this isomerization.!”

The equilibrium between the two acyl complexes is
shifted far toward the straight-chain isomer. This is an-
other example of the unusually low stability of phenyl-
acetylcobalt tetracarbonyls as compared to other aliphatic
cobalt carbonyl complexes. It has been demonstrated
already several years ago that phenylacetylcobalt tetra-
carbonyl and its PPh; derivatives easily lose CO and be-
come the benzyl complexes.!?

Accordingly, in the reaction between styrene, HCo(CO),,
and CO, (a-phenylpropionyl)cobalt tetracarbonyl is the
kineticly controlled product and the 8 isomer is the
thermodynamicly controlled one. At low temperatures and
short reaction times when kinetic factors determine
product composition, the branched isomer predominates;
at higher temperatures and longer reaction times when the
system can approach equilibrium more closely, the
straight-chain isomer will be the main product. The
structure of aldehydes formed in catalytic hydro-
formylation is obviously determined by the structure of
the intermediate acyl complexes. Since it can be assumed
that the ratio of aldehyde isomers should correlate to a
certain extent with the ratio of acyl complex isomers in
the reaction mixture, it may be expected that the amount
of straight-chain aldehyde obtained by hydroformylating
styrene should increase with increasing temperature.
Recent work® proves that this is actually the case between
60 and 120 °C.

CO+H,
PhCH—=CH, HCo(CO),

PhCH,CH,CHO + PhCH(CH;)CHO

Finally it should be mentioned that even (8-phenyl-
propionyl)cobalt tetracarbonyl is not indefinitely stable
in octane solution at room temperature. When the reaction
products are stored for several days, CO is slowly evolved
and additional amounts of ethylbenzene and Co,(CO); are
formed. A small but finite value for £_; (i.e., the not strictly
irreversible character of radical pair formation) resulting
in the slow evolution of HCo(CO), may explain this pro-
cess. Furthermore, bands appear in the IR spectrum which
belong to new and up until now not identified cobalt
carbonyls. The investigation of these complexes is in
progress.

Experimental Section

Styrene and n-octane were distilled under carbon monoxide.
A stock solution of HCo(CO), was prepared in n-octane. The
frozen solution can be stored over dry ice for more than 1 month
without change. DCo(CQ), was prepared from HCo(CO), solutions
by exchange with D,0.2! Isotopic purity was >95% % as cal-
culated from mass spectrometric measurements. The concen-
trations of these solutions were determined by alkaline titration.

Kinetic runs were performed under CO in a gasometric ap-
paratus by using an appropriate large buffer flask connected to
the leveling vessel of the gas burette. Experiments were run
between 291- and 2820-mbar total pressure. The reaction was
started by injecting styrene into the vigorously stirred and
thermostated solutions of HCo(CO),. The initial rate of CO

(17) Isomerization of acylcobalt carbonyls has been already proposed
by Takegami!® to explain some results obtained in the reaction of olefins
with HCo(CO),. In that work the structure of the acyl complexes was
inferred from the structure of esters obtained by decomposing the acyl
complexes in ethanol solution by I,.

(18) Y. Takegami, C. Yokokawa, Y. Watanabe, H. Masada, and Y.
Okuda, Bull. Chem. Soc. Jpn., 37, 1190 (1964).

(19) Z. Nagy-Magos, G. Bor, and L. Markg, J. Organomet. Chem., 14,
205 (1968).

(20) C. Botteghi, M. Branca, M. Marchetti, A. Saba, J. Organomet.
Chem., 161, 197 (1978).

(21) L. Roos, Ph.D. Dissertation, University of Cincinnati, Cincinnati,
OH, 1965, p 81.
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uptake was calculated from the change of gas volume by time.
The amount of ethylbenzene was measured after a few percent
of HCo(CQ), conversion by gas chromatography (Hewlett-Packard
5830/A, SE 30 10-m glass capillary column, 40 °C, 2 mL of
Ar/min) from the reaction mixtures after being quenched with
pyridine. An aluminum foil covered reaction vessel was used to
run the reaction in darkness.

The 2,4-dinitrophenylhydrazone was prepared by adding
10% molar excess of perchloric acid stabilized 2,4-dinitro-
phenylhydrazine in water to the reaction mixture followed by
cooling overnight in the refrigerator and filtration of the pre-
cipitate.

The PPh;-substituted acylcobalt carbonyls were prepared
by adding 20% molar excess of PPh; (based on Co) in heptane

to the product mixture after the Co,(CO)g crystals have been
removed at —78 °C. Pale yellow crystals formed overnight.

The infrared spectra were made after Coy(CO)g has been re-
moved by crystallization at 78 °C, from the pale yellow super-
natant solution with compensation of the solvent, styrene, and
traces of remaining Co,(CO)g.

Registry No. PhCH=CH,, 100-42-5; HCo(CO),, 16842-03-8;
PhCH,CHj, 100-41-4; PACH(CH,3)COCo(CO),, 82182-04-5; CO, 630-
08-0; Co,(CO)s, 10210-68-1; PhCH(CH,)CHO, 93-53-8; PhCH-
(CH;)COCo(CO);(PPhy), 82182-05-6; PhACH(CH;3)CHO 2,4-dinitro-
phenylhydrazone, 5530-36-9; PhCH,CH,COCo(CO);(PPh;), 82182-
06-7, PhCH,CH,CHO, 104-53-0; PhCH,CH,CHO 2,4-dinitro-
phenylhydrazone, 1237-68-9; PhCH,CH,COCo(CO),, 82182-07-8.

Stereochemically Nonrigid Bis(olefin)rhodium
Poly(1-pyrazolyl)borato Complexes. 1. Synthesis and
Conversion into New Rhodium(I) and Rhodium(III) Complexes.
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(Tetrakis(1-pyrazolyl)borato)diiodocarbonylrhodium(I11I)
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The bis(olefin)rhodium(I) poly(1-pyrazolyl)borato complexes HB(pz);Rh(C;H,),, 1, HB(pz);Rh(cod),
2, and B(pz),Rh(LL) (LL = (C;H/),, 3; LL = cod, 4; LL = nbd, 5; LL = duroquinone, 6) and related species
have been prepared, and their physical and chemical properties have been investigated. !H NMR mea-
surements in CDCl, at room temperature indicate rapid exchange of all pyrazolyl groups of B(pz), in 3-5.
In 6, pyrazolyl group exchange is slow at room temperature but rapid at 85 °C. The olefin ligands in 1,
2, 4 and 6 are kinetically labile and are displaced by CO at atmospheric pressure to give the new rhodium(I)
carbonyl complexes [RB(pz);]Rhy(CO)5 (8, R = H; 9, R = pz). A structure involving three u-CO ligands
is proposed for these complexes on the basis of IR data. 9 reacts with iodine to give the Rh(III) complex
B(pz),RhI;,(CO) (14) and similar complexes have been isolated from the reaction of 8 with Cl, and I, and
of 9 with Br, and C;F;I. Lewis bases displace CO from the Rh(III) complexes, e.g., with triphenylphosphine
14 yields B(pz)RhI,(PPhj) (17). Crystals of B(pz),RhI;(CO) (14) are monoclinic of space group C2/c with
eight molecules in a unit cell of dimensions a = 22.713 (2) A, b = 12.249 (2) A, ¢ = 15.211 (2) A, and 8
= 94.29 (1)°. The structure was solved by the heavy-atom method and refined by full-matrix least-squares
calculations; R = 0.066 for 4061 reflections with I > 30(J). There is disorder (2/3:1/3) of one of the iodine
atoms and the CO ligand. The rhodium atom has octahedral coordination. The nondisordered Rh-I bond
‘}ias a length of 2.634 (1) A, and the B(pz),Rh moiety has normal geometry with Rh-N = 2.039-2.082 (7)

Introduction
Two important groups of bis(olefin)rhodium(I) com-
plexes are typified by the four-coordinate, 16-electron,
2,4-pentanedionato derivative (acac)Rh(C,H,), and the
five-coordinate, 18-electron, n-cyclopentadienyl species
{(n*-CsH;)Rh(C,H )., respectively. The contrasting struc-
tural® and chemical®® properties of these and related

(1) (a) Department of Chemistry, University of Guelph, Guelph, On-
tario, Canada N1G 2W1. (b) Department of Chemistry, University
College, Cork, Republic of Ireland.

(2) Cramer, R. J. Am. Chem. Soc. 1964, 86, 217.

(8) Cramer, R.; Cline, J. B.; Roberts, J. D. JJ. Am. Chem. Soc. 1969, 91,
2519.

(4) Herberhold, M.; Kreiter, C. G.; Widersatz, G. Q. J. Organomet.
Chem. 1976, 120, 103.

(5) Cramer, R.; Mroweca, J. I. Inorg. Chim. Acta 1971, 5, 528.

(6) Cramer, R. J. Am. Chem. Soc. 1972, 94, 5681 and references
therein.

complexes have received much attention in recent years.
(Hydrotris(1-pyrazolyl)borato)bis(ethylene)rhodium(I),
HB(pz);Rh(C,H,), (pz = 1-pyrazolyl, 1; originally described
by Trofimenko®) is a potential bridge between the two
groups of olefin complexes described above. The hydro-
tris(1-pyrazolyl)borato ligand may function as a bidentate
ligand (resembling acac) or in a tridentate fashion (formally
analogous to cyclopentadienide).’® Thus complex 1 may
exist as a four-coordinate, 16-electron square-coplanar
rhodium(I) complex, la, or as a trigonal-bipyramidal
five-coordinate 18-electron species, 1b. In solution a dy-

(7) Cramer, R.; Sewell, L. P. J. Organomet. Chem. 1975, 92, 245.

(8) Herberhold, M.; Wiedersatz, G. O. Chem. Ber. 1976, 109, 3557.

(9) Trofimenko, S. J. Am. Chem. Soc. 1969, 91, 588.

(10) Trofimenko, S. Acc. Chem. Res. 1971, 4, 17; Chem. Rev. 1972, 72,
497,
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