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Time-resolved spectroscopic techniques have been used to prepare and to interrogate transient species that are
models for reactive intermediates in cobalt-catalyzed hydroformylation. Flash photolysis of acetylcobalt carbonyl
complexes of the type RC(O)Co(CO)3(PR's) (A; R = CHs, CDs, or C,Hs; R = Ph or "Bu) leads to CO
photodissociation to give the “unsaturated” intermediate [RC(O)Co(CO)(PR’3)] (1), which decays by two competitive
pathways, alkyl migration to the cobalt to give RCo(CO);PR’; (M) and reaction with CO to re-form A. With the
perdeuterioacetyl complex (R = CDs, R' = Ph), rate constants both of CO trapping (kco) and of methyl migration
(km) were just slightly smaller than those of the perprotio analogue (k"k¢ = 1.04 + 0.01 and 1.07 + 0.09, respectively).
Thus, any stabilization of the “vacant” coordination site of | by agostic interactions with the acetyl methyl group
appears to be kinetically insignificant, consistent with the previous conclusion (Inorg. Chem. 2000, 39, 3098—3106)
that this site is stabilized by an n?-coordinated carbonyl. Changing the phosphine ligand has a greater influence
on the kinetics of I. The species generated by the flash photolysis of the trialkyl phosphine complex CH;C(O)Co-
(CO)3(P("Bus)) exhibited a much larger ky than was the case for the PPh; analogue, although there was little
difference in the kco values. Similarly, ky proved to be sensitive to the nature of R as demonstrated by the slower
alkyl migration (at 298 K) for the intermediate formed by CO photodissociation from the propionyl complex
C,HsC(0)Co(CO)sPPh; relative to the acetyl analogue. Nonetheless, all these intermediates displayed analogous
time-resolved infrared spectra and general kinetics behavior in benzene solution (implying common mechanisms
for decay), so it is concluded that all are present as the n?chelated acyl structure under these conditions.

Introduction CO can be considered the most importanbGilding block
Carbon monoxide “migratory insertion” into metealky! of the chemical industry. _

carbonylations such as acetic acid synthesis from methanol,Probed as .modils for this fundamental class of organome-
alkene hydroformylation, ettSince the discovery of cobalt ~ tallic reactions'™> Such studies suggest a mechanism in

carbonylation has grown to major economic importance, and 'éactive intermediatéy, which subsequently reacts with a
ligand L in solution (eq 1).
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sociation of a ligand L from the acyl compleX (eq 2)
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prepares a reactive intermediateith the same composition
as that proposed for the thermal reaction intermediate. Time-
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and substituted cobalt carbonyl cataly$Sta. key step is the
migratory insertion of a CO into a CeR bond (eq 3).
R—Co(CO)L + CO— RC(O)Co(CO)L 3)

Described in the present paper are time-resolved spectro-

scopic investigations of the modified cobalt carbonyl com-

plexes RC(O)Co(CQJPR3), where R is CH, CD;s, or Et

and PR; is PPh or P(Bu)s. The goal of the present study

was to survey the possible effects of changing the alkyl group

resolved spectroscopic studies are used to interrogate thg,. e phosphine modifier on the reaction dynamics of the

nature ofl as well as the dynamics of the reactions to give
the stable acyl products and of reverse alkyl migration to
give the metal alkyl complek!. The resulting time-resolved

optical (TRO) and time-resolved infrared (TRIR) spectra
under various conditions are then interpreted in terms of

intermediatd . One concern was the possible role of agostic
bonding between alkyl group -€H(D) bonds and Co in
stabilizingl. In addition P{Bu)s; is a closer approximation
(than is PP} to the trialkylphosphines used in the modified
cobalt carbonylation catalystsThese studies were carried

potential mechanisms. For example, in this manner we havet ysing a high-pressure variable-temperature (HP/VT) flow

probed the model systems Mn(G@)(O)R) and CpFe(CQ)
(C(O)R) (Cp= 1°-CsHs).5" Described here is an extension
of our recent study of cobalt systetnselated to the
phosphine-modified cobalt carbonyl catalysts used in certain
industrial hydroformylation processés.

Phosphine-modified cobalt carbonyl catalysts used for
carbonylation of higher olefins have more favorable linear-
to-branched selectivity but require higher temperatures than
do catalysts based on the simple cobalt carbohylibe
former also have greater tolerance of feedstock impurities
and better thermal stability than do rhodium catalysts now
predominant for propene hydroformylation. As a conse-
quence, there is continuing interest in new applications of
cobalt carbonyls as carbonylation catalystRioneering
mechanistic studies by Heck and Bresl8wof cobalt
carbonyl catalyzed hydroformylation of alkenes led to the
proposed catalytic cycle that has been the starting point for
quantitative reaction mechanism studies with unsubstituted
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cell reactof® to examine the reactivity of under a wide
range of CO partial pressureBsp) and temperatures in a
manner that allows the accurate determination of activation
parameters for the competitive decay steps.

Experimental Section

Materials. All syntheses were carried out on a vacuum line using
Schlenk and cannula techniques or in an inert atmosphere box under
argon. The argon used in the vacuum line was dried and deoxy-
genated by passage over columns of activated molecular sieves and
an oxygen scavenger (Phillips catalyst on silica). Dicobalt octac-
arbonyl was purchased from Strem Chemicals, and the phosphines
PPh and P(Bu); and acid chlorides C{Z(O)Cl and GHsC(O)CI
were purchased from Aldrich. All solvents were from Fischer
Chemicals and dried by refluxing with sodium and distilling under
a N, atmospheré&? Research grade carbon monoxide gas (99.995%
purity from Spectra Gases) was used without further purification.

Syntheses.The phosphine-modified acylcobalt carbonyl com-
plexes RC(O)Co(CQJPR3) (A) used in the flash photolysis studies
were prepared from GECO) in overall yields near 50% according
to published method. The products were characterized by NMR
and FTIR spectroscopy.

Solutions for TRIR Experiments. The calculated amounts of
cobalt complex were transferred into a Schlenk-type flask in the
drybox, where they were stored. Following evacuation for a few
minutes to remove residual solvents or gases, the desired solvent
was added using a cannula. Prior to that, the solvent was dried and
distilled under argon and afterward degassed either by the freeze
pump-thaw (f—p—t) technique or simply by repeated evacuation.
The solution concentration was generally about 3 mM. With a path
length of 0.5 mm, this gave an optical absorbance at the 355 nm
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389. (g) Klingler, R. J.; Rathke, J. W. Am. Chem. S0d.994 116
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laser excitation wavelength ef0.75 and initial IR absorbances of
0.3—-0.4 for the most intense of the terminal carbonyl stretching

bands of the parent complex. The sample was transferred into the

Parr autoclave of the HP/VT flow systéfusing a gastight syringe

under a CO atmosphere. The gas mixture at a specific pressure .

was introduced, and the solution was stirred for attldaé to
guarantee complete equilibration. Concentrations of CO were
calculated from published solubility da¥8TRIR experiments were
carried out using flowing solutions to minimize complications
arising from product accumulation. The temperature throughout the
flow system and sample cell was regulated.

TRIR Instrumentation. Time-resolved infrared studies were
conducted on an experimental apparatus described previ9dss.

The probe system is based upon diode IR lasers mounted in a ©f
Spectra Physics/Laser Analytics model SP5731 laser head and a ™

CVI Digikrom model 240 monochromator and provides a tunable
IR probe laser source in the frequency range 152800 cntl.

The probe beam was focused & 7 mm diameter spot and
overlapped at the plane of the sample cell with the 355 nm pump
pulse from a Lumonics HY600 Nd:YAG laser. The transmitted
intensity of the IR probe beam was focused to fill the 1 hative
area of a Fermionics model PV-8-1 photovoltaic Hg/Cd/Te detector.
A Fermionics model PVA 500-50 preamplifier enhanced the
detector signal prior to digitization by a LeCroy 9400 oscilloscope.
The average intensity of the pretrigger regior2(to 0 us) was
taken asly to calculate absorbance according to Apsf —log-

(1®No).
Results and Discussion

Treatment and Quality of TRIR Kinetics Data. Data
were accumulated for flowing solutions by recording the
temporal signal intensity of the IR photodiode immediately
before and after laser pulse excitation of the solution. Usually

data from 40 to 60 shots were acquired and encapsulated tg
W qu! psu éhat there were but two detectable products from the decay

a single data set that was transformed to absorbance vs tim
curves with good signal-to-noise ratios. Under CO, these
curves fit well to simple exponential decays from which first-
order rate constants were calculated. Generally, the mean
of 26 k values so determined was used to provide the
“observed rate constant,,sq values reported here for a
particular compound at a speciftzo andT (see Figure S-1

in the Supporting Information). An experiment was consid-
ered relevant only if the internal deviation among thek26

values was small and random rather than systematic. This
level of data analysis ensured that no trend caused by

insufficient stirring, which could result in inhomogeneous

0.5

S )

1

A absorbance / mO.D

L 12,4119, 4

I I | I
10 15
time / us
Figure 1. Temporal IR absorbance change at 1915%(milli absorbance
units, mOD) after signal-averaged 40-shot acquisition for the 355 nm flash
photolysis ofAcp, in benzene solution under 100 psig of CO and at@5
For this particular experimeripsqwas calculated to be (9.78 0.03) x
10° s~ from the exponential fit, which is also shown. The quality of the fit

is illustrated by the residual plotted at the top of the figure at a scale of
+0.5 mOD.

Kobsa Was determined to be (9.68 0.11) x 1®° s L. The
relative standard deviations of tkgsqvalues were generally
lower than 2%.

Flash Photolysis Studies of CBC(O)Co(CO)s(PPhy)
(Acp,). An earlier repoft from this laboratory using both
variable single frequency and step scan FTIR techniques
demonstrated that 355 nm excitation of £HO)Co(CO)-
(PPh) (Achy) leads to CO photodissociation to give a reactive

intermediatel cn,. Analysis of the TRIR spectra concluded

of I cn,,® Ach, re-formed by CO trapping dfy, and the alky
complexM cn, from the competitive methyl migration from
the acyl group to the metal. The analogous scheme (eq 4)
was assumed for the perdeuterio analogue.

Oy, CP
S (lj/ 3 TD3
0 hv (-CO) ks 0
oc-co\© Iy — > 0C-Co\®
Co kcolCO] Co
PPh; PPhs
Acps Mcp; (O]

CO concentrations, was present. Figure 1 represents one of According to this model, the rate constant for the decay

the 26 acquisitions used to calculate #gqfor the decay
of the transient seen at 1915 chupon 355 nm flash
photolysis of CRC(O)Co(CO}PPh) (Acp,) in benzene
under 100 psig of CORco = 7.85 bar) and at 48C. For

of | cp, would be expected to follow the behaviQjss= ku

+ ko[ CQJ. Variation of [CO] was accomplished by applying
CO pressures up to 160 psig (11.96 bar absolute) in the HP/
VT flow system.Pco was determined by taking the vapor

this particular experiment the decay constant was determinedpressure of benzene into account, and the mole fracfions

to be (9.734+ 0.03) x 1C° s%, while the mean value for

(14) Concentrations of CO in various solvents were corrected for differences
in solubility: IUPAC Solubility Data Series: Carbon Monoxide
Cargill, R. W., Ed.; Pergamon Press: New York, 1990; Vol. 43.

(15) (a) Ford, P. C.; Bridgewater, J. S.; Lee, Bhotochem. Photobiol.
1997 65, 57—64. (b) DiBenedetto, J. A.; Ryba, D. W.; Ford, P. C.
Inorg. Chem 1989 28, 3503-3507. (c) Bridgewater, J. S.; Schoonover,

J. R.; Netzel, T. L.; Massick, S. M.; Ford, P. {org. Chem2001,
40, 1466-1476.

and concentrations (mol/L) in solution were calculated. The
reaction dynamics were probed for-T0 different [CO]
values at each temperature studied. Plot&.gf; vs [CO]
obtained for a specific temperature were linear with slopes
kco and interceptsy as shown in the inset of Figure 2 and
in Figure S-2 of the Supporting Information. Table 1 lists
kv andkco values determined at six temperatures over the
range 26-45 °C and compares these to the rate constants

Inorganic Chemistry, Vol. 42, No. 2, 2003 577
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Figure 2. Eyring plots forky (lower) and forkco (upper) determined for
the decay of the transiemtp, generated by flash photolysis &cp, in
benzene. Insetkopsqvs [CO] for individual temperatures ranging from 20
(lowest) to 45°C.

I I
0.0031 0.0032 0.0034

measured for decay of the perprotio analobgin benzene.
Eyring plots (Figure 2) for théc:o andky values give the
activation parameterd\H* and AS' for the two decay
pathways (Table 1).

The data in Table 1 indicate that there is little isotope effect
on either theky or keo pathways of . A very small “normal”
kinetic isotope effect (i.e.kVk? > 1.00) was observed at
298 K for bothky andkco (ku"/ku® = 1.074 0.09 andkco/
keo? = 1.044 0.01). This was also reflected in the activation
parametersAH* and ASf, which are (within experimental
uncertainty) the same for the two decay pathways for the
intermediated cy, andlcp, (Table 2).

Three possible structures fogy, are illustrated below as
C, S, andB. The absence of significant changeskip as
the solvent was varied argued against thg, being the

:

CH 7

//C‘\ OQC s 3 H2 IC . c/
O\CO ..... nutl S_C(|) ----- antd H- -»CL,..-\\\““\
™ [ ™

Cc S B

solvento complexS, especially in a relatively weakly
coordinating solvent such as benzé&r#hifts in the acetyl
groupvco frequency indicated that this is still intact gy,
probably as they?>-coordinated structure as illustrated By

A recent density functional calculati$rconfirms thatC is
likely to be the lowest energy structure of an intermediate
having the related composition GE(O)Co(CO}, barring
strongly donating solvents. The very small normal kinetic
isotope effect for both pathways adds further credence to
the assignment ofcy, and Icp, as having they?-acetyl-
chelated structur€. An alternative would be a bidentate
configuration stabilized by an agostic interaction between

578 Inorganic Chemistry, Vol. 42, No. 2, 2003
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the methyl C-H(D) bonds and the metal centa8)( If the
latter were the case, then an “inverse” isotope effect (i.e.,
kh/kd < 1.00) would be expected owing to the changes in
the C-H(D) vibrational zero-point energies in going from
the agostic coordinatdsl to transition states of the pathways
leading either to thej-coordinated -Chlof M (kv) or to
the n'-bonded acetyl oA (kco).*® The small normak"/kd
values are consistent with modest weakening of methyl group
normal modes as the GHmoves through the reaction
transition states. Such a result might imply a more negative
charge on the Ckgroup at theky transition state in the
course of moving fronC to M. Alternatively, this might
reflect agostic bonding during the course of the migratory
insertion mechanism; however, we are disinclined to place
much emphasis on such a small effect.

Flash Photolysis of CHC(O)Co(CO)P("Bu)s (Apsy,)
and C;HsC(O)Co(CO)PPh; (Agy). The intermediatépgy,
was generated by 355 nm flash photolysi\gt,, in 308 K
benzene Rco &~ 4 atm), and the carbonyl region transient
TRIR spectrum was recorded using a 400 ns window for
data collection. Bleaching of bands characteristicAgg,,
was noted, as well as the appearancedefbands forl pg,,
at 1903(-2) and 1640£2) cm L, both of which disappeared
with lifetimes of ~1 ms under these conditions. On this time
frame, a long-lived absorbance-a1935 cnt* characteristic
of the methyl analoguM pg,, Was also apparent. The bands
for 1 pgy, Were analogous to those reported previously for the
PPh analoguel 1,2 but were shifted to somewhat lower
frequencies £10 cnt!) owing to the greater electron-
donating ability of the trialkylphosphine.

Kinetics data were acquired by following the exponential
disappearance of the 1903 cthband ofl pg,, to obtainkgpsq
values at seven CO concentrations over the range~8t
mM for each of four temperatures (298, 308, 313, and 318
K). Values ofky andkco were extracted for each temperature
from the intercepts and slopes, respectively, of lineas
vs [CO] plots. Eyring plots of these data (Figure S-3 in the
Supporting Information) gave th&H* andAS values. The
kv and keo values at 298 K and the respective activation
parameters for the reactions leading to decayggf, are
summarized in Table 2. While, is significantly larger than
seen forl cp,, consistent with a smaller value afHy*, the
rates and activation parameters for the step are little
affected.

The carbonyl region TRIR spectrum of the intermediate
le: generated by 355 nm flash photolysis of propionyl
complexAg; in benzene was recorded using a 300 ns window
for data collection. Bleaching of theo bands characteristic
of Ag; and the appearance of new bandslfgiat 1915(2)
and 1632¢2) cn! were noted. The terminaio band for
Iee matches an analogous band in the TRIR spectruhg.of

(16) (a) Calvert, R. B.; Shapley, J. R.Am. Chem. Sod978 100, 7726-
7727. (b) Buchanan, J. M.; Stryker, J. M.; Bergman, R.JGAm.
Chem. Soc1986 108 1537-1550. (c) Piers, W. E.; Bercaw, J. B.,
Am. Chem. Socl199Q 112 9406-7. (d) Paur-Afshari, R.; Lin, J.;
Schultz, R. H.Organometallics200Q 19, 1682-1691. (e) Tanner,
Martha J.; Brookhart, M.; DeSimone, J. NL.. Am. Chem. S0d.997,
119 7617 7618.



Carbonylation Catalysts Based on Cobalt Carbonyls

Table 1. Values ofky andkco (with Standard Deviations) fdrcp, andlcn, (from Ref 8) Determined from the Line&gpsq versus [CO] Fits at Each
Individual T Used for the Determination of the Eyring Activation Parametefr and AS*

T kud keo? k" keo?
°C) (10*s ) (10 M-1sY) 10*s Y 10 M-1sY) Kok kedVkeo!

20 4.5+ 0.5 1.09+ 0.01
25 5.8+ 0.5 1.104+0.01 6.2+ 0.7 1.144 0.01 1.07+ 0.09 1.04+ 0.01
30 7.1+ 05 1.20+ 0.01 7.6+ 0.5 1.19+0.01 1.074+ 0.07 0.99+ 0.01
35 9.8+ 0.8 1.24+ 0.02 10.5+ 0.9 1.26+ 0.02 1.074+ 0.09 1.02+0.01
40 13.6+ 0.6 1.354+0.01 13.5+ 0.6 1.344+ 0.01 0.99+ 0.05 0.99+ 0.01
45 16.9+ 1.2 1.45+ 0.02 18.0+ 0.8 1.40+ 0.02 1.074+ 0.06 0.97+ 0.02
AH¥ (kJ mol1) 39+ 3 6.6+ 1.4 404+ 2 57+ 04
AS (I molFtK™1) —23+9 —88+5 —-19+6 —91+5

Table 2. Rate Constants (298 K) and Activation Parameters for the Reactions of Flash Photolysis Generated Intermediates in Benzene Solution

starting starting starting starting
complex complex complex complex
Ach, Acp, Akt Apgy,
kco(298 K) (M~1s7Y) (1.144+0.01) x 107 (1.10£ 0.01) x 107 (6.14+0.1) x 10° (8.84+0.2) x 10°
AHco' (kJ mot) 57+£0.4 6.6+ 1.4 6.8+ 0.6 47+28
AScof (I molFtK—Y) —91+12 —88+5 —-92+2 —96+9
kn(298 K) (s (6.24+0.7) x 10* (5.84+0.5)x 10* (2.7+0.5) x 10* (6.3+0.1) x 1P
AHp* (kJ mot?) 40+ 2 39+3 52+5 34+3
ASyF (J mortK—1) —-19+6 —23+9 13+ 15 —21+9

but the acyhco bands forAg, (1670 cnt) andlg occur at Scheme 1 Proposed Mechanisms of Methyl Migration and CO
lower frequencies, respectively, than for the acetyl analoguesAddition Steps for
Ach, (1679 cmt?) andlcu, (1639 cnm?), perhaps owing to  Alkyl migration

Et being more electron donating than Me. The rate constants R Sol

determined by monitoring the recovery of tAg; bleach at ¥ R\ S:ol ]T

1670 cnt! and decay of thdg absorption at 1632 cm 0o === L=CoOUICO —— 0C-CoICO 4 Sol

were in good agreement. I‘CO 0 L‘CO I[‘Co
Kinetics data for the decay ofg were acquired by L

following the exponential disappearance of the 1915%tm  Carbon monoxide addition

band to obtairkysavalues at seven CO concentrations over R o

the range 0 te~90 mM for each of four temperatures (298, /l Sc”

308, 313, and 318 K). Values &f; andkco were extracted O/C\o aco  — OC-C(I,-n\\CO

for each temperature from the intercepts and slopes, respec- co vl Co L‘Co

tively, of linear kypsq VS [CO] plots. Eyring plots of these

data (Figure S-4 in the Supporting Information) gaveAlht be relatively independent of the solvent medium, and this
and AS values. Theky and ko values at 298 K and the was partially the basis of the conclusion thiy,
respective activation parameters for the reactions leading toprincipally present as the chela@ The data in Table 2
decay oflg are summarized in Table 2, where it is seen show that, for each studied,kco (298 K) has a value near

that, whileky demonstrates a larger value AfHy* for |g 10" M~1s71, with a very smalAHco" but a sizable, negative
than forl ¢y, the rates and activation parameters forkbe ASo'. Such a pattern would be expected for a simple
step are little affected. associative mechanism such as illustrated in Schéfiferl

Possible Mechanistic Implications.The TRIR data for  the kco pathway.
the complexes studied are highly consistent with each other. The alkyl migration rates offer somewhat greater variety,
For example, the acytco band in the IR spectra dfy, 8 although they all fit the pattern of displaying a much larger
ler, andlpgy, is considerably less intense than the ayd activation enthalpy but much less negative activation entropy
band of the respective starting compkeand is shifted about  than does the respective CO trapping reaction. Given that in
40 cn1! to lower frequency in each case. Furthermore, the C the R group is poorly oriented for migration to the metal,
consistency of the kinetics behavior summarized in Table 2 the larger activation enthalpy may reflect the requirement
for the four species studied argues that the structures of theof solvent involvement in the reorganization of the structure
four respective intermediates must be analogous. As we havelo one where migration can occur in a concerted step as
argued above and elsewhértbese observations indicate that illustrated in Scheme 1. Again, our earlier datamonstrated
| is present principally as the cheldiein each case. for Icn, that, unlike the relatively solvent insensitikeo

The kinetics results reported in Table 2 summarize the valuesky measured in benzene, dichloromethane, and THF
rate constants for the bimolecular reactions of the intermedi- varied by a factor of 20, the fastest rate being seen in the
ates| with CO to regenerate the respectifecomplexes strongest donor THF. Although there is little difference
(kco) as well as the first-order migration of the acyl R group between the\Hy* andASy* values forl cw, andl cp,, AHW*
to generate the respective alkyl complexds (ky). Our is measurably larger fdi; and smaller foit pg,,. This would
earlier studiesof the reactions of cn, demonstratedco to be consistent with the TRIR spectral data mentioned above.
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One might expect the carbonyl oxygen of the propionyl group  In summary, further examination of the TRIR spectra of
to be more basic than that of the acetyl, and hencejthe  the reactive intermediates generated by the flash photolysis
carbonyl group more difficult to displace fbg; than forl cp,. of the complexes RC(O)Co(Cé&liPR3) (A) (R = CHs, CDs;,
However, a peculiar aspect is tha§,* is surprisingly more  or Et; R = Ph or"Bu) demonstrates that CO photodisso-
favorable than for the other analogues, thus partially com- ciation leads to intermediatds for which it is concluded
pensating for the less favorabdHy*. In the same vein, the  that the structure is thg?-carbonyl specie€ in each case.
stronger donor character of PRelative to PPhwould make ~ These decay by two competitive pathways. The first is the
the cobalt center less electron accepting, which would thus Simple associative addition of CO to regenerate the respective
bind the acetyl less strongly. This has little effect on the Starting compound. Thekeo rates are essentially indepen-

associativéeo pathway, but does have the effect of lowering dent of the nature of the solvent medium (within the limits
the entha|pic barrier for CHmigration_ of the SyStemS Studied) and dISplay a small activation

enthalpyAHco™ and large and negative activation entropy
Ao consistent with the proposed associative mechanism.
In contrast theky rates are accelerated by donor solvents
and display much larger activation enthalpies, and we
conclude that this behavior reflects the intimate involvement
of solvent in the transition state of the migratory pathway.

Notably, the sensitivity of théy pathway to solvent is
consistent with the frequent observation that the microscopic
reverse, namely, the migratory insertion reaction of the type
M + L — A, which forms the acyl group from the metal
alkyl, is promoted by donor solvent!” Similarly, rates of
alkene hydroformylation catalyzed by phosphine-modified
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