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Reported is a time-resolved infrared and optical kinetics investigation of the transient species CH3C(O)Mn(CQ),
(Ivn) generated by flash photolysis of the acetyl manganese pentacarbonyl complex CH3zC(O)Mn(CO)s (Aun) in
cyclohexane and in tetrahydrofuran. Activation parameters were determined for CO trapping of Iy, to regenerate
Aun (rate = keo [COJ[lwn]) @s well as the methyl migration pathway to form methylmanganese pentacarbonyl CHs-
MN(CO)s (Myn) (rate = ky[lwn]). These values were AH*co = 31 £ 1 kJ mol~!, AS*co = —64 + 3 J mol~t K7,
AH*y =35 = 1 kJ mol™%, and AS*y = —111 + 3 J mol~* KL, Substantially different activation parameters were
found for the methyl migration kinetics of Iy, in THF solutions where AH*y = 68 + 4 kJ mol~* and AS*; = 10
+ 10 J mol~* K™, consistent with the earlier conclusion (Boese, W. T.; Ford, P. C. J. Am. Chem. Soc. 1995, 117,
8381-8391) that the composition of Iy, is different in these two media. The possible isotope effect on ky was also
evaluated by studying the intermediates generated from flash photolysis of CD3C(O)Mn(CO)s in cyclohexane, but
this was found to be nearly negligible (ky"/ky® (298 K) = 0.97 + 0.05, AH*¢ = 37 + 4 kJ mol™?, and ASH¢ =
—104 £ 12 J mol~* K™1). The relevance to the migratory insertion mechanism of CHsMn(CO)s, a model for catalytic
carbonylations, is discussed.

Introduction indicates several unresolved issues. A key one is that, while
The reaction of carbon monoxide with a metalkyl the reaction has been shown to proceed by methyl migration
M—R to form metat-acyl complex M-C(O)R is the key Fo an adjacent coordinated carbonyl (rather t.han CO i_nsertion
carbon-carbon bond formation step in industrially important INto the Mn—alkyl bond), the nature of the intermediate(s)
catalytic carbonylations such as alkene hydroformylation and of this step remains uncertain. The reason is straightforward;
acetic acid synthesis from methafdlAn early model of such intermediates are generally only present in low steady-
such “migratory insertion” was the reaction of methylman-
ganese pentacarbonyl @Wn(CO) (Mw,) with various (7) ﬂ)%oi41—0—(:14 Jensen, J. E.; Statler, J. A.,Am. Chem. Sod.98],
ligands to generate the acyl complexes (ed 1)and the (8) Booth, B. L.; Lewis, E. J. RJ. Chem. Soc., Dalton Trans982 417—
mechanism of this and related reactions has subsequently  421.
been the subject of a number of experimentdl and (9) Nolan, S. P.; Lopez de la Vega, R.; Hoff, C. D.Am. Chem. Soc.

. . . . 1986 108, 7852-3.
computationdf studies. An overview of these studies (10) (a) Cotton, J. D.; Markwell, R. DOrganometallics1985 4, 937-9.

(b) Cotton, J. D.; Markwell, R. DJ. Organomet. Chenl99Q 388

(1) Parshall, G. W.; Ittel, S. DHomogeneous Catalysidohn Wiley and 123-132. (c) Bent, T. L.; Cotton, J. DOrganometallics1991, 10,
Sons: New York, 1992. 3156-66.
(2) Applied Homogeneous Catalysis with Organometallic Compounds: A (11) Andersen, J.-A. M.; Moss, J. Rarganometallics1994 13, 5013~
Comprehensie Handbook in Two Volumg€ornils, B.; Herrmann, 20. (b) Moss, J. RJ. Mol. Catal. A: Chem1996 107, 169-174.
W. A., Eds.; VCH: Weinheim, Germany, 1996. (12) (a) Cavell, K. JCoord. Chem. Re 1996 155 209-243. (b) Collman,
(3) Calderazzo, FAngew. Chem., Int. Ed. Endl977 16, 299-311 and J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. Binciples and
references therein. Applications of Organotransition Metal Chemisttyniversity Science
(4) (a) Mawby, R. J.; Basolo, F.; Pearson, RJGAmM. Chem. S0d.964 Books: Mill Valley, CA, 1987; Chapter 6.
86, 3994-9. (b) Mawby, R. J.; Basolo, F.; Pearson, RJGAm. Chem. (13) (a) Ziegler, T.; Versluis, L.; Tschinke, \J. Am. Chem. Sod.986
S0c.1964 86, 5043-4. 108 612-7. (b) Axe, F. U.; Marynick, D. SOrganometallics1987,
(5) (a) Kraihanzel, C. S.; Maples, P. K.Am. Chem. So&965 87, 5267 6, 572-580. (c) Ujaque, G.; Maseras, F.; Lledos, A.; Contreras, L.;
5268;Inorg. Chem.1968 7, 1806-15. Pizzano, A.; Rodewald, D.; Sanchez, L.; Carmona, E.; Monge, A.;
(6) Butts, S. B.; Strauss, S. H.; Holt, E. M.; Stimson, R. E.; Alcock, N. Ruiz, C.Organometallics1999 18, 3294-3305. (d) Derecskei-Kovacs,
W.; Shriver, D. F.J. Am. Chem. S0d.980 102, 5093-5100. A.; Marynick, D. S.J. Am. Chem. So200Q 122 2078-86.
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state concentrations during the reaction and are rarely directlyScheme 1

observable via spectroscopic techniques. A second issue has o\\C CHs CH,
to do with solvent effects. Migratory insertion rates in this Oc.,,” [ \‘-CO hv (- CO) - 0C~.,,, |h\\.‘CO
- , — M
system (and many related compleﬁésa)re markedly ac o \Co o ™ « | \Co
celerated in more polar solverfi&¥)* yet the exact role ¢
o e}

played by solvent in the intimate mechanism has long been

a point of disagreement. These types of questions have led Antn M

us to use time-resolved spectroscopy to interrogate the naturerpese improvements allowed measurement of the activation

and reaction dynamics of reactive intermediates in migratory parameters for key steps in the decay@f. In this context,

insertions such as that represented by g f. the present study reports and compares activation parameters
determined for the decay of;, in two solvents, the weak

CH; %C/Clh donor cyclohexane (CH) and THF.
., -0 L OC.,,// ok | After our earlier study? two theoretical (density func-
/Mﬁ\ L tn ™ /M“\\ M tional) studies of migratory insertion intermediates discussed
oc (|) G of Cl o the possible importance of structures where agostic bonding
o}

of the acyl group alkyl function (e.g., the methyl group of

. _ _ lwn) may stabilize intermediates in the migratory insertf.
With an appropriate precursor, one can use photochemicaliy an attempt to experimentally probe such intermediates,

techniques to prepare transient species with the sameye have also carried out a more detailed comparison of the

compositions as those proposed for specific reactive inter- decay kinetics of the perprotio and perdeuterio formkmaf
mediates? In this laboratory, we have used laser flash generated by CO photodissociation.

photolysis and time-resolved infrared (TRIR) or time-

resolved optical (TRO) detection to interrogate the spectra Experimental Section

and reaction dynamics of such reactive intermediates under \;4terials. CH,C(O)MN(CO) (Awn) and CDC(O)Mn(CO)
conditions more directly relevant to the thermal reaction (a,, d) were prepared following literature procedu#@all solvents
studies. As a caveat, the photochemical entry into thesewere reagent grade and subjected to standard drying and distillation
species is clearly different than a thermal path over the procedured Research grade carbon monoxide gas (99.995% purity
activation barrier, so one must critically evaluate where the from Spectra Gases) was used without further purification. Sample
entry method influences the structures and subsequentsolutions for flash photolysis experiments were deoxygenated by
dynamic behavior of such reactive intermediates. Nonethe- entrainment with argon or carbon monoxide or by repeated freeze
less, these techniques provide otherwise inaccessible opPuUmP-thaw cycles. _ _

portunities to address directly the spectroscopic and dynamic _'ime-Resolved Infrared Studies. The TRIR studies were
properties of key intermediates, not only for model reactions conducted on an experimental apparatus that has been described

. ) previously1820.21The probe source consists of four lead-salt diode
such as that illustrated in eq 1, but also for true catalysts. lasers that provide tunable infrared frequencies between 2200 and

Earlier TRO and TRIR investigations in this laboratory 1500 cntl. The IR beam is focused & 7 mmdiameter spot and
examined the spectra and ambient temperature dynamics obverlapped at the plane of the sample cell with a slightly larger
the transientln) generated upon CO photodissociation from diameter 308 nm XeCl excimer pump pulse. The transmitted
the acyl precursor C¥(O)Mn(CO) (Amn) as illustrated in intensity of the probe beam is again focused to fill the 1%aative
Scheme 25 |y, has the same composition as intermediate- area of a photovoltaic Hg/Cd/Te detector. Changes in the transmitted
(s) often proposed for eq 3t and these studies demon- R i_ntensity are recorded by a LeCroy LT342 digital storage
strated that, in weak donor solvents such as alkanes andPScilloscope. )
halocarbons, it is stabilized by?bonding of the acyl A h|g7h pressure, yarlable temp(_erature.(HPVT) IR cell and flow
carbonyl. In the stronger donor tetrahydrofuran (THF), the SySt.e.m was used in these. SIUd'e.s' This system allows for the

. L9 . equilibration of sample solutions with gas pressures up to 100 atm
spectroscopic and kinetics propertied @f strongly suggest

o . : and temperatures up to 18C. The large number of laser pulses
that it is the solvento intermediate, GE{O)Mn(CO)(THF). required for signal averaging necessitated the flowing of the sample

Here, we report further TRIR studies of this reaction using sejutions at a rate of a few milliliters per minute through the HPVT
a high pressure, variable temperature (HPVT) samplé®cell cell in order to minimize complications due to accumulation and
which allows much more exact control of the conditions and secondary photolysis of photoreaction products at thet 3z
further TRO studies with a more stable detection system. experimental cycle. The temperature of the solution was regulated
in both the flow system and the HPVT TRIR cell.

(14) Webb, S. D.; Grandomencio, C. M.; HalpernJJAm. Chem. Soc.

1986 108 34-5 (20) (a) DiBenedetto, J. A.; Ryba, D. W.; Ford, P.lI8org. Chem 1989
(15) Boese, W. T.; Ford, P. . Am. Chem. Sod.995 117, 8381-91. 28, 3503-7. (b) Ford, P. C.; Bridgewater, J. S.; Lee, Bhotochem.
(16) McFarlane, K. L.; Lee, B.; Fu, W. F.; van Eldik, R.; Ford, P. C. Photobiol. 1997, 65, 57—64.
Organometallics1998 17, 1826-34. (21) Bridgewater, J. S.; Schoonover, J. R.; Netzel, T. L.; Massick, S. M.;
(17) Massick, S. M.; Ford, P. @rganometallics1999 18, 4362-66. Ford, P. C.Inorg. Chem2001, 40, 1466-76.
(18) Massick, S. M.; Rabor, J. G.; Elbers, S.; Marhenke, J.; Bernhard, S.; (22) Gladysz, J. A.; Tam, W.; Williams, G. M.; Johnson, D. L.; Parker, D.
Schoonover, J. R.; Ford, P. Gorg. Chem.200Q 39, 3098-3106. W. Inorg. Chem.1979 18, 1163-65.
(19) (a) Hitam, R. B.; Narayanaswamy, R.; Rest, Al. hem. Soc., Dalton (23) Riddick, J. A.; Bunger, W. B.; Sakano, T. ®rganic Solbents Physical
Trans.1983 615-618. (b) McHugh, T. M.; Rest, A. J. Chem. Soc., Properties and Methods of Purificatiprith ed.; John Wiley and
Dalton Trans.198Q 2323-32. Sons: New York, 1986; Vol. Il.
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Concentrations of the manganese solutions were typically 1
mM in cyclohexane for TRIR experiments, and initial absorbances
were 0.3-0.4 for the most intense of the terminal carbonyl stretches 8
of Au, for a 0.5 mm path length. Solutions were equilibrated in =
the flow system under various CO pressurieésdj for at least 45 e
min at temperatures ranging from 298 to 328 K. The CO 8
concentrations in CH solutions were calculated from published 8
solubility data2 =

Time-Resolved Optical Experiments.The apparatus for the
TRO experiments has been described previotisBA modification
important to the present system involved using a 12 V battery . T . ' .
powered 20 W halogen bulb with a dichroic reflector (GE FRE/ 0.10 [CO](J(fA()) 0.80
CG) as the optical probe source. This source proved stable for the _ . )
long acquisition times necessary for the slow processes that WereFlgure 1. (_)verlay of the expe(lmentally determlned observed rate constant
problematic for the TRIR experiments. The excitation source was §'r‘3bn? ngt?)"gg’fcfarbon menaxide concentrations and temperatures ranging
the third harmonic of a Nd:YAG laser (355 nm) crossed &t 180
the probe beam, which was chosen to be 1.5 times the diameter ofTable 1. Rate Constantkco for CO Trapping ofiun To Give Awn in
the pump beam to minimize the effects of diffusion of species out CYclohexane and for Methyl Migratiorkg) of Iun To Give Mun in
of the detection region. Cyclohexane and in THF

N

Solutions for the TRO experiments of +Q0 mL total volume keo (cyclohexane)  kw (cyclohexané)  ku (THF)°
) X . T(°C) (10PM-1s1) (s (s
were prepared in a custom fabricated 50 mL flask with an attached
1 cm quartz cell, were degassed by several frepzenp—thaw 25 1.07 ¢-0.02) 7.10.4) 24 (1)
cycles, and then were equilibrated with the appropriate gas on a 30 1.32 ¢£0.04) 9.0 £0.4) 42 (2)
ifold. The concentrations Afy, in CH and THF & 1.62¢0.09) 11.9£0.4) en
vacuum maniiold. il 40 2.07 0.06) 14.4 £:0.6) 106 (£9)
solutions were adjusted to-2 mM to provide absorbances of 6-2 45 2.49 (0.09) 18.5 £0.6) 142 ¢10)
0.4 at 412 nm. Typically, to minimize the number of laser pulses 50 2.90 (¢-0.05)
on the sample, 15 pulses per transient at approximately 1/min were 55 3.76 €:0.06)
averaged. AH¥ (kJ mol2) 31 (1) 35 @ 1) 68 (& 4)
ASF (I molr1K-1) —64 (* 3) -111 & 3) 10 & 10)
Results

a Studies carried out using TRIR techniques with the HPVT égtudies

TRIR Experiments. As shown previously® pulsed laser  carried out using TRO techniques at low [CO] (see text).
photolysis ofAu, in cyclohexane leads to CO photodisso-
ciation to give short-lived intermediate, with vco bands
at 1991(s), 1952(s), and 1607(w) cnly, undergoes two
primary decay paths: reaction with free CO to refolm,
(kco) and methyl migration from the acyl carbon to the metal
to form My, (km) in accord with Scheme 1. The temporal
decays ofly, in CH under excess CO monitored at 1952
cmt were fit well by single exponentials. Extensive signal
averaging was necessary to ensure accurate and pkegise
values. In the present study, these were derived from averages
of exponential fits for up to 26 separate decays, each being
the average of 4060 individual transients. Thie,s values
and the standard deviations determined at various CO
concentrations and temperatures appear in the plots shown g T T T T r T
in Figure_l. 3.05 3.15 1/T(103K3_.1§5 3.35
. Accor_dlng to Scheme Kops = kCO[CO] + kM’ Wherekco Figure 2. Eyring plot for the reaction offu, with carbon monoxidekco)
is the bimolecular rate constant for reaction with CO and ;" ciohexane of the fornR In(hku/ksT) vs T-1 (whereR is the gas
km is the unimolecular rate constant for methyl migration. constanth is the Plank constant, arig is the Boltzman constant).
Consistent with the model, plots kiysversus [CO] are linear
at each temperature studied (Figure 1). Valueskégy in (although consistent with) previous measurem&values
cyclohexane were determined from linear least-squares fitsfor kco determined from 298 to 328 K (Table 1) give a linear
of the kyps Versus [CO] plots for solutions equilibrated with ~ Eyring plot (Figure 2) from which activation parameters for
CO gas pressures ranging from 11 to 31 atm (0.1 to 0.3 M). kco were determined to bAH*co = 31 £ 1 kJ mol* and
The high range of CO concentrations and the improved AS'co = —64 + 3 J mol? K™% in CH.
temperature regulation afforded by the HPVT IR cell and
flow system resulted in more precideo values than

-158

-162

R In(hkco/ksT) (J mole™ K-1)

-166

(26) In the earlier study by Boedethe valuekco= 6.5+ 1.3 x 10° M~
s 1 was reported for “room temperature™22 °C). This can be
compared to the value 10F 0.4 x 10° M~1 s7! reported here for

(24) IUPAC Solubility Data Series: Vol. 4&€arbon MonoxidePergamon 25.0°C cyclohexane. Given the different apparatus used as well as
Press: Oxford, 1990. the greatly increased [CO] range of the present study, the agreement
(25) Lindsay, E.; Ford, P. Anorg. Chim. Actal996 242 51—-56. appears reasonable.
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exhibited no [CO] dependence, a moderate temperature
- : dependence, and, effectively, exponential decay rates. The
s S differences in the magnitudes ki andkgi were sufficiently
large that it was necessary to use two time scales and an
iterative procedure to obtain good quality double exponential
fits. One time scale was chosen to be long enough to include
at least several half-lives of the slowest decly), while
the shorter time scale was chosen to includedl® half-
lives of the faster chemical proceds). The longer time
scale acquisition was fit to a double exponential function to
obtain estimates d&,,sandkgi. Then, the shorter time scale
e acquisition was fit to a double exponential while holding
. . both the asymptote anlys constant to obtain a better
0 5 Tim;‘)(s) 15 estimate okops Next, improved values of the asymptote and
Figure 3. Absorbance changes at 410 nm following 355 nm photolysis kan were obtained by flttlng th-e longer tlm? scale acquisition
of a cyclohexane solution ok, equilibrated under argon at 298 K. The to a double exponential holding only the improved value of
double exponential fits and residuals are included on both the long and Kops CONstant, and so forth. Following this procedure,kiie
short time scale acquisitions. values were found to rapidly converge after several iterations.
The efficacy of this fitting procedure to determilg,s
Analogous flash photolysis experiments on cyclohexane under such conditions can be evaluated from #ag
solutions of the deuterated analogue CD)Mn(CO) calculated from these data. A plot of tkgsvalues obtained
(Awnd) were performed at 298 K. Single exponential decays by double exponential fits of TRO transients fog, in
were observed for the resulting intermedidig,{), and the cyclohexane (298 K) versus [CO] over the range 0 to 9.6
kopsValues measured gave a linear plot versus [CO]. Notably, MM (Pco = 1 atm) is linear, consistent with the expected
the keo? value determined from the slope of that plot (1.09 relationship kops = kco[CO] + ku. The value forkeo
+ 0.03) x 10* M1 s proved to be within experimental determined in this manner ((1.G2 0.04) x 10* M1 s7%)
uncertainty of the value determined fqr, of (1.07+ 0.02) compares very well to that ((1.02 0.02) x 10* M~1 s}
x 10* M~1 571 that is, the ratidkcoVkeo? (0.98 + 0.04) in determined by the TRIR technique. Because the much higher

Aabs (mO.D.)

Aabs (mQ.D.)

CH is indistinguishable from 1.00. [CO] accessible in the HPVT-TRIR experiments resulted in
The linear fits ofkess versus [CO] should havgintercepts  fast single exponential decays fa, unaffected by diffusion,
equal to the rate constant for methyl migratien if keo[CO] the close agreement validates the correction procedure used

< ky at low [CO]. While this proved to be the case, there in the TRO experiment to account for diffusion out of the
was unsatisfactory scatter in the intercepts, which have detection region.
relatively small values relative to thHeps values measured Theky values for the decay dfs, in cyclohexane solution
experimentally. This resulted in part from limitations of the were obtained directly from thi&,,s values measured for
IR diode laser source stability which made acquisitions of solutions equilibrated under an Ar atmosphere. In the absence
transients witht > 10 ms problematic. Consequently, the of added CO, equatingu and ks is justified only if the
data used to determine tHeo values (Figure 1) were recombination of v, with CO released photochemically has
obtained on shorter time scales, that is, relatively high [CO] a negligible contribution to the decay laf,. This was tested
wherekeo[CO] > ky. A similar observation was made by by varying the photolysis laser pulse power to generate 5-fold
Boese'® differences in the initialy, and CO concentrations. Inspec-
TRO Experiments. TRO detection proved more adaptable tion of the transient decay rates revealed no changes in the
for measuring the slow rates at low [CO], especially once kqps Values resulting from contributions of a second-order
the battery powered probe source described in the Experi-process. Thereforég,saccurately represenks under these
mental Section was incorporated into the detection system.conditions. The methyl migration rate constakis thus
For this reason, th&, values reported here were derived measured in CH over the temperature range228 K are
only from the TRO data. For these measurements, solutionslisted in Table 1. Theq, value (298 K) determined in this
of Awn were typically equilibrated under Ar, whekg, = manner is 7.1+ 0.4 s, and the activation parameters
kobs (see later), so th&y values were measured by direct determined from linear least-squares fits of Eyring plots
techniques and not by extrapolationkgfsvalues measured  (Figure 4) areAH*(CH) = 35 + 1 kJ mol* and AShy-
at high [CO]. However, the relatively long data acquisition (CH) = —111+ 3 J mol! K™,
times (~1—10 s) led to complications due to diffusion from The possible isotope effect d was also evaluated by
the detection regiorkfs). As a result, transient decays were using the TRO technique to determine the reaction rates of
modeled by double exponential functions as shown in Figure intermediates generated from flash photolysis of the perdeu-
3. The slower absorbance decay is due primarily to diffusion terated substrate GB(O)Mn(CO) (Awn9) in cyclohexane.
of productM y, out of the detection region at a rate much Thek, value (298 K) measured was 7430.2 s%, which
slower than the chemical processes correspondikg tkw/ is within experimental uncertainty of the value found for the
kair ~33 at 298 K,~67 at 318 K). The diffusion process CHs; analogue (7.1 0.4 s'%). Thus, the deuterium isotope

3556 Inorganic Chemistry, Vol. 41, No. 13, 2002



Carbonylation of CHMn(CO)s

R In{hkm/ksT) (J mole” K1) vs. 1/Temperature (103K1) HsG o CHs o
Cxy e Sc—CH,
4 \
Oc., | & oc., T so oc, | H
-2051 NS N RS AR
o THF /Mn-\ /Nin\ (Mn\
C
m Cyclohexane o€ (I: Co 0 ¢ Co oC CI: Co
C S B

2151
weakly coordinating solvents, the structure was concluded
to ben?-acyl complexC. This conclusion was based on the
TRIR spectra recorded for, and on the reaction dynamics
-225 - of this species. For example, there is-&9 cnt?! shift of
the acyl grouprco band on going fromAmy, to Iwn, in CH,
, , , , , consistent with differences seen for systems where mono-
3.15 320 325 330 3.35 and dihapto-acyl coordination can be compared for similar
Figure 4. Eyring plots of the fornR In(hku/ksT) versusT—1 for the methyl metal centers®2°In addition, the kinetics of trapping by CO
migration &u) of Iwn in THF (O) and cyclohexanel) equilibrated under  and by other ligands L are sluggish relative to the rates
Ar. (Ris the gas constanh, is the Plank constant, arg is the Boltzman expected for a solvento complex in cvclohexane. The low
constant.) The temperatures range from 25 t6¢@5 P o . p Yy _ '
reactivity of Iy, is pronounced by comparison to the

effect is deemed to be nearly negligible, kv (298 K) = intermediateX formed by flash photolysis oMy, (eq 2)
0.97+ 0.05). Measurement &, over the temperature range  and was concluded to be solvento comptes<CH;MNn(CO)-
298-318 K gaveAH¥yd = 37 & 4 kJ molland ASHyd = (Sol) 530X is 5 orders of magnitude more reactive toward

—104 + 12 J mol! K™%, again within experimental CO (kco=4.5x 10®° M~1s™1) thanisly, (1.07 x 10* M1

uncertainties of the values determined for reactions of the s %) in 298 K CH. Furthermore, whil&o values forX are

perprotio compound. In other words, there were no differ- markedly solvent dependent, those lfgs are nearly solvent

ences in the methyl migration kinetics for the perprotio and independent in relatively weak donor solvents such as

perdeuterid yn analogues in CH. hydrocarbons and halocarbons. The exception is THF in
Analogous flash photolysis oAy, in tetrahydrofuran which the reactivity oflyn with CO is (at least) a factor of

solution using TRO detection allowed for the measurement 20 smaller than in CH while the reactivity with P(OMé3

of ky at various temperatures in this medium as well (Table 3 orders of magnitude loweé?.

1). As reported by Boes8 the value ofkco in THF (~4 x

102 Mt s7%) is considerably smaller than in cyclohexane M o . GHa )
and could not be accurately measured at the low CO obtained AR hv (0Q U | oy Mﬁ\\“‘ )
from Pco < 1 atm, while other technical problems prevented oC/ | \Co keo [CO oC/ | \Co

its measurement at highBgo on the TRIR apparatus using g 8

the HPVT cell?” However, by using the TRO apparatus, it
was possible to measure the rates of methyl migration for \ynile n?-acyl chelation €) would explain the relative
Imn in THF at variousT. Notably, methyl migration was  stapility toward reaction with incoming ligands in weakly
found to be both faster at 298 K( = 24 £ 1 s!) and  cqordinating solvents as well as the TRIR spectruriygf
more temperature dependent in THF than in CH (£.0.4  the agostic chelat® cannot be excluded off-hand. Computa-
s™%). The Eyring plot forky (Figure 4) gave the activation  tions using density functional methd@concluded that
parameteré\H*y(THF) = 68+ 4 kJ mof™* andAS'y(THF) is significantly lower in energy thaB and agreed that
= 10+ 10 J mot* K™, was the likely structure ofy, formed by the photodecar-
bonylation mechanism. These calculations furthermore in-
dicated that, iB were formed, it would be very short-lived
As noted in the Introduction, much discussion regarding (see later). Notably, in related time-resolved spectroscopy
intermediates in the migratory insertion mechanism has beenstudies of cobalt catalyst modéfsphotolysis of CHC(O)-
concerned with three limiting structural types having the Co(CO}PPH; in various solvents leads to the “unsaturated”
“vacant” coordination site occupied by the oxygen ofi@n intermediate CHC(O)Co(COYPPh (lco), which is also
acyl carbonyl, by a solvent molecule or by agostic interaction apparently stabilized by thg?-acyl coordination.
with a carbon-hydrogen bond of the acyl methyl group. For  Reactions in CyclohexaneComparison of the activation
the manganese intermedidig,, these are illustrated &3, parameters fokM andkco for Imn measured in CH presents
S, andB, respectively. an interesting contrast. The activation enthalpies are simi-
Earlier studies from this laboratdfdemonstrated thatthe  |ar: 35 kJ mot?! for kv, 31 kJ mot? for keo. However, the
TRIR spectra and the kinetics behavior of the transient
specied un generated by photodissociation of CO frém, (28) Hermes, A. R.; Girolami, G. $Drganometallics1987 7, 394.

(29) Boese, W. T.; Ford, P. @rganometallics1994 13, 3525-31.
are dependent on the solvent. In cyclohexane and other(30) Replacement of a-acid ligand such as CO by a strongedonor,

weakr-donor ligand such as THF would shift both terminal and on
(27) THF degrades the seals used in the HPVT cell and flow system. acyl vco frequencies to lower values.

Discussion

Inorganic Chemistry, Vol. 41, No. 13, 2002 3557



Massick et al.

Scheme 2 that is, theks step. However, it is not clear that in such a
HsQ oy _CHs case the value akS's would be expected to be substantially
Cx h CHy more negative thalhSco. An alternative way to treat this
o, | P K o, so o, | . ,
MY gl ——— W i YN sol pathway would be to assume that the first step is a
o g'; Yo ks oc¥ [ Voo o« | ™, preequilibrium (i.e., thak; < k_g) and thatky = kkgk_s. If
0 0 this were the case, thetH*y = AH*s + AH% — AH*_g

andAShy = ASs + ASH — AS_s. (The third terms are less

e straightforwardly defined ifki ~ k-s). The activation
Teo L (Sol = solvent) parameters for such multistep reactions include contributions
0\\C,CH3 from each step, and the more negative valué\&fy may
REVARS be reflective of a highly ordered transition state for the
M+ Sol

oo | % step. R §
é The role of agostic stabilization of the transition state for
theky step may in principle be probed by the isotope labeling
AS values are substantially different, with the “unimolecu- experiment. According to the previous kinetics treatment,
lar” methyl migration step having the considerably more ky = kiks/k_s for the conversion o€ to My, but only the
negative entropy of activation. This would be consistent with k term should be sensitive to isotopic labeling. The absence
the argument that methyl migration frohy, in weakly of an isotope effect might argue against a significant role of
coordinating solvents is not unimolecular but involves agostic bonding in determining the activation barriers of these
coordination of a solvent molecule to facilitate the rear- reactions, but it is not clear that the precision of the
rangement of the acyl group to a conformation better suited measurements is sufficient to make a strong case in this
for methyl migration to the metal (see later). The similarity regard (see later).
in activation enthalpies suggest competitive processes where Reactions in Tetrahydrofuran. As noted previously, the
the dominant enthalpy contribution to each is due to TRIR spectrum as well as the much lower reactivity toward

dissociation of the Mn-O bond of ther?-acyl complex. CO led to the conclusion thaf, is the solvento species
A possible model for these transformations in cyclohexane in THF .1° Interestingly, a recent density functional stéitly
is illustrated in Scheme 2. using the Gaussian 94 program concluded #fatcyl chelate
For this model wheréun = C, the rate law fol y, decay C should be the more stable species even in THF and argued
is derived from steady-state kinetics applied & [ that our earlier assignment as a solvento species was
incorrect. However, if this were the case, the reaction rate
_(dIC]) _ kiks n of Iun with CO to reformAw, should not be significantly
dt k + k_g+ k;[CO] different in THF than in the other solvenfhis argument
kik[CO] is clearly in contradiction to the experimental obsations

k ko + K[CO] + KcolCOJ|IC] = kypd C] (3) As noted previously, the reaction by, with CO is at least
-S o a factor of 20 slower in THF than the comparable reaction

However, because there was no curvature to the plots showr" CH, while the second-ordég for the trapping ofl un by

in Figure 1,ki[CO] must be much smaller thdq+ k_s for P(OMe} is 3 orders_ of magnitude lower in THF thgn in
all [CO] investigated. Furthermore, the earlier studies clearly €yclohexane at ambient temperatéit@hus, the theoretical
demonstrated that for a series of hydrocarbon and halocarbori'eatment as offered by ref 13d falls significantly short of
solvents in whichly, was concluded to b&, ky was describing the experimental obsations in this case.
dependent on the nature of the solvent whilg was little On the other hand, we need to address the seemingly
affected. Thus, we conclude that tkepathway must be at ambiguous result that the ambient temperakyrgalues for

THF solutions (7.1 st and 24 s?, respectively, at 298 K).

kikg , This apparent similarity is completely dispelled by comparing
Kons = k+ K < +KoolCO = ky +keolCOI (4) the activation parameters, which aéi%,(CH) = 35 + 1
kJ mol! and AS(CH) = —111 4 3 J molt K=t versus
In this context, the reformation &, that occurs viathe = AH¥y(THF) = 68+ 4 kJ mol! andASy(THF) = 10+ 10
kco pathway would appear to be a simple direct displacementJ mol* K=1. Thus, the slower methyl migration rate in
of the »2-acyl oxygen by CO in an associative mechanism. cyclohexane at 298 K can be attributed to the much less
This would be consistent with the negative valueA&co. favorable entropy of activation. Because limitations on the
It is notable that theAH*co value determined here (31 kJ temperature range and precision kef measurements add
mol™?) for Iy, compares favorably to the barrier of 26 kJ uncertainty in the data extrapolation necessary to obtain
mol~! calculated® for the reaction ofC with CO to reform activation entropies, one must be wary of overinterpreting
Awn Via an analogous direct displacement mechanism. ASFvalues. However, the substantial differences in o@h
A large negative entropy of activation would also be andAH*lead us to conclude with confidence that there is a
expected for théy pathway if the rate-limiting step were  change in mechanism for the methyl migration reaction of
simple solvent displacement of thy-acyl oxygen by CH, Imn upon going from CH to THF.That change can be
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Scheme 3 kw > kL] were met. The rate constants fdi, Iin
Amn cyclohexane derived in the photochemical experiment do not
w Lco meet this constraint either for £ CO (this work) or for L
%HF = P(OMe}.*® Thus, this suggests that, unlike the reactions
ayCH: ay, CH: in THF, inte.rmedia.teC seen in the .TRIR and TRO
. o T HE oc. |C L experiments in CH is not an intermediate for the thermal
My, + THF m—== v KLl s L THE pathway under these conditions. Instead, a concerted mech-
ky OC/i e OC/l e, anism, such as associative attack of L on the Mn, appears

more plausible, although a less direct pathway such as
nucleophilic activation of a carbonyl is difficult to ex-

attributed to differentl i, structures,C and S, generated cludei4st
upon photolysis oAy, in CH and THF, respectely. The reported Gaussian-94 based density functional

Relevance to the Thermal Migratory Insertion Mech- computation®? appear to support such a pathway in the
anism.What is the relationship between the photochemically absence of a donating solvent. This report concluded that
generated transient described hégg ) to the intermediate-  the reactive intermediate in the thermal reactioBignd
(s) (lw) formed along the reaction coordinate of thermal that, althoughC was found to be lower energy, the barrier
carbonylation (eq 1)? A test of this would be to make a to form C from My, is large. However, the calculations
quantitative reactivity comparison dfy, and Iy, under placedB in a potential energy minimum so shallow (0.1 kcal
analogous conditions. Specifically, if these transients show mol™%) that it is incorrect to view this as a reactive
the same selectivity between methyl migratidg)( and intermediate, becauskT = 0.6 kcal mof! at ambient
ligand addition k_), then the two intermediates are likely to temperature. Although interpreted differently by the authors,
be the same. This was demonstrateoly comparing the  the reaction coordinate profile described by the computition
branching ratioku/k. from the steady-state kinetics of the is essentially that of concerted addition of COMgy, with
thermal reaction oMy, with P(OMe} in solvent THF (eq the transition state stabilized somewhat by agostic interaction
1) to that for the photochemically generated spebigsfor between the methyl and Mn.
which the values oky andk. could be determined directly. In summary, the reaction dynamics of the transient species
The branching ratios were the same; therefore, the intermedi- generated by flash photolysis of GE{O)Mn(CO); show
ate observed for the photochemical experiment in THF can different activation parameters in cyclohexane and THF
be concluded to be the same as that formed in the thermalowing to their different structures in these media, the chelate
reaction in this media, namely the solvento comp®x  speciesC in the former, the solvento specigsn the latter.
(Scheme 3). In CH, AH* values are similar foky (35 kJ mot?) andkco

The situation is entirely different in a weakly coordinating (31 kJ mot?), butAS values are substantially different, with
solvent such as cyclohexane wheéyg was concluded to be  “ynimolecular” methyl migration having the considerably
then®-acyl chelate compleg. As discussed befof€ C does  more negative entropy of activation. This would be consistent
not appear to lie on a direct pathway betwdé, andAwn, with a mechanism by which methyl migration fro@ in
despite the general concurrence that it is the lowest energyyeakly coordinating solvents requires solvent coordination
species having the composition EHO)Mn(CO)inweakly  to facilitate the rearrangement of the acyl group to a
donating solvents. The reaction©f(generated photochemi-  conformation better suited for methyl migration. In THF,
cally) to formMw, shows kinetic sensitivity to the relative  the ky pathway gave considerably different activation
donor properties of these media in a manner that suggestgarameters from those in CH witkH*,, = 68 + 4 kJ mol.
direct solvent interaction with the metal center inkyestep  This is consistent with the earlier conclusidrthat the
as illustrated by Scheme 2. Although this is consistent with composition ofly, is different in these two media. The
earlier reports of solvent effects on thermal migratory possible isotope effect dqy was also evaluated by studying
insertion, it is entirely possible that the thermal reaction, the intermediates generated from flash photolysis o§@GD
which is quite slow in such media, is a concerted pathway (O)Mn(CO) in CH, but this was found to be nearly
involving associative attack of the incoming ligand with no  negligible. The absence of an isotope effect argues against
kinetically viable intermediates. a significant role of agostic bonding in determining the

In previous experimental kinetics studies in hydrocarbon activation barriers of these reactions within the relatively high
solutions?!® the reaction ofM with different L proved to precision of the current measurements.

be strictly second-order over the ligand concentrations
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