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The rate of reaction of the complexes (P(C¢Hj,);),W(CO); and (P(C¢Dy;)3),W(CO); with P(OMe); have been measured by
stopped-flow kinetics. At 25 °C the hydrogen-substituted complex follows second-order kinetics with k = 5.45 X 10* M~! 5™ and
AH® = 4.2 kcal/mol. An inverse kinetic isotope effect is observed with k(H)/k(D) = 0.87. The ligand PPh,Me reacts 3 times
more slowly than P(OMe), and shows a larger inverse kinetic isotope effect, k(H)/k(D) = 0.78. Reaction of (P(C¢H,;););W(CO);
with 2,5-dimethylpyridine occurs with the rate constant 8.6 X 10 M1 7! at 25 °C, 2 orders of magnitude slower than the reaction
with pyridine. The unusually high selectivity is ascribed to steric factors at the crowded metal center. New stopped-flow data
at low pyridine concentrations are reported for dissociation of pyridine from the complexes (P(C¢H;;)3),W(CO)s(py) and (P-
(C¢D11)3).W(CO)5(py). A primary kinetic isotope effect k,(H)/k,(D) = 1.19 is observed in these reactions. These results imply
that, in spite of the steric crowding at the metal center, dissociation of pyridine is assisted by partial formation of the W--H “agostic”

bond in the transition state.

Introduction

Metal centers in active catalysts or enzymes may involve sig-
nificant steric crowding at the metal. In spite of this there are
relatively few reports of “coordinatively unsaturated” organo-
metallic complexes that discriminate with regard to ligand binding.
A number of kinetic studies have shown that the relative rates
of ligand binding show ratios near 1.0 for a wide range of ligands.!
At some point, however, steric factors at the metal site must
become important and result in preferred “recognition” of selected
substrates.

As part of a study of solution thermochemistry of organometallic
complexes, we recently reported calorimetric and preliminary
kinetic data? for the sterically crowded Kubas complex?® shown
in reaction 1. The emphasis of this earlier paper was on calor-

(P(CeH,11)3):W(CO);(py) + P(OMe), —
(P(CeH,1)3), W (CO)3(P(OMe)s) + py (1)

imetric determination of heats of ligand binding to (P(C,-
H,,);),W(CO);. The steric strain present in this formally
“coordinatively unsaturated” complex is apparent in its structure
and chemistry.® The sixth site of (P(C¢H,,)3);W(CO); is occupied
by a three-center W..H-C “agostic” bond. It thus represents a
stable (but highly air-sensitive) complex analogous to proposed
“agostic” intermediates in recent flash-photolysis studies such as
those shown in eq 2 and 3.4° Recent work has shown that the

+CgH
%, Cr(CO)5(CeH,y) —>

Cr(CO)s(L) (2)

+toluene

Cr(CO)s —2 Cr(CO);

DiphosMo(CO), — DiphosMo(CO),
DiphosMo(CO);(Tol) =L, DiphosMo(CO)s(L) (3)

“coordinatively unsaturated” complexes initially generated are
rapidly solvated by alkane or arene solvents. It is normally the
reactions of these complexes that are observed even on very fast
time scales.® In this paper, we report new stopped-flow kinetic
results that give a clear picture of ligand-substitution reactions
in a sterically crowded environment. The complex (P(Cgs-
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S. L; Hoff, C. D.; Kubas, G. J. Organometallics 1988, 7, 2429.

(3) Kubas, G. J. Acc. Chem. Res. 1988, 21, 120 and references therein.
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(b) Wang, L.; Xinming, Z.; Spears, K. G. J. Am. Chem. Soc. 1988, 110,
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H;,)3),W(CO), displays, to our knowledge, the largest range of
kinetic selectivity reported to date for such an organometallic
complex.

Experimental Section

Manipulations involving organometallic complexes were performed
under an argon atmosphere either by using standard Schlenk tube tech-
niques or in a Vacuum/Atmospheres glovebox. Solvents were purified
by distillation from an appropriate drying agent under an argon atmo-
sphere. The complexes (P(C4H;;)3);W(CO); and (P(C¢H,;);),W-
(CO),(py) were prepared by literature methods.> The deuterium-sub-
stituted complex (P(C¢D;)3), W(CO),(D,) was provided by Gregory J.
Kubas, Los Alamos National Laboratory, and had isotopic purity greater
than 98%. The complex (P(C¢Dy;)1),W(CO),; was prepared from a
solution of (P(C¢D1)3);W(CO)4(D,) in toluene that was evacuated to
dryness, resulting in complete loss of coordinated D;. The complex
(P(CsD1))3); W(CO);(py) was prepared from (P(C¢Dy)3),W(CO)5(D,)
by addition of pyridine. Kinetic measurements in this system required
considerable effort. Slight impurities in either solvent or inert atmosphere
lead to rapid decomposition of the very air-sensitive complexes. Kinetic
measurements were made on a Hi-Tech SF-51 stopped-flow apparatus
equipped with an SU-40 spectrophotometer unit. Infrared spectra were
recorded on a Perkin-Elmer 1850 FTIR spectrophotometer. A typical
procedure is described below and is representative of other measurements.
Experimental errors on kinetic data are less than £10% unless stated
otherwise.

Measurement of the Rate of Reaction of (P(C¢H,,),),W(CO); and
(P(C¢Dy,),),W(CO); with P(OMe);. A solution that was approximately
5 X 10™* M in the complex (P(C¢H;,)3);W(CO), was prepared in the
glovebox by dissolving 0.02 g of the complex in 50 mL of freshly distilled
toluene. A second dilution was prepared from 0.100 mL of P(OMe), in
25 mL of toluene, 3.4 X 1072 M in phosphite. Both solutions were taken
out of the glovebox, and the syringes in the stopped-flow apparatus were
loaded by using a special manifold system designed to minimize exposure
to the atmosphere. The syringes were flushed several times with the
solution and then allowed to equilibrate at the bath temperature of 25
°C. After equilibration and firing two or three “shots” without recording
the spectrum, data were accumulated for the run. The value for 7, was
0.00075 s, corresponding to kopeq = 926 for the pseudo-first-order rate
constant k,[P(OMe),]. Taking into account that the concentration of
the stock solution is cut in half in the mixing process leads to calculation
of the second-order rate constant of 5.46 X 10* M~! s”l. Reactions
performed with different absolute values of phosphite concentration gave
different pseudo-first-order rate constants, but values for the second-order
rate constant agreed within experimental error. The syringes and stop-
ped-flow apparatus were cleaned and loaded with the deuterium complex
prepared under identical conditions. In order to insure that differences
in rate for the isotopic studies were not due to small changes in the
temperature of the bath or other sources of error, the measurements were
made in an alternating sequence, hydrogen, deuterium, hydrogen, deu-
terium, etc. Results listed are the average of typically eight separate
measurements.

Reactions of (P(C4H,,);),W(CO), and PPh;. A Schlenk tube was
taken into the glovebox and loaded with 0.15 g of (P(C¢H,;);3),W(CO);
and 0.2 g of PPh,. Addition of 10 mL of freshly distilled toluene resuited
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Figure 1. Plots of absorbance versus time (ms) on (a, top) linear and (b,
bottom) logarithmic scales for the reaction of (P(C¢H;);),W(CO); and
P(OMe); at 25 °C in toluene.

in formation of an initially blue solution, which turned light yellow and
then deposited a copious amount of light yellow precipitate within a few
minutes. The solution was filtered and evaporated to dryness and the
resulting solid then redissolved in C¢Dg. The presence of free PCy, was
confirmed by *'P NMR. The light yellow solid showed infrared bands
(Nujol mull) at 1949 and 1846 cm™! in agreement with an authentic
sample of (PPh,);W(CO), prepared by reaction of (CHPT)W(CO),
(CHPT = cycloheptatriene) and excess PPh;. Additional sealed-tube 3'P
NMR experiments confirmed that 3 mol of PPh, react with 1 mol of
(PCy,),W(CO); to generate the same solid precipitate and 2 mol of free
PCy;.
Results

Kinetic Measurements of Reaction of (P(C¢H,,),),W(CO); and
(P(C¢H,,),),W(CO),; with P(OMe),, PPh,Me, 2,5-Me,py, and
py. Direct measurements of the second-order reactions of (P-
(C¢H,1)3),W(CO), with ligands were made under pseudo-first-
order conditions with at least a 20-fold excess of ligand. A typical
experimental plot for reaction 4 is shown in Figure 1. Plots of

(P(CsH,1)3),W(CO); + P(OMe); —
(P(CgH}1)3),W(CO),(P(OMe);) (4)

In 4 were linear over 3-5 half-lives, as shown in Figure 1. An
inverse kinetic isotope effect k(H)/k(D) = 0.86 was observed for
reaction 4. A larger inverse kinetic isotope effect (0.77) was
observed in the reaction with PPh,Me:

(P(C¢H4);3),W(CO); + PPh,Me —
(P(CsH,1)3),W(CO),(PPh,Me) (5)

Typical linear and logarithmic plots for reaction 5 are shown in
Figure 2 for the hydrogen- and deuterium-substituted complexes.
The faster rate of reaction of the deuterium-substituted complex
is apparent on visual inspection of the primary kinetic data.
Second-order rate constants for reactions of (P(C¢H,;);),W(CO),
with all ligands studied are collected in Table I. The reaction
with 2,6-Me,py was much slower and could be readily measured
on the stopped-flow instrument.

(P(CsH,1)3);W(CO); + Meypy —
(P(CgH,1)3),W(CO);(Me,py) (6)
The steric influence of the two methyl groups was seen dra-
matically since reaction with pyridine, as shown in eq 7, was too
(P(CeH11)3),W(CO); + py — (P(C4H 1)3),W(CO)s(py)  (7)
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Figure 2. Plots of absorbance versus time (s) on (a, top) linear and (b,
bottom) logarithmic time scales for the reactions of (P(C4H,,);),W(CO),
(0) and (P(C¢Dy;);),W(CO), (@) with PPhyMe at 25 °C in toluene.

Table I. Rates of Reaction of (P(C¢H;,);),W(CO), and

(P(C¢Dyy)3),W(CO); with Ligands*

ligand T,°C complex k, M5!
pyridine 25 H 1.0 X 108%
8.7 X 10%¢
P(OMe), 35 H 6.5 X 10
P(OMe), 25 H 5.45 X 10*
P(OMe), 25 D 6.25 x 10*
P(OMe), 15 H 4.0 x 104
PPh,Me 25 H 1.7 X 10
PPh,Me 25 D 22 % 104
2,5-Me,py 25 H 8.6 X 10°

?Rates of reaction were measured under pseudo-first-order condi-
tions as described in the Experimental Section. ¢ The rate constant for
this reaction was measured under second-order conditions. ¢Preferred
value for rate of reaction, calculated from the rate of reaction with
P(OMe); and a k_;/k, ratio of 16.

rapid to follow accurately under pseudo-first-order conditions. The
rate constant could be determined under second-order conditions.
The ratio of the rate constants for reactions 4-7 can be determined
by competition studies and are in agreement with the direct
measurements.”  Variable-temperature data for reaction 4,
collected in Table I, allow calculation of the enthalpy of activation
for this reaction of 4.2 + 1.9 kcal/mol.

Data in Table I can be combined with data for reaction of H,’
to calculate the relative rates of reaction for (P(C¢H,;);),W(CO),
which span over 2 orders of magnitude. The relative rates of
reaction are in the order H, > py > P(OMe); > PPh,Me >
2,6Me,py. These data are shown schematically in Figure 3.

Reaction of (P(C,H,,);),W(CO), and PPh,. As part of our
attempts to map out the steric selectivity of (P(CsH;;)3),W(CO);,
we tried to investigate the kinetics of reaction 8 since PPh; had

(P(C6H,1)3);W(CO); + PPhy —~ (P(C6H,1)3)2W(CO)3(PPt(1§))

been reported? to form a stable adduct. Unlike other reactions
of (P(C¢H;1)1)2W(CO),, which occur instantly upon mixing,
reaction with PPh, occurred over a time scale of a few minutes.

(7) (a) Zhang, K.; Gonzalez, A. A.; Hoff, C. D. J. Am. Chem. Soc. 1989,
111,3627. (b) Zhang, K.; Gonzalez, A. A.; Mukerjee, S. L.; Hoff, C.
D. Unpublished results.
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Figure 3. Relative rates of reactivity of selected ligands with (P(Cq-
H,,)3);W(CO),. The second-order rate constants (M~ s7!) for reaction
at 25 °C are included beside each ligand on a logarithmic scale.

This reaction does not lead to the reported product shown in eq
8. Instead the reaction occurs as shown in eq 9.

(PCy,),W(CO); + 3PPhy — (PPh;);W(CO); + 2PCy;  (9)

Kinetic Isotope Effects in Breaking the W-py Bond in (P-
(CsH,1)3),W(CO);5(py) and (P(C¢Dy;);),W(CO)3(py). Earlier
kinetic data? on reaction 1 lead to the mechanism shown in eq
10. The overall reaction was observed to be slower for the

(P(C¢H, 1)), W(CO)s(py) % py + (P(CGHII)S)ZW(CO)S +
P(OMe), = (P(CsH,1)3):W(CO)3(P(OMe);) (10)

deuterium-substituted complex; however, earlier data? did not allow
evaluation of the individual rate constants in k4. Application
of the steady-state approximation for W, = (P(C¢H,,)3),W(CO),
to the mechanism in eq 10 yields the rate law ineq 11. A plot

kyky[W,—py] [P(OMe);]
k_i[py] + k,[P(OMe);]

of 1/kgpeq versus [py]/[P(OMe),] should yield a straight line with
slope k_,/k,k, and intercept 1/k,. Division of the slope by the
intercept yields k_,/k,, the “selectivity” of the intermediate with
regard to the two competing ligands. In our earlier work, only
the slope of the line could be evaluated accurately. In order to
determine the kinetic isotope effects at the intercept, data at low
(py]/[P(OMe);] ratios are required.

Typical kinetic data for reaction 10 in the absence of added
pyridine are shown in Figure 4. These data obeyed first-order
kinetics over at least 5 half lives. It is clear from Figure 4 that
for dissociation of pyridine a normal kinetic isotope effect is

d[W,-pyl/dr = (1)

Inorganic Chemistry, Vol. 28, No. 23, 1989 4287

Table II. Rates of Reaction of (P(C¢H;)3),W(CO);(py) and
(P(CgDy;)3),W(CO);3(py) with P(OMe); at Various [py]/[P(OMe);]
Ratios

T,°C [pyl/[P(OMe);] kopea(H) X 10°, 57 kopea(D) X 103, 57

35 0.00 450 373
0.194 140 93¢
0.905 35 300
1.81 16.8 14,5

25 0.00 125.6 105.84
0.0997 49.8 42.5°
0.199 27.3 24.0°
0.398 18.8 16.4°
0.875 8.67 7.40°
1.75 4.24 3.79%
3.50 2.29 1.95%
4.50 1.73 1.49%

15 0.00 320 26.47
0.052 16.4 13.0¢
0.228 7.30 6.13
0.455 3.88 3.36%
0913 2.00 1.69*
1.83 1.01 0.87°

4This work. ®Data taken from ref 2.
Table III. Calculated Rate Constants for
Wirpy = By + Wy + POMe)y—> Wy(P(OMe);)
W, = (P(C¢Hy))3);W(CO);(py)

kgeg X 10%, k; X 1074,
T,°C complex s7! kst koyfky Mgt
35 H 30.7 0.451 14.7 6.5
D 27.5 0.373 13.5
25 H 7.97 0.126 15.8 5.45
D 6.81 0.106 15.5 6.25
15 H 1.90 0.032 16.8 4.0
D 1.63 0.026 16.2
5 H 0.436 0.0076 17.4
D 0.352 0.0063 18.0

9Data calculated by using a least-square fit from data in Table II
and ref 2. Data at 5 °C recalculated by using a least-squares fit in-
stead of graphical treatment of data.?

Table IV. Calculated Activation Parameters (kcal/mol) for

ki k
W,-py —mt W, + P(OMe); —» W,(P(OMe),)
=

Wi = (P(CHy,)3),W(CO)s(py)

complex AH"‘I"Z/"—I AH"‘I AH'kz/k-l AH"‘I
H 24202 234£04 1202 42£19
D 247203 23410 1605

observed compared to the inverse kinetic isotope effects clearly
displayed in Figures 2 and 3 for the associative reactions. These
new data, near the intercept, were essential to determine accurately
the kinetic isotope effect. The new kinetic data at low pyridine
concentrations are collected in Table II, together with some of
the data reported earlier.? All data were analyzed by a computer
least-squares analysis, and this results in slight changes from some
of the earlier rate constants® that were determined graphically;
however, none of these changes are outside experimental error.
A plot of 1/k4 versus [py]/[P(OMe),] is shown in Figure 5.
These data are linear over nearly 2 orders of magnitude in 1/
The stopped-flow data fit well with the other data. The wide range
studied for this reaction, combining conventional and stopped-flow
studies, gives confidence to the proposed mechanism.

The combined data in Table II can be used to calculate the
separate rate constants shown in Table III. Enthalpies of ac-
tivation from the variable-temperature studies are collected in
Table IV. We have reported previously that the enthalpy of
reaction 12 is +19 % 1 kcal/mol. Using only the activation data

(P(CgH,1)3),W(CO)3(py) — (P(CgH11)3),W(CO); + py (12)
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Figure 4. Plots of absorbance versus time (s) on (a, top) linear and (b,
bottom) logarithmic time scales for reaction of (P(C4H;);),W(CO),(py)
(0) and (P(C4Dy1)3),W(CO)3(py) (A) (in the absence of added pyridine)
with P(OMe), at 25 °C in toluene.

.

in Table IV, the enthalpy of reaction 12 is calculated® to be +20.0
%+ 2.1 kcal/mol. The two values, arrived at completely inde-
pendently, agree within experimental error. The complete reaction
profile for reaction 10 is shown in Figure 6.

Discussion

The initial goal of this work was to determine whether ligand
dissociation in (P(C¢H;,)3),W(CO);(py) was dissociative or in-
tramolecular associative in nature. In view of the steric crowding
around the metal, it seemed likely to us that our work would prove
the reaction to be purely dissociative. This would allow comparison
of the “thermodynamic™ and “kinetic” bond strengths since only
for purely dissociative reactions can such comparisons be made.®
As discussed below, in spite of the steric crowding the reaction
is at least partially associative in nature, complicating any such
comparison.

Two limiting mechanisms can be imagined for reaction 12. The
first involves pure dissociation in which the “agostic” bond is set
up only after the pyridine ligand has effectively left the coordi-
nation sphere of tungsten as shown in eq 13. It would be expected,

— wW—N —--N_
Ln",*’”:\/> LN

Cy—P

Cy/ \% Cy/

L —W— —
R

Cy—P \_7

L v

(8) The ground-state energy difference is the difference in activation en-
ergies between the k; and k_, reactions. From the activation energy for
ky/k_, being 1.2 £ 0.2 kcal/mol and the activation energy for k, being
4.2 £ 1.9 kcal/mol, it follows that the activation energy for k_; is 3.0
+ 2.1 kcal/mol. Since the activation energy for k; is 23.4 £ 0.4
keal/mol, the ground-state energy difference is calculated to be 20.4 +
2.5 kcal/mol.

(9) In solution-phase work, “kinetic” bond strength estimates are generated
from the temperature dependence of reaction rates and
“thermodynamic” (or “calorimetric”) bond strength estimates arise from
measurements of the heat of mixing of two solutions.
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since the “agostic” bond is not involved in the transition state, that
no kinetic isotope effect (k(H)/k(D) = 1.0) would be observed
for this reaction. The second limiting case would involve an
associative displacement in which the “agostic” bond is established
at the transition state as shown in eq 14. The kinetic isotope effect

— N
— W—N > —w’
Ln v|v \ / L, V|V\H
Cy—P - Cy—R -
Ve \% Ve
Cy Cy

L, —W—H

l =
cy__FL_% + NC/> (14)
Cy/

observed in this case would correspond to K (H)/K4(D), the
equilibrium constant ratio for binding pyridine to the hydrogen-
substituted and deuterium-substituted complexes. Kinetic isotope
effects in alkane activation (which may involve agostic interme-
diates) have been recently discussed.!%!!

As discussed in the Results, dissociation of pyridine shows a
primary isotope effect, k;(H)/k;(D) = 1.19. The reverse reaction,
ligand binding, shows an inverse kinetic isotope effect, k_;(H)/
k. (D) = 0.87. Since k/k_; = K, this implies that K., (H)/
K (D) = 1.36. Thus the hydrogen-substituted complex esll'muld
be more extensively dissociated than the deuterium-substituted
complex.

The favored dissociation from the hydrogen-substituted complex
can be attributed to differences in the zero-point vibrational energy.
A useful way to view this is in terms of the competition reaction
shown in eq 15. In this reaction, it seems reasonable to assume

(P(CeH,1)3),W(CO)5(L) + (P(CgDyy);),W(CO); —~
(P(CeH11)3):W(CO); + (P(CeD11)3)W(CO)5(L) (15)

that the W-L bond strengths should be the same. The difference
in energy can be estimated on the basis of changes in the C-H
and C-D vibrational frequencies during the reaction and is in
rough agreement with the experimental value.!? Preferred binding
of ligands by the deuterium complex has been verified in separate
experiments.’®

The kinetic isotope effect studies give insight into the detailed
mechanism of the reaction. The fact that the kinetic isotope effect
is roughly midway between the values expected for eq 13 and 14
gives strong support to a partially associative intramolecular ligand
displacement. Thus, as shown in the potential energy diagram
in Figure 6, the transition state is not directly above the starting
materials since this would show a kinetic isotope effect in k; of
1.0. Neither is the transition state consistent with full estab-
lishment of the “agostic bond” since the kinetic isotope effect would
then be 1.36. The observed value of 1.19 implies partial setup
of the “agostic” bond in the transition state. Due to the principle

(10) Buchanan, J. M.; Stryker, J. M.; Bergman, R. G. J. Am. Chem. Soc.
1986, 108, 1537.

(11) Parkin, G.; Bercaw, J. E. Organometallics 1989, 8, 1172.

(12) A rough estimate of the kinetic isotope can be made on the basis of the
reduction in zero-point energy for the C-H and C-D bonds upon
forming an “agostic” complex. Thus the normal C~H stretching fre-
quency is around 2930 cm™, and it is reduced to about 2650 ¢cm™ in
the “agostic” complex. The normal C-D stretch is around 2200 cm™,
and assuming the “agostic” stretch is reduced proportionally, it should
then appear at 2650 (2200/2930) cm™ = 1990 cm™.. Thus in reaction
14 as shown, the products would include a normal C-D stretch (2200
cm™') and an agostic C-H stretch (2650 cm™). The reactants would
include a norma! C-H (2930 cm™') and an agostic C-D stretch (1990
cm™). Thus there would be a net change in vibrational modes of ~70
cm™. The zero-point energy change would then be half this value or
-35 cm™!, corresponding to about 0.1 kcal/mol as a driving force for the
reaction. At room temperature, this would correspond to an equilibrium
constant of about 1.2. This is a relatively crude analysis since not all
the vibrational frequency changes are known; however, it is in rough
agreement with the equilibrium data.
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of microscopic reversibility, attack of the incoming ligand on the
“agostic” bond is also associative in nature. In view of the steric
crowding around the metal center, this result was unexpected;
however, there is precedent in the literature for this with less
crowded metal centers.!?

Relative rates of reaction of (P(C4H,;);),W(CO); with various
ligands are displayed in Figure 3. There is no apparent correlation
between metal-ligand bond strengths and kinetics of the associative
reaction. The order of bond strength data is H, < lutidine < py
< PPh,Me < P(OMe);.2 The relative kinetic order, H, > py >
P(OMe); > PPh,Me > 2,6-Me,py, seems in keeping with intuitive
feelings about the size of the incoming ligands.

The entire range of ligand selectivities in Figure 3 corresponds
to only a 3.3 keal/mol difference in the free energies of activation.
It seems most likely to us that the differences correspond to the

(13) For example, the second-order rate constant for reaction of Cr(CO)s-
(alkane) with CO is 3.6 X 106 m™! s™1; Church, S. P.; Grevels, F. W ;
Hermann, H.; Schaffner, K. Inorg. Chem. 1988, 24, 418. This can be
compared with our value for the reaction of (P(C¢H,),),W(CO); with
pyridine of 8.6 X 105 M~! 5. Thus reaction of the tungsten complex
is about 4 times slower than reaction of the chromium complex.
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placement of the transition state with regard to the extent to which
the “agostic” bond is established. For bulky ligands, the transition
state is probably more fully dissociative in character. The smaller
ligands may allow better establishment of the “agostic” bond, thus
lowering the activation energy for ligand dissociation. Due to
microscopic reversibility, the activation energy for ligand addition
to (P(C¢H,1)3),W(CO), would also be lower.

A different reaction course is followed by PPh;. A possible
mechanism for reaction 9 is shown in eq 16. While this reaction

_PC 3
(PCy;);W(CO); + PPh; = (PCy;),W(CO);(PPh;) —'y—P’C
+PPhy -PCy,
(PCy3)W(CO)3(PPh;) —— (PCy;)W(CO);(PPhy), —
+PPh,
W(CO)3(PPh;); —— W(CO)3(PPh;); (16)

is “slow” compared to the other reactions reported here, it is
nevertheless complete within a few minutes of mixing the solutions.
Spectroscopic attempts to detect intermediates were not successful.’
It seems most likely that the reaction goes through a first step
involving an unfavorable equilibrium to form the unstable complex
(PCy;),W(CO),(PPh;). Due to the severe steric crowding in this
complex, dissociation of PCy; to form the mixed, coordinatively
unsaturated complex (PCy;)W(CQO);(PPh;) is probably rapid.
Addition of PPh, and replacement of the second PCy, yields the
observed product. The relatively fast replacements of PCy; in
this complex, out of keeping with normal substitution reactions
for phosphine ligands,' attest to the importance of steric factors
in this crowded complex. Dissociation of PCy; may be assisted
by formation of an intramolecular agostic utilizing the arene C-H
of PPh,. It appears from the literature data that arenes form
stronger M-+H-C bonds than alkanes.!* Regardless of the
mechanism of the reaction, PCy, is ejected rapidly from the
complex, and the reported complex® (P(C¢H,;)3), W(CO),(PPh;)
is not formed in detectable amounts.

Conclusion

In spite of the steric crowding around the metal center, lig-
and-substitution processes in the complex W, have been shown
to be associative in nature. Kinetic isotope effect studies and
arguments regarding the energy of reaction 2 indicate that the
transition state involves substantial formation of the W+-H-C bond
prior to full dissociation of pyridine. The relatively rapid loss of
what is normally a strong bond, W-py, may be the result of a
smooth displacement by the agostic bond. In this view, the cy-
clohexyl group could be imagined to rotate into position and
“knock on the door”, encouraging the W—py bond to break.

Compared to related “agostic” complexes such as Cr(CO);-
(C¢H,,) the reactions of (P(C4H,,);),W(CO); appear to be
somewhat slower!? and show higher ligand selectivity. No simple
“bond strength” estimate can be made for (P(C¢H,,)4),W(C-
0);(L) complexes. The reaction profile shown in Figure 6 gives
our best view of ligand dissociation. Taken at face value, according
to accepted definitions of bond strength estimates, a value of 19
kcal/mol should be given for the tungsten—pyridine bond strength,
as depicted in eq 10. However, as discussed above, this is actually
the difference in energy between the tungsten—pyridine and
tungsten—“agostic” bond strengths. Since ligand displacement
reactions in this system are not dissociative, kinetic data alone
cannot yield an “absolute” value for the tungsten—pyridine bond
strength. The bulky ligands, which create the steric crowding
around the tungsten center and which would seem to prevent
conventional associative reactions, actually participate in the in-
tramolecular associative ligand interchange. This phenomenon
may occur in other ligands containing bulky hydrocarbon ligands.
The Kubas type complexes present a good opportunity for detailed
study of these effects, and additional thermodynamic and kinetic
studies are in progress on this and related complexes.
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Several u-alkoxy oxo-centered cobalt cluster complexes of formula [(py);CoyO(OAc)sOR]}[PFg], where R = methyl, ethyl, propyl,
allyl, benzyl, and 3-phenylpropyl and py = pyridine, were synthesized by treatment of [(py);Co;0(OAc)s}[PF4] with the alcohol.
The 3-phenylpropyl complex [7] was characterized by X-ray crystallographic techniques. At 20 £ 1 °C, the crystal is monoclinic,
witha =35.684 (8) A, b =9.691 3) A, c=27.134 (8) A, 8 = 102.74 (2)°, V= 9152 (5) A%, Z = 8 [u,(Mo Ka) = 1.19 mm";
ey = 1.459 g em™), and space group C2/c (C%;). The a-hydrogen atoms of the alkoxy ligand display chemical shifts of about
3 ppm upfield from that observed in the uncomplexed alcohol. The complexes decompose thermally to produce mixtures of the

aldehyde and the acetate corresponding to the alkoxy ligand.

Introduction

Oxygen-bridged transition-metal cluster complexes are of in-
terest for both theoretical and practical reasons.! These complexes
offer a fundamental basis to study redox and ligand substitution
reactions important to metal-catalyzed autoxidations. We have
previously reported? the synthesis and dynamic behavior of several
trinuclear oxo-centered and related hydroxy-bridged cobalt cluster
complexes. The complexes represent the first trinuclear, oxo-
centered cobalt clusters to be completely characterized. These
complexes have been found to be interconvertable with one another
depending upon the solvent medium.> Two of these complexes,
[(py)3C0;0(0AC)4] [PFg] (1) and [(py);Co;0(OAc)sOH] [PF)
(2) (py = pyridine), have been isolated from a cobalt-catalyzed
autoxidation of alkylaromatics and are, themselves, catalytically
active. The catalytic activity and dynamic behavior of these
complexes suggest that they are actual catalyst intermediates and
are thus excellent model complexes for the oxidation of organic
substrates. Herein, we report the synthesis, characterization, and
reactivity of a family of oxo-centered cobalt(III) cluster complexes
bridged by alkoxide ligands as model compounds to study the
oxidation of alcohols.

Experimental Section

Preparation of [(py);Co,0(0Ac)sJPFg] (1). To a 250-mL flask were
added [(py);Co;0(0Ac)sOH][PF] (2) (25.0 g, 0.028 mol), acetic acid
(90 mL), and acetic anhydride (10 mL). The mixture was boiled for 5
min and allowed to cool to room temperature. The product was collected
by filtration, washed with acetic acid (20 mL), and air-dried. The yield
was 25.0 g (95%). Anal. Caled for Cy;H;33Co03F¢N3O,3P: C, 34.88; H,
3.55; N, 4.52. Found: C, 34.46; H, 3.40; N, 4.31. FAB/MS (positive
mode) showed the molecular ion at m/e 784.

Preparation of [(py);Co;0(0Ac);OCH,}PF,] (3). MethodI. To a
125-mL Erlenmeyer flask equipped with a spin bar were added
[(py)3Co030(0OACc)s] [PF4] (5.0 g, 5.4 mmol), acetonitrie (40 mL), and
methanol (10 mL). The resulting mixture was boiled for 5 min and
allowed to cool to room temperature. The solution was layered with
diethyl ether (50 mL), and the flask was stoppered and allowed to stand

(1) (a) Meesuk, L.; Jayasooriya, U. A.; Cannon, R. D. J. Am. Chem. Soc.
1987, 109, 2009. (b) Sasaki, Y.; Tokiwa, A.; Ito, T. J. Am. Chem. Soc.
1987, 109, 6341. (c) Vincent, J. B.; Chang, H. R.; Folting, K.; Huff-
man, J. C.; Christou, G.; Hendrickson, D. N. J. Am. Chem. Soc. 1987,
109, 5703. (d) Oh, S. M.; Hendrickson, D. N.; Hasset, K. L.; Davis,
R. E. J. Am. Chem. Soc. 1985, 107, 8009.

(2) (a) Sumner, C. E., Jr.; Steinmetz, G. R. J. Am. Chem. Soc. 1985, 107,
6124, (b) Sumner, C. E., Jr.; Steinmetz, G. R. J. Catal. 1986, 100, 549.

(3) Sumner, C. E., Jr., Inorg. Chem. 1988, 27, 1320 and references therein.

0020-1669/89/1328-4290801.50/0

overnight. The product was collected by filtration and air-dried. The
yield was 3.9 g (80%). Anal. Calcd for CysH;;C0,FsN,0,,P: C, 34.63;
H, 3.66; N, 4.66. Found: C, 34.33; H, 3.41; N, 4.50. FAB/MS showed
the molecular ion at m/e 756. 1*C NMR (CD,Cl,): & 49.6 (q, OCHj,,
Jeu = 143 Hz).

Method II. To a 250-mL Erlenmeyer flask equipped with a spin bar
was added Co(OAc),;4H,O (10.0 g, 40.1 mmol) and 95/5 acetic
acid/water (150 mL). Peracetic acid (4.0 mL; 40% solution) was added
dropwise to the resulting mixture with stirring. An immediate color
change from red to an olive green was observed. The solution was filtered
with an additional 1.0 mL of peracetic acid added dropwise to the filtrate.
The solution was stripped at room temperature under vacuum to give a
green solid (6.91 g), which is crude “cobaltic acetate”.

In a 250-mL Erlenmeyer flask equipped with a stir bar, “cobaltic
acetate” (2.50 g) prepared from the above method was stirred in meth-
anol (50.0 mL) for 5 min. Pyridine (0.98 g) was added to the reaction,
which resulted in a rapid color change from green to brownish green.
Addition of NHPF, (1.00 g), followed by a gentle refluxing for a few
minutes, resulted in an immediate precipitation of a brown solid, which
was isolated by filtration. Recrystallization of the brown solid in meth-
ylene chloride/pentane resulted in 0.34 g of [(py);Co,O-
(OACc)sOCH,] [PF¢] with a trace (<1%) of [(py);Co,0(0OAc)sOH][PF4]
as judged by FAB/MS. 'H and *C NMR spectra were identical with
those of the product prepared from [(py);Co;O(OAc)¢][PF,] and
methanol.

Preparation of [(py);Co0,0(0Ac);OCH,CH,)PF,] (4). Toa 100-mL
flask equipped with a reflux condenser and spin bar were added
[(py)sC0;0(0OAc)s] [PF4] (2.0 g, 2.2 mmol), acetonitrile (40 mL), and
ethanol (10 mL). The mixture was heated at reflux for 10 min and
allowed to cool to room temperature. The product crystallized as long,
tan needles, and it was collected by filtration and vacuum-dried. The
yield was 1.4 g (61%). Anal. Calcd for CyyH,sCo3FgN,Oy,P: C, 35.41;
H, 3.83; N, 4.59. Found: C, 35.23; H, 3.81; N, 4.39, FAB/MS showed
the molecular ion at m/e 770. BC{'H} NMR (CD;CN): & 59.1 and 16.1
(s, 1 C each, OCH,CH,).

Preparation of [(py);Co;0(0Ac);OCH,CHCH,}PF] (5). To a 100-
mL flask equipped with a reflux condenser and spin bar were added
[(py)3Co;0(0Ac)s] [PF¢] (2.1 g, 2.3 mmol), acetonitrile (40 mL), and
allyl alcohol (10 mL). The resulting mixture was heated at reflux for
5 min and allowed to cool to room temperature. The solvent was evap-
orated, and the residue was taken up in methylene chloride, filtered, and
layered with petroleum ether. After the mixture was left standing ov-
ernight, the product was collected by filtration. The yield was 1.5 g
(72%). Anal. Caled for CygHyCo3FgN;O,P: C, 36.05; H, 4.29; N,
4.51. Found: C, 35.29; H, 3.64; N, 4.47. FAB/MS showed the mo-
lecular ion at m/e 782. 3C{'H} NMR (CD,CN): 6 136.2, 116.2, and
65.2 (s, 1 C each, OCH,CHCH),).

Preparation of [(py);C0,0(0Ac);OCH,C,HJPF] (6). Toa 100-mL
flask equipped with a reflux condenser and spin bar were added
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