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quantum efficiencies of Table I are averaged values over a pH 
range between 3 and 2 and their accuracy is ±20%. Nevertheless, 
because in all of our measurements the change in pH has been 
the same, the relative quantum efficiencies are quite accurate. 
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Abstract: The energetic surface for the oxidative addition reaction of silanes to CpMn(CO)2(heptane) (2) has been studied 
by a combination of photoacoustic calorimetry and variable-temperature kinetic studies. For seven different silanes the enthalpy 
for the oxidative addition reaction, Aff_,, ranged from -22.1 to -13.5 kcal/mol. A//_, was found to depend both on the electron 
donating ability of the silane as well as on the cone angle of the silane. A threshold cone angle of 135° must be reached before 
the steric effects turn on. The rate constants for the oxidative addition reactions at 25 0C were all similar, ca. 2.5 X 106 L/(mol-s), 
indicative of an early transition state where steric and electronic effects have not yet manifested themselves. Kinetic studies 
of the reductive elimination OfEt3SiH from CpMn(CO)2(H)(Et3Si) are consistent with a mechanism involving a pre-equilibrium 
step with the reactive intermediate 2 which is then trapped by PPh3. The activation parameters are the following: AiZ1* = 
27.4 ± 0.8 kcal/mol and AS1* = 11.5 ± 2.5 eu. The values for Aff.,* determined by Wrighton and the results of A//,* and 
A//_! reported here are consistent with one another. Trapping of the CpMn(CO)2(heptane) intermediate is favored by PPh3 
over Et3SiH with AAfY* = -2.1 ± 0.5 kcal/mol and AAS" = -2.7 ± 1.0 eu. From the values of A#_,* and AH1*, the strength 
of the Mn-heptane interaction is estimated to be 8 kcal/mol. 

The oxidative addition of alkylsilanes to transition-metal com­
plexes has been the focus of much recent attention.1 This reaction 
plays an integral role in the hydrosilation of olefins and serves 
as an important model for understanding analogous C-H acti­
vation reactions. The bonding in metal silyl hydride complexes 
varies in description from being a relatively weak ??2-silane-metal 
interaction at one extreme to the stronger oxidative addition 
interaction found in a true metal silyl hydride moiety. From the 
relative rates of reductive elimination of Cl3SiH and Ph3SiH from 
the corresponding CpMn(CO)2(H)(SiR3) complexes, Graham and 
Hart-Davis2 concluded that "Cl3SiH is much more firmly 
attached" to the complex than is Ph3SiH. This observation is now 
understood to be a result of more advanced Si-H bond cleavage 
with the more electron deficient Cl3SiH. Data from single-crystal 
X-ray and neutron diffraction analyses3 and UV photoelectron 
spectra4 support the conclusion that the interaction of the silane 
with the Mn center more closely approaches complete oxidative 
addition when more electron withdrawing substituents are on the 
silane. These results are also supported by theoretical studies 
which show that an important component of the silane-metal 
interaction is ir-back-bonding from the CpMn(CO)2 moiety to 

(1) For a recent review see: Schubert, U. Adv. Organomet. Chem. 1990, 
30, 151-187. 

(2) Hart-Davis, A. J.; Graham, W. A. G. J. Am. Chem. Soc. 1971, 93, 
4388-4393. 

(3) (a) Schubert, U.; Scholz, G.; Muller, J.; Ackermann, K.; Worle, B.; 
Stansfield, R. F. D. J. Organomet. Chem. 1986, 306, 303. (b) Graham, W. 
A. G. J. Organomet. Chem. 1986, 300, 81. (c) Carre, F.; Colomer, E.; Corriu, 
R. J. P.; Vioux, A. Organometallics 1984, 3, nil. (d) Graham, W. A. G.; 
Bennett, M. J. Chem. Eng. News 1970, 48(24), 75. (e) Schubert, U.; Ack­
ermann, K.; Worle, B. J. Am. Chem. Soc. 1982,104, 7378. (f) Schubert, U.; 
Ackermann, K.; Kraft, G.; Worle, B. Z. Nalurforsch. B: Anorg. Chem. Org. 
Chem. 1983, 38, 1488. 

(4) (a) Lichtenberger, D. L.; Rai-Chaudhuri, A. /. Am. Chem. Soc. 1989, 
/// , 3583. (b) Lichtenberger, D. L.; Rai-Chaudhuri, A. J. Am. Chem. Soc. 
1990,112, 2492. (c) Lichtenberger, D. L.; Rai-Chaudhuri, A. lnorg. Chem. 
1990, 29, 975. 

the Si-H a* orbital.5 Electron-withdrawing substituents on the 
silane will lead to a stronger silane-metal interaction. 

In contrast, Zhang, Dobson, and Brown6 have published recent 
work which suggests that more electron donating substituents on 
the silane result in stronger Cr-silane interactions. This result 
is thought to be a consequence of the greater role of <r-donation 
from the silane to the electrophilic Cr(CO)5 center (in comparison 
to CpMn(CO)2). These workers also found that the rate of the 
reductive elimination of silane from (CO)5Cr(H)(SiRR'2) could 
be described as a function of both the electron donating ability 
and the cone angle of the corresponding phosphine. 

Comparatively little is known about how the steric requirements 
of the silane influence the nature of the metal-silane interaction 
in the CpMn(CO)2(H)(SiR3) system. Wrighton and Hill have 
reported kinetic studies of the oxidative addition reaction of silanes 
to CpMn(CO)2 in hydrocarbon solution.7 A slight dependence 
on the steric bulk of the silane was found. In this paper we present 
studies of the heat of reaction of coordinatively unsaturated 
CpMn(CO)2(heptane) with silanes of differing steric bulk. A 
strong dependence on steric bulk is found for silanes exceeding 
a "steric threshold", but little effect is seen for smaller silanes. 
The kinetics of both the oxidative addition process and the re­
ductive elimination process are discussed in the context of the 
enthalpy of reaction. The stabilization of the CpMn(CO)2 moiety 
by the heptane solvent can be inferred from these data. Together, 
a complete picture of the Mn-silane energy profile is presented. 

Experimental Section 
General. Ferrocene (Aldrich) was sublimed before use and CpMn-

(CO)3 (Strem) was recrystallized prior to use. Heptane was distilled 

(5) Rabaa, H.; Saillard, J.-Y.; Schubert, U. J. Organomet. Chem. 1987, 
330, 397-413. 

(6) Zhang, S.; Dobson, G. R.; Brown, T. L. J. Am. Chem. Soc. 1991,113, 
6908-6916. 

(7) Hill, R. H.; Wrighton, M. S. Organometallics 1987, 6, 632-638. 
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from LiAlH4 under an inert atmosphere and was determined to be ole-
fin-free by GC (Ag+ column, FID). Silanes were distilled under reduced 
pressure prior to use and were stored under a nitrogen atmosphere. 
Triphenylphosphine was recrystallized from diethyl ether before use. For 
the kinetic studies, HSiEt3 (Aldrich Chemical Co.) was degassed under 
vacuum, passed through a column of 230-400 mesh silica gel, and stored 
in vials under an Ar atmosphere. Infrared spectra were recorded on an 
IBM System 9000 FT-IR spectrometer, using either 0.2 mm or 1 mm 
path solution cells with KBr windows. 1H NMR spectra were recorded 
on Bruker 250- or 360-MHz NMR spectrometers. 

Photoacoustic Calorimerry Experiments. Time-resolved photoacoustic 
calorimetry has been used by a number of research groups to determine 
the enthalpies and quantum yields of reaction in inorganic, organic, and 
biochemical systems.8"10 The calorimeter consists of a Photochemical 
Research Associates LN-1000 nitrogen laser with a <l-ns, 3-mJ pulse 
of 337.1-nm light. A portion of this radiation (10-30 /iJ) is passed 
through a quartz cuvette containing an argon-purged heptane solution 
at 25 ± 1 0C of either a reference compound (ferrocene) or CpMn(CO)3. 
The absorbance values (-4337,i,,m) of the reference and the metal carbonyl 
solutions were between 0.2 and 0.35 and were matched to within 3% of 
one another. The photoacoustic signal is detected with a Panametrics 
piezoelectric transducer with a response frequency of 0.5 MHz and am­
plified with a Panametrics Model 5676 ultrasonic amplifier. The signal 
is digitized at a rate of 100 MHz with a LeCroy 9400 digitizing oscil­
loscope interfaced to a personal computer. The laser energy is monitored 
by splitting off a portion of the beam into a calibrated Laser Precision 
RJ-7100 pyroelectric detector. The photoacoustic signal is normalized 
to this reading. Absorbance readings are determined by use of a second 
pyroelectric probe which monitors the amount of laser energy passing 
through the cuvette with and without sample. The data are deconvoluted 
with a modified version of the "Calori" program described by Rudzki et 
al.8 

Photolysis of CpMn(CO)3 follows the reaction mechanism illustrated 
in Scheme I. Cleavage of the Mn-CO bond followed by coordination of 
a heptane molecule requires only a portion of the absorbed photon energy. 
The excess energy is released as heat (<?Mn-co) ' n t 0 the solution. The 
Mn-CO bond scission process is very rapid (<1 ns) and the sudden 
deposition of heat into the solution generates a pressure shock wave. The 
intermediate CpMn(CO)2(heptane) then reacts with silane in solution 
via a second-order process with rate constant AL,. The heat of reaction 
A//_, for this oxidative addition is released into the solution as ?.,. This 
second heat deposition produces a second shock wave. The superposition 
of the two shock waves is detected by the piezoelectric transducer and 
digitized at 10-ns intervals with the digitizing oscilloscope. Piezoelectric 
transducers are sensitive only to heat-generating processes with rate 
constants near or faster than the transducer frequency and are not sen­
sitive to much slower processes. With the 0.5-MHz transducer, phase 
differentiation between "fast" and "slow" processes is possible for rate 
constants on the order of about 107 s"1. Thus all "fast" reactions (k > 
108 s"1) are detected "in phase" while "slow" reactions (105 s"1 < k < 107 

s"1) have a phase delay due to the longer time constant of the heat 
deposition. The phase difference allows deconvolution of the data into 
fast (<?Mn-co) a n d slow (q.{) components with the rate constant fcobsd for 
the slow component. The reference compound ferrocene is chosen to only 
display a "fast" deposition of heat. The data for the CpMn(CO)3 cleanly 
fit the model of a single rapid decay followed by a slow decay with rate 
constant &obsd. The components ?Mn-co a r ,d <?-i represent the heat energy 
deposited into solution as a fraction of the total absorbed photochemical 
energy. From ?Mn-co a n d 9-i» the relevant enthalpies of reaction can be 

(8) Rudzki, J. E.; Goodman, J. L.; Peters, K. S. J. Am. Chem. Soc. 1985, 
107, 7849-7854. 

(9) See the following and references cited therein: (a) Marr, K.; Peters, 
K. S. Biochemistry 1991, 30, 1254-1258. Peters, K. S.; Snyder, G. J. Science 
1988, 241, 1053-1057. (b) Griller, D.; Wayner, D. D. M. Pure Appl. Chem. 
1989, 61, 717-724. (c) Nitsch, C; Schatz, G.; Braslavsky, S. E. Biochem. 
Biophys. Acta 1989, 975, 88-95. (d) Song, X.; Endicott, J. F. Inorg. Chem. 
1991, 30, 2214-2221. (e) Herman, M. S.; Goodman, J. L. J. Am. Chem. Soc. 
1989, / / / , 9105-9107. (0 Sorensen, A. A.; Yang, G. K. J. Am. Chem. Soc. 
1991, 113, 7061-7063. Klassen, J. K.; Yang, G. K. Organometallics 1990, 
9, 874-876. Klassen, J. K.; Selke, M.; Sorensen, A. A.; Yang, G. K. ACS 
Symp. Ser. 1990, 428, 195-204. (g) Hung, R.; Grabowski, J. J. J. Phys. 
Chem. 1991, 95, 6073-6075. (h) Caldwell, R. A.; Tang, W.; Schuster, D. I.; 
Heibel, G. E. Photochem. Photobiol. 1991, 53, 159-164. (i) Small, J. R.; 
Hutchings, J. J.; Small, E. W. Proc. SPIE-Int. Soc. Opt. Eng. 1989, 1054, 
26-35. Q) Burkey, T. J. J. Am. Chem. Soc. 1990, 112, 8329-8333. (k) 
Leung, W. P.; Cho, K. C; Chau, S. K.; Choy, C. L. Chem. Phys. Lett. 1987, 
141, 220-224. (1) Renard, M.; Delmelle, M. J. Phys. Colloq. 1983, C6, 
383-388. (m) Legrange, J.; Cahen, D.; Caplan, S. R. Biophys. J. 1982, 37, 
4-6. 

(10) Klassen, J. K.; Selke, M.; Sorensen, A. A.; Yang, G. K. J. Am. Chem. 
Soc. 1990, 112, 1267-1268. 
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calculated via eqs 1 and 2, where Ek„ = 84.8 kcal/mol at 337.1 nm and 
$ is the quantum yield for the reaction. The second-order rate constants 

Aff-, = ^Eh„ (2) 

fc_, for the reaction of silane with the reactive CpMn(CO)2(heptane) were 
obtained as the slope of the plot of fcobsd vs [silane] and were linear over 
a ~4-fold concentration range of silane. The measured enthalpies of 
reaction were all constant over this same concentration range. 

For CpMn(CO)3 the quantum yield $ for CO dissociation has been 
accurately determined to be 0.65 ± 0.15." Quantum yields for CO 
dissociation have been found to be quite independent of solvent viscosity 
and ligand concentration.12 Upon photolysis of CpMn(CO)3, no evidence 
for formation of long-lived intermediates other than the CO loss product 
nor for radiative decay processes has been reported.13 

Preparation of CpMnH(SiEt3)(CO)2. Heptane solutions of CpMnH-
(SiEt3)(CO)2 were prepared as described by Wrighton and Hill.7 

CpMn(CO)3 (0.02 g) was dissolved in a 20-mL heptane solution con­
taining HSiEt3 (0.6 g, 0.25 M). Photolysis of this solution with a 450-W 
Hanovia medium-pressure Hg lamp at 0 0C gave CpMnH(SiEt3)(CO)2 

which was identified by its IR spectrum [i»co(heptane) 1979, 1916 cm"1 

(lit.7 1977, 1914 cm"1)] and 1H NMR spectrum [8 (heptane-*/,,, 25 0C) 
-13.8 (Mn-H), 4.4 (C5^5) (lit.7 -13.8 (Mn-H), 4.5 (C5ZZ5))]. As re­
ported by Wrighton and Hill, CpMnH(SiEt3)(CO)2 proved to be very 
thermally sensitive and difficult to isolate. Heptane solutions of 
CpMnH(SiEt3)(CO)2 were comparatively stable when high concentra­
tions (>0.1 M) of Et3SiH were present. With a high concentration of 
silane, the solutions prepared in the photolysis reactions could be stored 
at -30 0C for prolonged periods with no decomposition. These solutions 
were used as stock solutions of CpMnH(SiEt3)(CO)2 for preparation of 
samples for the kinetic measurements. 

Kinetic Measurements. All solutions were prepared in an inert at­
mosphere glovebox under an argon atmosphere. A sample for a typical 
kinetic run was prepared in the following manner. The appropriate 
masses of Et3SiH, PPh3, and an aliquot of the stock solution of 
CpMnH(SiEt3)(CO)2 in heptane were placed together in a volumetric 
flask which was then filled to the mark with heptane. The resulting 
concentrations were then recorded. Initial concentrations of CpMnH-
(SiEt3)(CO)2 were in the 0.8-5.0 mM range. Pseudo-first-order con­
ditions were used with at least a 10-fold excess of triethylsilane and 
triphenylphosphine. The solution was placed in a flask capped with a 
septum and a nitrogen source and this flask was placed in a controlled 
temperature bath at the appropriate temperature (±0.1 0C). Samples 
were periodically removed with a syringe and cooled to room tempera­
ture, and their infrared spectra were recorded. Rates were measured by 
monitoring the disappearance of the infrared carbonyl stretching band 
of CpMnH(CO)2SiEt3 at 1979 cm"1 in the FTIR spectrum. Between 7 
and 21 spectra were recorded for each run over at least 3 half-lives of 
the reaction. Care was taken to avoid exposure of the reaction mixture 
and IR samples to light and air. Excellent linear plots of In (^1979cm-i) 
vs time showed that the reaction is strictly first order with respect to 
CpMnH(SiEt3)(CO)2. 

Results 
As illustrated in Scheme I, photolysis of CpMn(CO) 3 by light 

with a wavelength less than ~ 4 0 0 nm results in C O dissociation 
and coordination of solvent to yield CpMn(CO)2(heptane) (2).14 

The quantum yield for CO loss from CpMn(CO) 3 in hydrocarbon 
solvent has been reported to be 0.65 by Wrighton and Giordano." 
In the presence of silane (HSiR 3 ) , oxidative addition occurs 

(11) Wrighton, M. S.; Giordano, P. J. Inorg. Chem. 1977, 16, 160-166. 
This value has been confirmed in our laboratory by Sellers, S.; Yang, G. K. 
Unpublished results. 

(12) Nasielski, J.; Colas, A. Inorg. Chem. 1978, 17, 237-240. Nasielski, 
J.; Colas, A. J. Organomet. Chem. 1975, 101, 215. 

(13) Bray, R. G.; Seidler, P. F.; Gethner, J. S.; Woodin, R. L. J. Am. 
Chem. Soc. 1986, 108, 1312-1314. 

(14) For reviews of the photochemistry of CpMn(CO)3 see: (a) Stroh-
meier, W. Angew. Chem., Int. Ed. Engl. 1964, 3, 730-737. (b) Caulton, K. 
G. Coord. Chem. Rev. 1981, 38, 1-43. 
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Table I. Enthalpic and Kinetic Data for the Photolysis of CpMn(CO)3 in Heptane Solutions of Silanes According to Scheme I" 

silane4 

(n-hex)SiH3 

EtMe2SiH 
Et3SiH 
A-Pr3SiH 
(n-hex)3SiH 
(1-Bu)3SiH 
(!-Pr)3SiH 

average 

CpMn(CO)3 

A//M„-co (kcal/mol) 

46.9 ± 1.8 
48.3 ± 1.2 
46.7 ± 2.1 
46.5 ± 2.0 
45.6 ± 3.0 
46.5 ± 1.8 
47.2 ± 1.7 

46.8 ± 2.1 

Ai/., 
(kcal/mol) 

-22.1 ± 1.5 
-20.2 ± 1.5 
-20.1 ± 2.1 
-19.7 ± 1.9 
-19.1 ± 1.6 
-17.3 ± 1.8 
-13.5 ± 1.7 

10"6Zt., 
(L/(mol-s)) 

3.6 ± 0.5 
2.5 ± 0.8 
2.5 ± 0.5 
2.3 ± 0.4 
2.1 ± 0.4 
1.8 ± 0 . 2 
2.6 ± 0.5 

10"6Jt-, ± 10% 
(L/(mol-s)) lit. 

5.6 
3.1 
2.3 

2.6 

valuec 
cone 

angle 8d (deg) 

102' 
123^ 
132 
132 
132 
143 
160 

X' (cm ') 

12.85 
7.8 
6.3 
5.78 
5.25 
5.7 
3.45 

" Errors are given as one standard deviation of the scatter in the data. The error on the average is the pooled standard deviation of 79 determi­
nations, 'n-hex = «-C6H,3; i-Bu = J-C4H9; n-Pr = W-C3H7; i'-Pr = 1-C3H7. 'Calculated from the data in ref 7. ^Reference 16. 'Reference 18. 
'Calculated from the cone angles of PR'3 and PR"3 using 8 = [/3B' + 2/38". 

forming the corresponding CpMn(CO)2(H)(SiR3) complex (1). 
From the photoacoustic signal the enthalpy of substitution of CO 
by heptane (AJ/Mn_c0) and the enthalpy of the subsequent oxi­
dative addition process (Ai/.,) are determined. The kobsi for 
displacement of heptane by silane is also found. The second-order 
rate constant fc_, for the silane oxidative addition is obtained from 
the plot of fcobsd vs [silane]. Both the enthalpic and kinetic results 
are listed in Table I. 

Mn-CO Bond Dissociation. Since the photochemically induced 
dissociation of CO from CpMn(CO)3 is not dependent on the 
presence of silane in solution, A#Mn_co is expected to be inde­
pendent of the silane. Indeed, for the seven different silanes 
reported in Table I, the corresponding values for \HM„-c0 agree 
with one another within experimental error and average 46.8 ± 
2.1 kcal/mol. This average value is in excellent agreement with 
our previously reported value of 46.7 ± 1.7 kcal/mol for this 
process in the presence of two-electron donors such as THF, 
cw-cyclooctene, acetone, and Bu2S.10 

The enthalpy represented by MIUri^0 is the heat of exchange 
of a CO ligand from CpMn(CO)3 for a molecule of heptane. 
Presuming that there is some stabilization of the CpMn(CO)2 
moiety by the heptane ligand, a lower bound of 46.8 kcal/mol 
can be set on the gas-phase bond dissociation energy of CO from 
CpMn(CO)3. 

Steric Effects on the Enthalpy of Oxidative Addition of Silanes 
to CpMn(CO)2(heptane). In our effort to probe the steric effects 
in the oxidative addition of silanes to the CpMn(CO)2 moiety, 
two considerations were important. The first was the need to 
minimize differences, and the corresponding effect on Aif.,, in 
the electronic character of the silanes. This could be best ac­
complished by examination of a series of silanes with electronically 
similar substituents. The second was to keep the possible sites 
of reactivity limited to just the Si-H moiety. There is much 
evidence for the ability of coordinatively unsaturated metal 
complexes to coordinate to arene rings, halogen substituents, and 
other functional groups.15 Although attack on such a remote 
functional group may eventually lead to the expected silane ac­
tivation product, this rearrangement process may be sufficiently 
slow to complicate the reaction scheme. Since the photoacoustic 
calorimetry experiment is sensitive to the kinetics of reactions, 

(15) For examples of complexes containing the ?)2-arene moiety see: (a) 
Brauer, D. J.; Kruger, C. Inorg. Chem. 1977,16, 884-891. (b) Sweet, J. R.; 
Graham, W. A. G. J. Am. Chem. Soc. 1983, 105, 305-306. (c) Jones, W. 
D.; Feher, F. J. J. Am. Chem. Soc. 1984, 106, 1650-1663. (d) Allegra, G.; 
Tettamanti Cassagrande, G.; Immirzi, A.; Porri, L.; Vitulli, G. J. Am. Chem. 
Soc. 1970, 92, 289-293. (e) Davis, R. E.; Pettit, R. J. Am. Chem. Soc. 1970, 
92, 176-717. (f) Browning, J.; Green, M.; Penfold, B. R.; Spencer, J. L.; 
Stone, F. G. A. J. Chem. Soc., Chem. Commun. 1973, 31-32. For examples 
of complexes containing halocarbon-metal interactions see: (g) Newbound, 
T. D.; Colsman, M. R.; Miller, M. M.; Wulfsberg, G. P.; Anderson, O. P.; 
Strauss, S. H. J. Am. Chem. Soc. 1989, 111, 3762-3764. (h) Winter, C. H.; 
Arif, A. M.; Gladysz, J. M. J. Am. Chem. Soc. 1987, 109, 7560-7561. (i) 
Fernandez, J. M.; Gladysz, J. A. Organometaltics 1989,8, 207-219. (j) Beck, 
W.; Schloter, K. Z. Naturforsch. 1978, 33B, 1214. (k) Cook, P. M.; Dahl, 
L. F.; Dickerdorf, D. W. J. Am. Chem. Soc. 1972, 94, 5511-5513. (1) Burk, 
M. J.; Crabtree, R. H.; Holt, E. M. Organometallics 1984, 3, 638-640. (m) 
Burk, M. J.; Segmuller, B.; Crabtree, R. H. Organometallics 1987, 6, 
2241-2246. (n) Crabtree, R. H.; Faller, J. W.; Mellea, M. F.; Quirk, J. M. 
Organometallics 1982, /, 1361-1366. 

silane, AH. 1 / H 

CpMn(CO)2(heptane) .-Cp(CO)2Mn 
heptane ^SlR3 

8 (deg) 

Figure 1. Plot of A//., vs 8 for the oxidative addition of silanes to 
CpMn(CO)2(heptane) in heptane solution at 298 K. For clarity, the 
point at 8 = 132° is the average of values obtained for three silanes. 

z < 

a (/-Pr)3SiH 

(/-Bu)3SiH 

X (cm-1) 

Figure 2. Plot of AH., versus x- The linear least-squares fit for the 
smaller silane ligands is shown with Ai/., = -0.371x - 17.431 and r1 = 
0.971. 

this complication would affect the data if the rate constants for 
the rearrangement are slower than 107 s"1. We chose to minimize 
these potential complications by studying only the trialkylsilanes 
and n-hexylsilane as listed in Table I. 

The cone angles 6 for these silanes were estimated to be identical 
to Tolman's cone angles for the corresponding phosphines.16 

Brown et al. have taken a similar approach in examination of steric 
and electronic effects in silane oxidative addition to Cr(CO)5.

6 

When the cone angles of phosphines such as PR'R"2 were un­
available, the cone angle of the silane was calculated from the 
cone angles of PR'3 and PR"3 using 6 = V3S' + 2/30". 

The results of the photoacoustic calorimetry experiments on 
the enthalpy of oxidative addition of the silanes to CpMn-
(CO)2(heptane) (2) shown in Scheme I are given in Table I. A 
plot of AAf., vs 6 is given in Figure 1. The enthalpies of oxidative 
addition range from -22.1 kcal/mol for «-hexylsilane to -13.5 
kcal/mol for the bulkier triisopropylsilane. The other silanes fall 
somewhere in between these extremes. It is important to note 
that AJf_, incorporates both the enthalpy of dissociation of heptane 

(16) Tolman, C. A. Chem. Rev. 1977, 77, 313-348. 
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(/-Pr)3SiH 

(/-Bu)3SIH 

100 110 120 130 140 160 170 

e (degrees) 
Figure 3. Plot of AHMTic versus 6 showing a steric threshold at ~ 135°. 
and the enthalpy of oxidative addition of silane. Therefore the 
enthalpy of oxidative addition of silanes to unsolvated CpMn(CO)2 
would be more exothermic by the degree of heptane-Mn stabi­
lization (vide infra). 

From Figure 1, it is clear that as the cone angle increases from 
102° to 135° there is only a slight decrease in the exothermicity 
of the oxidative addition reaction. However, as 8 increases beyond 
~135°, A#_i rapidly decreases in magnitude. Such a sudden 
change in the dependence of the AH-t on the cone angle may be 
interpreted in the context of a "steric threshold" as has been 
discussed by Giering et al.17 

The small slope in the data at cone angles less than ~135° may 
be caused by slight differences in the electron donating abilities 
of the different silyl groups. Giering et al.n have separated steric 
from electronic contributions to reaction enthalpies and reaction 
kinetics. In analogous fashion, we may determine the purely steric 
contribution to A//., provided with a reasonable estimate of the 
silane electron donor ability. Since there is little information on 
the donating ability of silyl groups to metal centers, the donating 
abilities, x (Table I), of the analogous phosphine ligands were 
used.18 A plot of AH-i versus x (Figure 2) shows that the silanes 
with cone angle less than 135° fit on a straight line defined by 

A//-., = - 0 . 3 7 1 x - 17.431 (3) 

The sterically demanding (/-Bu)3SiH and (/'-Pr)3SiH show 
considerable deviation from this line. The deviation from the line 
(A/fsleric) is due to steric demands of the silyl groups. A plot of 
AHsurK versus 6 (Figure 3) then gives the dependence of steric 
effects on the cone angle. Clearly, steric effects are not significant 
until a threshold angle of 135° is reached. For the slightly bulky 
(/'-Bu)3SiH, Atfsteric is only ~2 kcal/mol. For the larger (/'-
Pr)3SiH, AHMTic is more than 5 kcal/mol. Consequently, steric 
demands reduce AHL1 for these two silanes, respectively, by 2 and 
5 kcal/mol from what would be expected based solely on electronic 
considerations." 

Kinetics of the Oxidative Addition of Silanes to CpMn(CO)2-
(heptane). The second-order rate constants Ic1 for the silane 
oxidative addition reactions were obtained as the slope of plots 
°f ôbsd vs [silane], Examples of these plots are given in Figure 
4, and the data are tabulated in Table I. The data for all the 
silanes give excellent linear plots with the best fit line passing 
through the origin. Although three orders of magnitude slower 
than diffusion controlled, all these reactions are quite fast, AL1 
«= 106 L/(mol-s), and vary by only a factor of 2 from the fastest 
((n-hex)SiH3) to the slowest (/'-Bu3SiH). However, since («-
hex)SiH3 has three sites for oxidative addition to a Si-H bond, 
simple statistical arguments would predict fe_, for this silane would 
be faster than k-{ for the trialkylsilanes. The six trialkylsilanes 

(17) (a) Rahman, Md. M.; Liu, H.; Eriks, K.; Prock, A.; Giering, W. P. 
Organometallics 1989, 8, 1-7. (b) Golovin, M. N.; Rahman, Md. M.; BeI-
monte, J. E.; Giering, W. P. Organometallics 1985, 4, 1981-1991. (c) Liu, 
H.-Y.; Eriks, K.; Prock, A.; Giering, W. P. Organometallics 1990, 9, 
1758-1766. (d) Rahman, Md. M.; Liu, H.-Y.; Prock, A.; Giering, W. P. 
Organometallics 1987, 6, 650-658. 

(18) Bartik, T.; Himmler, T.; Schulte, H.-G.; Seevogel, K. J. Organomet. 
Chem. 1984, 272, 29-41. 

(19) Overall, Ar7_] can be calculated using a piecewise function: For 6 < 
135°, AH-, = - 0 . 3 7 I x - 17.431. For 6 > 135°, Ai/ . , = - 0 . 3 7 I x + 0.1869 
- 42.0. 
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Figure 4. Plots of Aobsd vs [silane] for oxidative addition of silanes to 
CpMn(CO) 2 (heptane) at 298 K: for (n-hex)SiH3 (open squares), A., = 
3.6 ± 0.5 X 106 L/(mol-s), r2 = 0.992; for («-hex)3SiH (half-circles), A_, 
= 2.1 ± 0.4 X 106 L/(mol-s), r2 = 0.998; for (/-Bu)3SiH (solid triangles), 
A., = 1.8 ± 0.2 X 106 L/(mol-s) , r1 = 0.998. 
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studied all exhibit second-order rate constants which are within 
experimental error of one another. The similarity of these rate 
constants suggests that the transition state for the oxidative ad­
dition reaction is very early with very little Mn-silane interaction. 
Consequently, AL1 is not significantly influenced by the steric bulk 
of the silane. 

Wrighton and Hill have reported low-temperature studies of 
the kinetics of oxidative addition of silanes to CpMn(CO)2 gen­
erated in Et3SiH and 3-methylpentane solution.7 From their data 
for the reaction of triethylsilane with CpMn(CO)2(hydrocarbon) 
we calculate AZZL1* = 7.8 kcal/mol and ASL1* = -2.4 eu.20 From 
these activation parameters, the rate constant expected for the 
corresponding reaction at 298 K is calculated to be 3.1 X 106 

L/(mol-s). This value agrees well with our value of 2.5 X 106 

L/(mol-s) for the same reaction. Wrighton and Hill used com­
petition experiments between Et3SiH and other silanes to de­
termine the corresponding rate constants /C1 for those silanes. For 
comparison, these results are given in Table I. Although there 
is some disagreement for the values of AL1 for Me2EtSiH, the 
overall agreement with our independent rate constant determi­
nations is excellent. 

Kinetic Studies of the Reductive Elimination of Et3SiH from 
CpMn(CO)2(H)(SiEt3). Graham and Hart-Davis have studied 
the substitution of Ph3SiH from CpMn(CO)2(H)(SiPh3) (la) by 
PPh3 in heptane solution.2 Their kinetic data supported a 
mechanism involving reversible reductive elimination of silane 
followed by uptake of PPh3 (Scheme II). 

From the mechanism in Scheme II, the kinetic expressions in 
eqs 4 and 5 are found by applying the steady state approximation 
to the heptane-coordinated intermediate 2. 

A1A2[PPh3] 
fco»»d ~ , ,T, c ; u i j - v rxroi. ! W 

1 
*obsd 

AL1 [R3SiH] + Jk2[PPh3] 

= j _ AL1[R3SiH] 
A1 

(5) 
A1A2[PPh3] 

It seems reasonable that a similar mechanism would be in effect 
for the reductive elimination of Et3SiH from complex lb. Since 

(20) From their kinetic data, Wrighton and Hill7 reported values of AW.,* 
= 7.2 ± 1.0 kcal/mol and A S L 1 ' = -6.7 ± 2.4 eu. From the same data, we 
obtain A/ / - , ' = 7-8 kcal/mol and A S V = -2.4 eu through computer-gen­
erated linear least-squares analysis. We believe the disagreement between 
these two sets of values is simply a result of differences in the methods of 
graphical analysis used. 



5238 J. Am. Chem. Soc, Vol. 114, No. 13, 1992 Hester et al. 

O 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 600C 

Time (sec) 

Figure 5. Pseudo-first-order rate plot for the reaction of CpMnH-
(SiEt3)(CO)2 with PPh3 in n-heptane at 50.0 0C: [PPh3] = 14.8 mM, 
[HSiEt3] = 26.4 mM, [CpMnH(SiEt3)(CO)2] = 1.6 mM; kM = 4.59 
X 10-4S-V2= 1.000. 
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Figure 6. Plot of l/fcobsd versus the relative concentrations of [HSiEt3] 
and [PPh3] for the reaction of CpMnH(SiEt3)(CO)2 and PPh3. The 
square points represent data taken at 35.0 0C. The round points repre­
sent data taken at 50.0 0C. The derived values of fc,, k2/k-i, and r2 are 
given in Table II. 

the Zc1 step is the reverse of the Ic1 step examined via photoacoustic 
calorimetry, we examined the enthalpy of activation for this process 
to provide additional information about the energetics of the 
silane-metal interactions. 

Reductive elimination of Et3SiH from CpMn(CO)2(H)(SiEt3) 
(lb) readily occurs from the solid at room temperature, making 
this complex difficult to isolate. Wrighton and Hill have reported 
the 1H NMR and IR characterization of CpMn(CO)2(H)(SiEt3) 
but did not report its isolation.7 As a consequence, we performed 
kinetic studies on heptane solutions of CpMn(CO)2(H)(SiEt3) 
prepared by photolysis of heptane solutions of CpMn(CO)3 in the 
presence of a large excess of Et3SiH. These solutions were diluted 
with heptane and then PPh3 and Et3SiH were added to the desired 
concentration. The reductive elimination reactions at 35-80 0 C 
were monitored by the disappearance of the band at 1979 cm"1 

in the IR spectrum attributed to CpMn(CO)2(H)(SiEt3). The 
bands at 1946 and 1885 cm"1, corresponding to phosphine complex 
3, were observed to simultaneously grow in. For the decrease in 
the absorbance of the starting material, plots of In A vs time 
exhibited good pseudo-first-order kinetics as shown in Figure 5. 

The dependence of &obsd on the concentrations of PPh3 and 
Et3SiH agreed well with the mechanism for silane reductive 
elimination proposed by Graham and Hart-Davis illustrated in 
Scheme II.2 For this mechanism eq 5 predicts that l//cobsd will 
be linearly dependent on [Et3SiH]/[PPh3]. Over the temperature 
range of 35-80 0C, the reciprocal plots of l/fcobSd vs [Et3SiH]/ 
[PPh3] (Figures 6 and 7) gave excellent straight lines with slope 
.̂,/Zc1Ar2 and with 1/Ji1 as the>» intercept. The values of kt and 

fc2/fc_! derived from these plots are summarized in Table II. 
Figure 8 shows a plot of koM vs [PPh3] with [Et3SiH] = 0.025 

M at 50 0C. The plot clearly exhibits saturation kinetics for 
concentrations of phosphine >0.02 M. This is consistent with 
trapping of heptane complex 2 by phosphine faster than trapping 
by Et3SiH. The data are closely fit by a plot of fcobsd (calculated 
from eq 5 using the values of Ic1 and k2/k_1 from Table II and 
[Et3SiH] = 0.025 M) vs [PPh3]. None of the data points illus-

[HSiEt3]/[PPh3] 

Figure 7. Plot of l/fcobSd versus the relative concentrations of [HSiEt3] 
and [PPh3] for the reaction of CpMnH(SiEt3)(CO)2 and PPh3. The open 
triangles represent data taken at 60.0 0C. The square points represent 
data recorded at 70.0 0C. The round points represent data recorded 80.0 
0C. The derived values of kx, k2/lcu and r2 are given in Table II. 
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Figure 8. Plot of fcobSd vs [PPh3] at 50 0C: [Et3SiH] = 0.025 M. The 
fitted curve is a plot of feobs(j (calculated from eq 5 using the values of kt 
and fc2/k_, from Table II and [Et3SiH] = 0.025 M) vs [PPh3]. 
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Figure 9. Eyring plot of In (fc,/7*) vs 1/7: A//,' = 27.4 ± 0.8 kcal/mol 
and AS1* = 11.5 ± 2.5 eu; r2 = 0.999. 

Table II. Rate Constants and Rate Constant Ratios Derived from 
the Plots Shown in Figures 6 and 7 

temp (0C) 

35.0 
50.0 
60.0 
70.0 
80.0 

104Zt1 (S"1) 

0.802 
5.97 

21.8 
79.7 

280 

* 2 / * - , 

8.6 
7.3 
6.6 
6.0 
5.5 

r1 

0.933 
0.915 
0.999 
0.998 
0.995 

trated in Figure 8 were used in the derivation of either kx or k2/k-x, 
thus giving an independent confirmation of the rate model. 

The activation parameters for the reductive elimination of 
Et3SiH from lb were determined from the Eyring plot of In (Zc1/ T) 
vs 1/T (Figure 9). A good linear fit was obtained over the 35-80 
0 C temperature range yielding AW1* = 27.4 ± 0.8 kcal/mol and 
AS1* = 11.5 ± 2.5 eu. The moderately positive entropy of ac­
tivation is suggestive of a largely dissociative transition state in 
the reductive elimination reaction. In comparison, Graham and 
Hart-Davis determined the activation parameters for the elimi­
nation of Ph3SiH from la to be AZf1* = 29.2 ± 0.3 kcal/mol and 
AS1* = 16.3 ± 1.0 eu.2 The greater thermal reactivity of lb in 
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Figure 10. Plot of In (fej/fc.,) vs 1/T: AA//' = -2.1 ± 0.5 kcal/mol and 
AAS* = -2.7 ± 1.0 eu; r2 = 1.000. 

comparison to la is consistent with these values. 
The ratios of k2jk-x clearly show that trapping of the heptane 

complex 2 by PPh3 is faster than trapping by Et3SiH. The slight 
temperature dependence of k2/k^ is illustrated in a plot of In 
(k2/k-i) vs \/T. An excellent linear plot was obtained from which 
AAff* = -2.1 ± 0.5 kcal/mol and AAS* = -2.7 ± 1.0 eu are 
obtained (Figure 10). With very similar entropies of activation, 
the faster trapping by PPh3 is due solely to 2-kcal/mol stabilization 
of the transition state by the incoming phosphine ligand. 

Discussion 
The enthalpy of oxidative addition, AfL1, of the five smaller 

silanes to CpMn(CO)2(heptane) exhibited a good linear depen­
dence on x as given by eq 3. Owing to their smaller size, the 
observation of a good fit to the single variable x suggests that for 
these silanes steric contributions to AfL1 are small. The excellent 
fit of the values for AZL1 to the x value for the corresponding 
phosphines indicates that the same factors which govern the 
electron donating ability of the phosphines also govern the donating 
ability of the silanes. The steric component to AfL1 for the larger 
(/-Bu)3SiH and (1'-Pr)3SiH is determined from the deviation of 
the actual enthalpy of reaction from the predicted values using 
eq 3. The deviation corresponds to a steric influence of 2 and 5 
kcal/mol, respectively, on AfL1. These data give a threshold of 
135° for the onset of steric effects. The steric threshold for the 
oxidative addition of silanes to the CpMn(CO)2 moiety suggests 
that the vacant coordination site on the metal center can accom­
modate silanes such as Et3SiH with cone angles up to ~135° 
without difficulty. As the cone angle of the silane exceeds this 
threshold 8, the silane becomes too large to easily fit into the pocket 
defined by the steric bulk of the other ligands around the metal 
center. This causes the exothermicity of oxidative addition reaction 
to markedly decrease as 6 continues to increase. 

It is interesting to note that Et3SiH, (/J-Pr)3SiH, and (n-
hex)3SiH all display values of AfL1 which, while similar, are 
somewhat different. The differences are within experimental error 
but seem to suggest a slightly greater steric effect as the alkyl 
chain increases from ethyl to n-propyl to n-hexyl. This may be 
indicative that the true cone angles of all three silanes is not 
identical. 

Examination of the crystal structure OfCpMn(CO)2PPh3 shows 
that the CpMn(CO)2 moiety has a pocket large enough to ac­
commodate phosphines with a cone angle up to 145° without 
significant perturbation.21 In comparison, the molecular structure 
of CpMn(CO)2(H)(SiPh3) shows significant, though slight in­
dications that the (H)(SiPh3) ligands are more sterically de­
manding than is PPh3.

3b'd In particular, the smaller of the two 
Si-Mn-CO angles is 80.4°. This is 10° smaller than the smallest 
P-Mn-CO angle in CpMn(CO)2PPh3. This brings the SiPh3 
group closer to the CO, effectively reducing the pocket size on 
the metal center. As a consequence, the steric threshold for silanes 
is expected to be considerably smaller than that for phosphines. 

(21) Barbeau, C; Dichmann, K. S.; Ricard, L. Can. J. Chem. 1973, 51, 
3027-3031. 

(22) Creaven, B. S.; Dixon, A. J.; Kelly, J. M.; Long, C; Poliakoff, M. 
Organometallics 1987, 7, 2600-2605. 
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Figure 11. Relative enthalpy diagram for the interconversion of 
CpMn(CO)2(H)(SiEt3) (lb), CpMn(CO)2(heptane) (2), and CpMn-
(CO)2(PPh3) (3). 

The studies of Wrighton and Hill on the oxidative addition 
Et3SiH to CpMn(CO)2 were performed either in neat Et3SiH or 
in 3-methylpentane solution.7 Assuming that the stabilization of 
CpMn(CO)2 in these solvents is identical to its stabilization in 
heptane solution, then Wrighton's results can be discussed together 
with those reported here. For the oxidative addition reaction of 
Et3SiH to heptane solvate 2 yielding complex lb (Scheme II), 
the enthalpy of reaction can be calculated as the difference of the 
enthalpies of activation for the oxidative addition reaction and 
the reductive elimination reaction, i.e. AfL1 = AfL1* - AfT1* 
(Figure 11). From Wrighton's results, displacement of hydro­
carbon from CpMn(CO)2(HC), the Zc1 step in Scheme II, has 
a small activation enthalpy AfL,* of 7.8 kcal/mol. From the 
kinetic results reported herein, the activation enthalpy AfZ1 * for 
the reductive elimination of Et3SiH from lb is 27.4 kcal/mol 
(Figure 11). Thus, the enthalpy of reaction for oxidative addition 
of Et3SiH to CpMn(CO)2(heptane) is calculated to be AfL1 = 
-19.6 kcal/mol. This is in excellent agreement with the exper­
imentally determined value of AfL1 = -20.1 kcal/mol from the 
photoacoustic calorimetric results. The agreement in these values 
obtained through very different experimental methods is very 
supportive of the accuracy of these determinations. 

The disagreement between the previously reported value for 
AfL1 = -13.8 kcal/mol9j and our value of -20.1 kcal/mol is 
probably due to the relatively slow reaction of CpMn(CO)2(HC) 
with Et3SiH. As demonstrated by Wrighton, the oxidative ad­
dition reaction of Et3SiH to solvate 2 appears to obey the same 
kinetics regardless of whether the solvent is Et3SiH or 3-
methylpentane.7 Therefore, the pseudo-first-order rate constant 
n̂eat silane f°r the oxidative addition of Et3SiH to 2 in neat (6.26 

M) Et3SiH can be calculated to be kneats^t = JL1[Et3SiH] = 1.9 
X 107 s"1. This rate is in the time regime slow enough to be 
detected by the photoacoustic experiment. Failure to consider 
the oxidative addition as a slow reaction will lead to an under­
estimate of AfL1. 

The trapping of intermediate 2 by PPh3 is favored over trapping 
of 2 by Et3SiH by 2 kcal/mol as shown by AAH*. The ratio 
k2/k.l at 50 0C is 7.3. Graham and Hart-Davis have found that 
for competitive trapping of 2 in heptane solution by PPh3 and by 
Ph3SiH, the ratio fc2/

fc-i is 3.6 at 50 0C.2 From Wrighton and 
Hill's work, the relative rates of reaction of intermediate 2 with 
Ph3SiH and with Et3SiH are known to be 1.74—I.7 From these 
values, the expected ratio of k2/k.l for PPh3 vs Et3SiH is 6.3, in 
good agreement with our results. 

Using time-resolved infrared spectroscopy Poliakoff et al. have 
determined the rate of reaction of CpMn(CO)2 with PPh3 in 
heptane to be k2 = 4.2 X 107 L/(mol-s) at 53 0C.22 From our 
values of AAfP and AAS*, JL1 at 25 0C from Table I, and the 
values of AfL1 * and AS.,' derived from Wrighton's data, we 
calculate that k2 = 7 X 107 L/(mol-s) at 53 0C. These values 
for /c2 agree remarkably well considering the differences in the 
methods used to obtain these values, as well as the indirect route 
required to calculate these quantities. 



5240 / . Am. Chem. Soc. 1992, 114, 5240-5249 

When heptane complex 2 is trapped by PPh3 or Et3SiH, the 
only slightly greater stabilization of the transition state by the 
incoming phosphine ligand in comparison to the stabilization 
provided by Et3SiH is consistent with an early transition state with 
very little Mn-P bond formation. This suggests that the transition 
state has very little associative character. With a dissociative 
transition state, the overwhelming component to MfI1* is loss of 
the Mn-heptane interaction in 2. Thus, the value for Ai/-! * 
provides a lower bound of approximately 8 kcal/mol for trie 
magnitude of this interaction. We had previously estimated the 
Mn-heptane interaction in 2 to be approximately 8-9 kcal/mol 
by comparison of activation enthalpies and enthalpies of reaction 
for the substitution of m-cyclooctene and dibutyl sulfide from 
CpMn(CO)2L by phosphine and phosphite ligands.10 Both pre­
vious estimates and the estimate reported here, although in good 
agreement with one another, are in error to the degree that a 
residual Mn-heptane interaction exists in the transition state. 
Rayner's studies on metal-hydrocarbon interactions clearly show 
them to be in the 10-kcal/mol range.23 As a consequence, we 

(23) (a) Ishikawa, Y.; Brown, C. E.; Hackett, P. A.; Rayner, D. M. Chem. 
Phys. Lett. 1988, 150, 506-510. (b) Brown, C. E.; Ishikawa, Y.; Hackett, 
P. A.; Rayner, D. M. J. Am. Chem. Soc. 1990, 112, 2530-2536. 

Introduction 
Proteins containing non-heme polyiron or polymanganese oxo 

units in their active centers, including hemerythrin (Hr), ribo­
nucleotide reductase (RR), methane monooxygenase (MMO), 
purple acid phosphatase (PAP), the water oxidizing center of 
photosystem II (PSII), and ferritin, have been the subject of 
considerable investigation.2"16 For most of these proteins, redox 

(1) Permanent address: Department of Inorganic and Analytical Chem­
istry, Hebrew University of Jerusalem, 91904 Jerusalem, Israel. 

(2) Lippard, S. J. Angew. Chem., Int. Ed. Engl. 1988, 27, 344. 
(3) Que, L., Jr.; True, A. E. Prog, lnorg. Chem. 1990, 38, 97. 
(4) Kurtz, D. M., Jr. Chem. Rev. 1990, 90, 585. 
(5) Vincent, J. B.; Olivier-Lilley, G. L.; Averill, B. A. Chem. Rev. 1990, 

90, 1447. 

believe that although the true Mn-heptane interaction may be 
somewhat greater than 8 kcal/mol, the difference is probably not 
substantial. 

Finally, with the observation of a substantial Mn-heptane 
interaction in complex 2, both the AH^-co and the AZZL1 values 
reported here are smaller in magnitude than the corresponding 
gas-phase values. Thus, the gas-phase Mn-CO bond dissociation 
energy is then calculated to be 54.8 kcal/mol and the enthalpy 
of addition of Et3SiH to CpMn(CO)2 is -28.1 kcal/mol. 
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chemistry is involved in the key functional steps, with the metals 
cycling among the +2, +3, and +4 oxidation states. Whereas 
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Abstract: Reaction of Fe(02CCH3)2 or Mn(02CCH3)2-4H20 with bidentate nitrogen donor ligands affords the trinuclear 
complexes [M3(02CCH3)6L2] [M = Fe, L = BIPhMe (1); M = Mn, L = BiPhMe (2) or 1,10-phenanthroline (3)] in high 
yields. As judged from X-ray diffraction studies, these complexes adopt a novel linear structure, with one monodentate and 
two bidentate bridging carboxylates spanning each pair of metal atoms. Within this motif there are two geometric isomers 
that exist, designated "syn" or "anti" depending upon the orientation of the bidentate nitrogen donor ligands with respect to 
one another across the plane defined by the three metal atoms and the two monodentate bridging oxygen atoms. The bidentate 
and monodentate bridging modes are related by a carboxylate shift mechanism, proposed on the basis of observed variations 
in the interaction of the nonbridging, or dangling, oxygen atoms of the monodentate carboxylates with the terminal metal 
atoms. Such a carboxylate shift has recently been observed for the bridged dimetallic center in ribonucleotide reductase. Structural 
characterization of three isomers of compound 2 revealed a considerable degree of flexibility in the tricarboxylate-bridged 
dimetallic unit, with M-M distances ranging from 3.370 (3) to 3.715 (2) A. From temperature-dependent magnetic susceptibility 
studies, compound 1 was found to be a ferromagnetically coupled triiron(II) complex with bridging oxygen atoms. A theoretical 
fit of the magnetic susceptibility data for 1 revealed the J value for ferromagnetic exchange coupling between adjacent iron 
atoms to be in the range +5 to +10 cm"1. Magnetic susceptibility results for 2 revealed more typical antiferromagnetic coupling, 
with J = -2.8 (1) cm"1 for adjacent manganese atoms. The relevance of these results to the properties of carboxylate-bridged 
dimetallic iron and manganese centers in metalloproteins and the chemical reactivity of the complexes are briefly discussed. 
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