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metric stretches for the NH, groups in free thiourea upon complex
formation. These bands, which occur at 3097, 3156, 3258, and
3365 cm™! for thiourea, are observed at 3110, 3180, 3260, and
3400 cm™! for the complex, respectively.

Although the parent complex, AuCIl(PEt;), exhibits strong
»(AuCl) bands at 315 and 310 cm™, no bands are observed in
this region, as evident in Figure 2, for the [Au(tu)(PEt,)]Cl
complex. This suggests that the chloride is not coordinated to
gold(I) as in the case of Au(tu),Cl.** Most importantly, the
medium-intensity infrared band at 268 cm™ for [Au(tu)(PEt),]Cl
is assigned to »(AuS), being comparable to that at 284 cm™! for
»(AuS) in the Au(tu),C1.3° Finally, »(AuP) for [Au(tu)(PEt;)]Cl
is observed at 388 cm™.

Uncomplexed thiourea has a single, sharp 'H NMR resonance
at 6 = 7.18 ppm, which upon complexation shifts downfield to
7.80 ppm. This chemical shift is comparable to that at 7.90 ppm
found for the linear S-bonded complex Ag(tu),NO; containing
the soft and isoelectronic Ag(I).>® The NMR data clearly show
that the complex [Au(tu){PEt;)]Cl does not dissociate in solution
to give free thiourea and AuCl(PEt,) as was believed to occur
in chloroform solutions containing the bromide analogue, Au-

(39) Marcotrigiano, G.; Battistuzzi, R.; Peyronel, G. Inorg. Nucl. Chem.
Letr. 1972, 8, 399.

(tu)(PEt;)Br.1* In addition, these data reveal that the complex
remains S-bonded in solution and that the N-bonded isomer does
not form.

Conclusions, Of the eight complexes investigated, we have found
that the »(AuP) values in almost all cases fall within 385 % 5 cm™!
and show little sensitivity as a function of the trans ligand and/or
charge on the complex. The infrared data do not parallel findings
that show »(AuP) decreases in the order L = Cl > SCN > CN
for the trimethylphosphine analogues.® These findings are also
in further evidence against significant coupling between »(AuX)
or »(AuL) and #»(AuP).!1%%5 In the cases where the »(AuX) values
for AuX(PEt;) can be compared to those of other complexes of
the type AuX(PR,) and referred to within the text, they agree
well with the relative trans influence of ligand Et,P.* In both
cases in which the ambidentate ligands SCN™ and SC(NH,), were
complexed with (PEt;)Aul, the soft base, sulfur, selectively bound
to the (PEt;)Au! moiety as would be expected if the bonding was
symbiotic. Finally, assignments for the gold—ligand vibrations
in the studied complexes have been made and compared to the
relevant literature.
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Carbon-13 and oxygen-17 spin-lattice relaxation times were measured for the series M(CO)s, M = Cr, Mo, and W, at two
temperatures in the solvent, CDCl,. Values of T,(*3C) at two magnetic field strengths were utilized to calculate reorientational
correlation times, 7., which, together with 7',(!70), yielded values for the oxygen’s quadrupole coupling constant, x(}’0); results
at the two temperatures were in good agreement. The Townes—Dailey theory of QCC’s was applied to obtain estimates of the
CO’s 27 (or *) orbital populations, [27], in each of the carbonyls. It was found that the orbital occupancies and, hence, r-bond
strengths vary in the order [27]y, < [27]c, = [27]w. This is the same order observed for the majority of spectroscopic,
thermodynamics, and kinetic measures of overall, ¢ + 7, bond energies. Therefore, x-bond variations play an important role in
determining the relative M—CO bond stabilities in the group 6 hexacarbonyls.

Introduction

There is now an abundance of evidence that the bonding in
transition-metal carbonyl complexes is synergistic in nature, with
reinforcement of the otherwise weak ¢ bond between the CO S¢
and metal d, orbitals by metal d, back-bonding to the CO’s 27
framework. Rather surprisingly, though, the relative magnitude
of the contributions of the ¢ and = components to the M—CO bond
stability remains poorly understood.2 This comparative dearth
of knowledge is due to the fact that most experimental properties,
including the widely used C==O vibrational force constants® and
NMR chemical shifts,* are affected by variations in both the o-
and w-bond interactions.

Nuclear quadrupole coupling constants (QCC’s), defined by
x = €*qQ/h, are proportional to the electric field gradient (eq)
and, thus, directly dependent upon the electronic charge symmetry

(1) Robert A. Welch Predoctoral Fellow.

(2) Ziegler, T.; Tschinke, V.; Ursenbach, C. J. Am. Chem. Soc. 1987, 109,
4825 and references therein.

(3) Braterman, P. S. Metal Carbonyl Species; Academic Press: New York,
1972.

(4) (a) Todd, L. J.; Wilkinson, J. R. J. Organomet. Chem. 1974,77, 1. (b)
Aime, S.; Milone, L.; Osella, D.; Hawkes, G. E.; Randall, E. W, Ibid.
1979, 178, 171. (c) Hickey, J. P.; Wilkinson, J. R.; Todd, L. J. Ibid.
1979, 179, 159.
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in the immediate environment of the nucleus.> For nuclei involved
in multiple bonds, it is generally observed that changes in x are
influenced primarily by variations in = bonding.*$

In recent years, a number of investigators’® have employed
NMR spin-lattice relaxation time measurements to estimate
oxygen-17 QCC’s in a variety of metal carbonyl complexes and
have observed that the magnitude of x('’O) and, hence, 7-bond
strengths are markedly dependent upon the metal to which the

(5) (a) Das, T. P.; Hahn, E. L. Nuclear Quadrupole Resonance Spec-
troscopy; Academic Press: New York, 1958, (b) Lucken, E. A. C.
Nuclear Quadrupole Coupling Constants; Academic Press: New York,
1969.

(6) (a) Cheng, C. P,; Brown, T. L. J. Am. Chem. Soc. 1979, 101, 2327. (b)
Cheng, C. P.; Brown, T. L. Ibid. 1980, 102, 6418. (c) Bronsen, S. G.
P.; Edmonds, D. T.; Poplett, J. J. J. Magn. Reson. 1981, 45, 451.

(7) (a) Aime, S.; Gobetto, R.; Osella, D.; Milone, L.; Hawkes, G. E;
Randall, E. W. J. Chem. Soc., Chem. Commun. 1983, 794. (b)
Hawkes, G. E.; Randall, E. W.; Aime, S.; Osella, D.; Eltiot, J. E. J.
Chem. Soc., Dalton Trans. 1984, 279. (c) Aime, S.; Gobetto, R.; Osella,
D.; Hawkes, G. E.; Randall, E. W. Ibid. 1984, 1863. (d) Hawkes, G.
E.; Randall, E. W ; Aime, S.; Gobetto, R. J. Magn. Reson. 1986, 68,
597.
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J. Magn. Reson. 1985, 61, 22. (b) Brownlee, R. T. C.; Shehan, B. P.
Ibid. 1986, 66, 503. (c) Brownlee, R. T. C.; O’Connor, M. J.; Shehan,
B. P; Wedd, A. G. Aust. J. Chem. 1986, 39, 931.
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Group 6 Transition-Metal Carbonyls

Table I. NMR Relaxation Times and Quadrupole Coupling Constants®

Inorganic Chemistry, Vol. 29, No. 3, 1990 485

complex T,°C  Tio("0)tms  Ti\(PC)fs  Tp(BCls  Tigsa(C)fs  Agf ppm Te DS x, MHz
Cr(CO), 21 27.4 (0.6) 16.8 (0.3) 95 (10) 18.5 (0.6) 423 10.1 (0.3) 1.96 (0.04)
38 31.6 (0.3) 18.8 (0.1) 101 (03) 21.1 (0.2) 8.9 (0.1) 1.94]}0.01)
(2.06
Mo(CO), 21 20.6 (0.1) 15.8 (0.2) 85 (03) 17.7 (0.3) 418 10.8 (0.2) 2.18 (0.02)
38 24,7 (0.4) 18.2 (0.3) 91 (03) 20.8 (0.5) 9.2 (0.2) 2.16 (0.03)
[2.14]¢
W(CO), 21 24.1 (0.1) 16.5 (0.5) 79 (09) 19.0 (0.9) 395 11.3 (0.5) 1.97 (0.05)
38 29.3 (0.6) 18.3 (0.2) 79 (07) 21.7 (0.7) 9.9 (0.3) 1.91]}0.04)
[2.04

Quantities in parentheses represent one standard deviation. 2y, = 40.68 MHz (B, = 7.05 T). v, = 75.44 MHz (B, = 7.05 T). 4y, = 22.53 MHz
(Bp = 2.11 T). *From ref 12. fApproximate value. From ref 8b. #From ref 8a.

CO is bound, its stereochemical position in the complex, and the
type of bonding (e.g. terminal, bridging, or face capping).
However, many of the calculated QCC’s are approximate and the
discussions are generally qualitative in nature; i.e., 2 smaller value
of x indicates greater d —p, back-bonding.

In order to better assess the capabilities of 1’0 QCC'’s to provide
quantitative information on = bonding in metal carbonyls, we have
undertaken accurate NMR relaxation time measurements of
x("’0) in the group 6 metal hexacarbonyls, M(CO)¢, M = Cr,
Mo, and W. The results are used to obtain estimates of the CO
27 orbital populations, which are compared with other spectro-
scopic, kinetic, and thermodynamic measures of bond strengths
in these complexes.

Experimental Section

Relaxation Time Measurements. The compounds were obtained com-
mercially and purified by vacuum sublimation. Samples of each complex
were prepared in CDCl, (¢ = 0.1-0.2 M) and contained in 10-mm NMR
sample tubes. The solutions were degassed by the freeze-pump~thaw
technique and sealed under vacuum.

T,(**C) and T,('’0) were determined (at natural abundance) on a
Varian VXR-300 FT-NMR spectrometer (75.44 MHz for 1*C and 40.68
MHz for 170). To ascertain the reproducibility of calculated coupling
constants, all experiments were performed at two temperatures (21 and
38 °C). The standard inversion recovery pulse sequence, (w—7-m/2-
Acq-ty),’° was used with 10 7 values from 0.1 to 1.5 times the estimated
T, for each determination; the delay time, 14, was at least 5T,. The
number of acquisitions, n, was typically 8 for 7,(**C) and 4096 for
T,("0). T;'s were calculated, via nonlinear regression, from a fit of the
data by a three-parameter magnetization equation.!® All relaxation
times were determined at least three times at each temperature. The
results, in Table I, represent the average of the runs.

T,(13C) was also determined at 22.53 MHz on a JEOL FX-90Q
FT-NMR spectrometer. Due to the very long relaxation times, the
saturation recovery pulse sequence, (w/2-r—x/ 2-Acq),,’ was used, with
n = 16 repetitions. At least two measurements were performed at each
temperature.

Calculation of !0 Quadrupole Coupling Constants. The efficiency of
spin-lattice relaxation of a quadrupole nucleus is governed by the mag-
nitude of its coupling constant. For the nearly cylindrically symmetric
oxygen-17 nuclei (I = */,) in metal carbonyls, one has for the quadru-
polar relaxation rate (T,q')"!

Ty = (1272 /125)x’r, (1)

In this equation, x is the QCC (in Hz) and 7. is the reorientational
correlation time of the C-O vector.

The contribution of chemical shift anisotropy (CSA) to relaxation of
the carbonyl’s 3C nuclei is dependent upon the same correlation time.
Hence, 7, can be calculated quite accurately from complementary mea-
surements of T,(*3C). Spin rotation (SR) also contributes to relaxation
of the carbon-13 nuclei. However, T gq”! is magnetic field independent
whereas Tycsa™ = By? = aBy2. Therefore, the latter contribution may
be isolated by measurements at two values of By via the relation T,7(1*C)
= T\sr™' + aBy?. Ticsa is related to the rotational correlation time by!!

Ticsa™ = (2/15)y By} (L0)?r, (2)

(9) Martin, M. L.; Delpuech, J.-J.; Martin, G. J. Practical NMR Spec-
troscopy; Heyden and Sons, Ltd.: London, 1980; Chapter 7.
(10) Rodriguez, A, A.; Chen, S. J. H.; Schwartz, M. J. Magn. Reson. 1987,
74, 114.
(11) Becker, E. D. High Resolution NMR; Academic Press: New York,
1980; Chapter 8.

v is the 1*C magnetogyric ratio and A is the chemical shift anisotropy
(A¢ = ¢y — ¢ ). Using measured relaxation times and reported values
for Ac,!* we have determined . for the three complexes at both tem-
peratures studied. These correlation times, together with T,o('"0) were
then employed in eq 1 to calculate QCC’s in the group 6 hexacarbonyls.

Results and Discussion

Quadrupole Coupling Constants. Displayed in the last column
of Table I are the calculated quadrupole coupling constants in
the group 6 hexacarbonyls. The standard deviations in x (in
parentheses) are derived from errors in the individual relaxation
times. Results at the two temperatures are almost identical in
the Cr and Mo complexes. There is greater deviation in W(CO),
due to larger error in T 5('*C). However, the two values agree
to within their standard deviations.

Also shown (in square brackets) in Table I are QCC'’s reported
earlier by Brownlee et al.8%!3  Their value for x(}’0) in Mo-
(CO),* derived from combined 1’0 and *C T, measurements
(in CDCl, at 40 °C), is in excellent agreement with ours. On
the other hand, their QCC'’s for the Cr and W complexes®® were
derived from 7,(}’O) alone by using correlation times extrapolated
from Mo(CO), via the Debye—Stokes equation.' Thus, it is not
surprising that these approximate results for x(1’O) deviate
substantially from the exact values obtained in the present in-
vestigation and underestimate the total variation in x within the
series by a factor of 2.

Estimation of CO 2x-Orbital Populations from x(!’0). Earlier
investigators have interpreted x(1’O) in metal carbonyls quali-
tatively, noting that a smaller QCC reflects greater d,-p, back-
bonding. However, it is possible to apply the classic Townes—
Dailey!’ (T-D) formalism to derive semiquantitative estimates
for (2] (or [7*]), the occupancy of the carbonyl’s antibonding
« molecular orbital.

For a second-row monocoordinated triply bonded nucleus (e.g.
N in C=N or "0 in C=0) with sp type o-bonding/lone-pair
hybrid orbitals directed along the z axis, application of the T-D
approximations yields the following expression for the QCC:>¢

x = (P.° = P/ )Xo 3

xo represents the coupling constant of a single electron in a p
orbital (20.9 MHz!¢ for ’0). p,° = p,(1 — a?) + 2a?, where o?
and p, are the fractional s character and the p, orbital population
in the o-bonding orbital. p, represents the sum of the x-bonding
p-orbital populations (p, = p, + p,) on the oxygen nucleus; we
note that p, is less than the total occupancy, [2x], of the anti-
bonding MO (vide infra). From this equation, one sees that, in
principle, variations in either the o- or w-bondig p-orbital popu-
lations will effect changes in x. However, Cheng and Brown,5
using nuclear quadrupole double resonance spectroscopy, have

(12) Gleeson, J. W.; Vaughn, R. W. J. Chem. Phys. 1983, 78, 5384.

(13) Brownlee, et al.®® reported x(!’0) = 2.11, 2.20, and 2.09 MHz for the
Cr, Mo, and W complexes, respectively. These were calculated by
assuming the approximate value Ag = 429 ppm for Mo(CO)g, whereas
we used measured Ag’s. To facilitate the comparison, we have multi-
plied their results by (418/429) to obtain the values in Table I. This
small adjustment had no effect on the discussion in the text.

(14) Boeré, R. T.; Kidd, R. G. Annu. Rep. NMR Spectrosc. 1982, 13, 319.

(15) Townes, C. H.; Dailey, B. P. J. Chem. Phys. 1949, 17, 782.

(16) (a) Harvey, J. S. M. Proc. R. Soc. London 1965, A285, 581. (b)
Rabideau S. W.; Waldstein, P. J. Chem. Phys. 1966, 44, 1304.
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Table II. Comparative Measures of M—CO Bond Strengths in Group 6 Metal Hexacarbonyls
complex (27],° Fuc? Feo? AHY[A]SS AH[B]* AH*(C]&/ AH°[D]om AH*[E]*"
Cr(CO), 0.380 (0.006) 2,104 17.044 1688 155 197* 108 362
16.95¢ 1624 154!
Mo(CO), 0.346 (0.005) 2.004 17.154 1338 142 169* 152 324
16.96¢ 126*
W(CO), 0.382 (0.008) 2.324 17.024 1678 159 192¢ 178 360
16.84¢ 167

“Derived from average x (Table I). Quantities in parentheses represent one standard deviation. ®In units of mdyn/A. ¢In units of kJ/mol.
4GQVFF force constants. Reference 20. ¢Force constants from energy-factored force field. Reference 20. /Activation enthalpy for bond dissoci-
ation from thermal kinetics. £From dissociative substitution by PBu®;. Reference 21. *From dissociative '“C exchange. Reference 22. ‘Bond
dissociation enthalpy from laser photoacoustic calorimetry. Reference 24. /Activation enthalpy from laser pyrolysis. Reference 23. *Observed
value. !Value recalculated by assuming a two-step mechanism and a transferred value for the preexponential factor, 4. ™Mean thermochemical
bond enthalpy. Reference 25. "Mean “intrinsic” bond enthalpy. See text.

investigated a series of 23 organic carbonyl compounds. Through
measurement of both x and » (the field gradient asymmetry
factor) and use of expressions analogous to eq 3 above, they
observed that, whereas p, was found to vary widely, p,° remained
virtually constant through the series. The same invariance of p,°
was observed in similar studies of x(}’O) in substituted nitro-
benzenes® and in carboxylic acids.®* Thus, there is ample ex-
perimental evidence that changes in !"O-coupling constants in
multiply bonded organic compounds are influenced predominantly
by variations in the w-electron distribution. In the following
analysis, we shall assume that variations in the 7O QCC’s of
transition carbonyls, too, are predominated by variations in M—CO
« bonding. This assumption is supported by the theoretical
calculations of Caulton and Fenske!” on the series Mn(CO),*,
Cr(CO)g, and V(CO),".

One expects changes in the total 2r-antibonding molecular
orbital population to be proportional to variations in p,; i.e., A[27]
= £(Ap,). When it is recognized that xco = 4.43 MHz!® cor-
responds to [27]co = 0, eq 3 may be applied directly to obtain
the following simple expression relating a carbonyl’s 2= occupancy
to x:

[2n), = 26°2% )

Xo

The subscript on the left-hand side of the equation has been added
to indicate that [27] has been calculated from the 70O QCC. The
value for the proportionality constant, £, may be calculated from
the measured QCC in Cr(CO),, together with the quasi-exper-
imental 27 population in this complex, [27] ¢ coy, = 0.38 electron,
obtained from X-ray and neutron diffraction."? With our average
QCC, x = 1.95 MHz, for chromium hexacarbonyl (Table I), one
finds that £ = 1.60. Calculated orbital occupancies, [2x],, for
Mo(CO)¢ and W(CO), are presented in Table II. We note that
since the 2w-antibonding MO contains a greater electron density
on the carbon than on the oxygen atom, one expects that the
proportionality factor relating changes in [27] to variations in
p, should be greater than 2; i.e., A[27] = £(Ap,) > 2(Ap,). That
£ < 2 probably results from errors in the experimental value of
[27]'® and/or simplifications in the Townes-Dailey approach.

It is seen that 2« populations and, hence, 7-bond strengths in
the chromium and tungsten hexacarbonyls are virtually equal to
each other and greater than [27], in Mo(CO)4 by approximately
10%, which is well outside the range of experimental error (as
indicated by the standard deviations).

Comparison with Other Results. It is informative to compare
the 7-bond strengths determined from x(!"O) with the results from
spectroscopic,? kinetic,?-2 and thermodynamic??’ investigations

of the group 6 hexacarbonyls. The quantities derived from these
latter experiments, which are considered to be dependent upon
the total (¢ + =) strength of the M—CO bond, are presented in
Table II.

One observes that the MC and CO GQVFF vibrational force
constants® (Fyc and Fcp) both indicate that net bonding is
weakest in the Mo complex, consistent with =-bond strengths
obtained here; EFFF CO force constants®® show a somewhat
different trend. First, ligand dissociation enthalpies determined
from standard substitution?! and exchange?? kinetics (AH*[A])
display a minimum for molybdenum hexacarbonyl. Dissociation
enthalpies (AH[B]) obtained from laser photoacoustic calorimetry
experiments? exhibit the same trend. On the other hand, a recent
laser pyrolysis study?®* yields results (AH*[C]) that may be con-
trary to earlier kinetic data.2122 The observed activation energies
(and enthalpies) vary in the same order as those of other kinetics
experiments (Mo < Cr =~ W). However, because of an unusually
large preexponential factor for the decomposition of Cr(CQO),,
the authors reinterpreted their results on this complex on the basis
of a proposed two-step mechanism and concluded that activation
enthalpies vary in the order Cr < Mo < W.

The uniform rise in the mean thermochemical bond enthalpies?’
(AH°[D]) is often cited as evidence that the net bond strengths
increase monotonically in the group 6 hexacarbonyls. However,
it has been pointed out by various investigators25 that one should
actually consider trends in the “intrinsic” bond enthalpy, AH*-
(M-CO). This quantity represents one-sixth of the enthalpy
change for the hypothetical process M(CO)¢(g) — M*(g) +
6CO*(g), where M* represents the metal in the #,,® configuration
and CO* is carbon monoxide in its bonded valence state. It is
related to the measured bond enthalpy by AH*(M-CO) =
AH°(M-CO) + AHcosM + AHy.. The CO valence reorgani-
zation enthalpy, AHcoeM, has been estimated for all three com-
plexes and is approximately constant.®¥  Connor and co-
warkers?® have also calculated an approximate value (160 kJ/mol)
for the metal’s valence promotion enthalpy, AH ., for Cr(CO),
from spectroscopic state energies and calculated metal charges:
currently, there are insufficient data to apply this technique to
the 4d or 5d metals.?®2® Recently, however, Ziegler et al.? have
calculated theoretical promotion enthalpies for all three metals
and found that AHy=(Mo) = AHps(W) = !/,4Hy(Cr). They
attributed the substantially greater value for Cr to the stronger
interelectronic repulsions resulting from the significantly lower
spatial extension of this metal’s 3d orbitals relative to the 4d and
5d orbitals in Mo and W. Their conclusion is supported by trends
in the Racah parameter (B¢, > By, =~ Bw)? in both the free ions
and the hexacarbonyls.

(17) Caulton, K. G.; Fenske, R, F. Inorg. Chem. 1968, 7, 1273,

(18) Rosenblum, B.; Nethercot, A. H. J. Chem. Phys. 1957, 27, 828,

(19) Rees, B.; Mitschler, A. J. Am. Chem. Soc. 1976, 98, 7918.

(20) Jones, L. H.; McDowell, R. S.; Goldblatt, M. Inorg. Chem. 1969, 8,
2349,

(21) Graham, J. R.; Angelici, R. J. Inorg. Chem. 1967, 6, 2082.

(22) (a) Pajaro, G.; Calderazzo, F.; Ercoli, R. Gazz. Chim. Ital. 1960, 90,
1486. (b) Cetini, G.; Gambino, O. Atti. Accad. Sci. Torino, Cl. Sci.
Fis., Mat. Nat. 1963, 97, 757, 1197.

(23) Lewis, K. E.; Golden, D. M.; Smith, G. P. J. Am. Chem. Soc. 1984, 106,
3905.

(24) Bernstein, M.; Simon, J. D.; Peters, K. S. Chem. Phys. Lett. 1983, 100,
241

(25) (a) bonnor, J. A. Top. Curr. Chem. 1977, 71, 71. (b) Battiston, G;
Sbrignadello, G.; Bor, G.; Connor, J. A. J. Organomet. Chem. 1977,
131, 445.

(26) Cotton, F. A; Fischer, A. K.; Wilkinson, G. J. Am. Chem. Soc. 1959,
81, 800.

(27) From ref 25b, AHcoeM = 94.1, 92.4, and 101.8 kJ/mol for the Cr, Mo,
and W complexes, respectively.

(28) Basch, H.; Viste, A,; Gray, H. B. J. Chem. Phys. 1966, 44, 10.

(29) Beach, N. A.; Gray, H. B. J. Am. Chem. Soc. 1968, 90, 5713.
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It is possible to estimate AH*(M—CO) from the measured bond
enthalpies, AH®,? estimated valence reorganization enthalpies,
AHcoM Y and the approximation AHys(Mo) = Ahyp(W) = 80
jK/mol (i.e. 1/,AHys(Cr)). These values for the “intrinsic” bond
enthalpies (AH*[E] in Table II) exhibit the order Mo < Cr =
W. Thus, the thermochemical bond enthalpy data are consistent
with trends in bond enthalpies from spectroscopic and kinetic
measurements if, as calculated by Ziegler et al.,2 the valence
promotion energy for Cr is substantially greater than for the 4d
and 5d metals.

Conclusions

It has been suggested, on the basis of experimental IP’s and
charge-transfer spectra, that the = bond order increases mono-
tonically within the group 6 metal hexacarbonyls.?? However,

we have observed here that the CO 27-orbital populations cal-
culated from x('’0O) vary in the order Mo(CO)4 < Cr(CO)4 =
W(CO),. This is the same order found for the majority (although
not totality) of experimental quantities dependent upon the net,
o + m, M—CO bond strengths. From this comparison, one may
conclude that variations in = bonding play an important role in
determining relative bond strengths in group 6 hexacarbonyls. We
note that this lends a degree of support for the results of recent
theoretical investigations? which suggest that the total stability
of the M—CO bond in transition-metal complexes is dominated
by the « component.
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INDO/1 calculations were carried out with the aim of studying the various intermediates and pathways proposed for epoxidations
involving high-valent, metal-oxo catalysts: N-oxo, oxometallacycle, open, bound epoxide, and caged radical intermediates. The
model complex chosen was a six-coordinate Ru(IV)-oxo complex. The conversion of the Ru—-oxo complex to a five-coordinate
N-oxo intermediate was discounted due to the large energy barrier to migration of O to the nitrogen atom of a ligand. The formation
of the oxometallacycle by a either a concerted or nonconcerted pseudo-[2 + 2] cycloaddition of C=C to Ru—O was found to
be unfavorable. A concerted [1 + 2] addition was also found to be unfavorable. The calculations show that the unfavorable nature
of these pathways is similar in origin to that of their better known organic analogues. The preferred pathway is a nonconcerted
[1 + 2] cycloaddition to yield a bound epoxide. The reaction amounts to nucleophilic attack on the oxo oxygen. Since one C-O
bond is formed first, and then the second, there is a buildup of radical cation behavior on the carbon that is not bound. Simple
electrostatic considerations lead one to predict, and INDO/1 calculations agree, that attack of the unbound carbon on the
electron-rich oxo (to yield bound epoxide by a nonconcerted [1 + 2] pathway) in preference to the high-valent Ru atom (to yield
oxometallacycle by a nonconcerted [2 + 2] pathway). The results of the theoretical analysis are combined with experimental data

in an attempt to clarify the important interactions that characterize this important reaction.

Introduction

Epoxidation is a commercially important process. In the year
1987, 5.62 billion pounds of ethylene oxide and 2.61 billion pounds
of propylene oxide were produced in the United States.! The
mechanisms by which the enzyme cytochrome P-450 and its
inorganic porphyrin analogues oxidize various organic species has
been an area of much focus.2 Epoxidation of olefins, in particular,
has gathered much attention.®> The discovery by Groves and
co-workers that Fel!l(TPP)Cl/PhIO (TPP = tetraphenyl-
porphyrin) can perform chemistry similar to that of the cyto-
chrome P-450/molecular oxygen system has fostered much re-
search into the proposed Fe—oxo reactive intermediate.* Other
workers have concentrated on different metals’ and different
oxygen atom transfer reagents.6

For epoxidations involving these metal—-oxo complexes, many
pathways and intermediates arising from the oxygen atom transfer
step have been discussed. The {2 + 2] cycloaddition of the olefins

(1) Reisch, M. C. Chem. Eng. News 1988, 66 (15), 30.

(2) (a) Groves, J. T. J. Chem. Educ. 1985, 62, 1928. (b) Cytochrome
P-450; Ortiz de Montellano, P. R. Ed.; Plenum: New York, 1986.

(3) (a) Castellino, A. J.; Bruice, T. C. J. Am. Chem. Soc. 1988, 110, 158.
(b) Castellino, A. J.; Bruice, T. C. J. Am. Chem. Soc. 1988, 110, 7512,
(c) Garrison, J. M.; Bruice, T. C. J. Am. Chem. Soc. 1989, 111, 191,

(4) Groves, J. T.; Nemo, T. E.; Myers, R. S. J. Am. Chem. Soc. 1979, 101,
1032, .

(5) (a) Ru: Dobson, J. C.; Seon, S. K.; Meyer, T. J. Inorg. Chem. 1986,
g.;, 1513. (b) Other transition metals: Holm, R. H. Chem. Rev. 1987,

, 1401.
(6) Meunier, B. Bull. Soc. Chim. Fr. 1986, 578.
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to the metal-oxo bond to yield a four-membered ring structure,
referred to alternatively as an oxometallacycle or metallaoxetane,’
has been proposed. The work of Bruice® with N-oxo transfer
reagents has led to the consideration of a process where a precursor
with increased N (from a ligand)-O bonding is the active species.
Direct oxygen atom transfer has been advanced to explain the
stereospecificity of some systems,” while open intermediates have
been invoked to explain stereochemical inversion in others.!®
Outer-sphere electron transfer,!! to form a caged radical cation
species, and a suicide complex!? —a cyclic, five-membered,
M-0O-C-C-N intermediate—have also been forwarded.
Ruthenium-oxo catalysts have recently been reported that
utilize molecular oxygen to epoxidize norbornadiene and sty-
rene.!»1* We have carried out semiempirical molecular orbital
calculations on a Ru(IV)-oxo complex with the intent of studying
the various pathways and intermediates that have been postu-

(7) (a) Sharpless, K. B,; Teranishi, A. Y.; Backvall, J. E. J. Am. Chem. Soc.
1977, 99, 3120. (b) Rappé, A. K.; Goddard, W. A. J. Am. Chem. Soc.
1982, 104, 448. (c) Groves, J. T.; Nemo, T. E. J. Am. Chem. Soc. 1983,
105, 5786.
(8) Shannon, P.; Bruice, T. C. J. Am. Chem. Soc. 1981, 103, 4580.
(9) Groves, J. T.; Nemo, T. E. J. Am. Chem. Soc. 1983, 105, 5786.
(10) Sheldon, R. A.; Kochi, J. K. Metal Catalyzed Oxidations of Organic
Compounds; Academic: New York, 1981; p 176.
(11) Traylor, T. G.; Nakano, T.; Dunlap, B. E; Traylor, P. S.; Dolphin, D.
J. Am. Chem. Soc. 1986, 108, 2782,
(12) Collman, J. P.; Hampton, P. D.; Brauman, J. I. J. Am. Chem. Soc.
1986, 108, 7861.
(13) Groves, J. T.; Quinn, R. J. Am. Chem. Soc. 1985, 107, 5790.
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