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but in such a way that the equality of chemical potentials of the
reactants is preserved. This results in a transfer of the charge
described by eq 19 or 22. The amount of charge transferred is
now having strong dependence on the structure and orientation
of the reactants.

Thus eq 3 and 19 illuminate different aspects of the acid-base
reaction. The difference is reflected in different expressions for
the numerator in eq 3 and 19. The common aspect of the
equations is reflected by their denominator. Both equations show
that soft-soft interaction facilitates the electron transfer, thus

predicting covalent character for the bonding.
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Abstract: Molecular orbital calculations based on density functional theory have been carried out on the intrinsic mean bond
energy D(M—CO) of Mn(CO),, between M in the d” valence configuration and m CO ligands, as well as the first CO ligand
dissociation energy AH of M(CO),,. The calculated values for D(M—CO), all in kJ mol™, were D(Cr-CQ) = 211, D(Mo—CO)
=178, D(W-CO) = 210 for M(CO),, D(Fe-CO) = 216, D(Ru—CO) = 163, D(0s-CO) = 177 for M(CO);, and D(Ni-CO)
=179, D(Pd-CO) = 44, D(Pt-CO) = 59 for M(CO),. The calculated values for the intrinsic mean bond energy revealed
the ordering second row < third row < first row, for a series of homologous M(CO),, systems with metal centers from the
same triad. The ordering for D(M-CQ) without the inclusion of relativistic effects was third row < second row < first row.
The same trends were found in the calculated values for AH with AH, = 147, AHyo = 119, AHy, = 142 for M(CO),, AHg,
= 185, AHp, = 92, AHy, = 99 for M(CO)s, and AHy; = 106, AHpy = 27, AHp, = 38 for M(CO),. The =-back-donation
was found to be more important for the stability of the M(CO),, systems than the s-donation. The w-back-donation is largest
for the first row elements whereas o-donation is largest for second and third row elements. The repulsive interactions between
occupied nd metal orbitals and occupied oo orbitals were found to weaken the M—CO bonds for the second and third row
elements in the pentacarbonyls and tetracarbonyls compared to the homologous systems of the first row elements. Calculations
are also presented on the M—CO bond strength in V(CO)¢~, Mn(CO)4* as well as the Ni-L bond strength in Ni(CO);L for
L = CS, N,, PH,, PF;, N(CH;),, P(CH;);, and As(CH;);.

I. Introduction

The extensive use of coordinatively saturated mononuclear metal
carbonyls as starting materials in organometallic chemistry, along
with their volatility and high molecular symmetry, has prompted
numerous experimental' and theoretical*® studies on their
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structure and reactivity. Special attention has been given to the
degree of o-donation and w-back-donation in the synergic* M—CO
bond, and now, after some controversy,¥ it seems well-estab-
lished*>25%% that r-back-donation is more pronounced in the
M-CO bond than ¢-donation.

There is, however, in spite of many experimental® investigations
still a lack of basic data on the thermal stability and kinetic lability
of the M—CO bond in essential metal carbonyls such as M(CO),
(M = Cr, Mo, W), M(CO); (M = Fe, Ru, Os), and M(CO), (M
= Nj, Pd, Pt), in particular with respect to the carbonyls of the
second- and third-row metals.

Theoretical methods have begun to play a role in determining
the energetics of organometallics®® and ab initio type methods have
recently been applied to calculation on the M—CO bond strength
of Cr(CO)q, 4 * Fe(CO)s,**f and Ni(CO),,’f but not yet to the
M-CO bond strengths of their second- and third-row homologues.

We shall here present calculations on the intrinsic mean bond
energy D(M-CO) and first CO dissociation energy AH of Cr-
(CO)4, Fe(CO)s, and Ni(CO), as well as their second- and
third-row homologues. Our calculations are based on the LCAO
program system of Baerends et al.® as well as a new density
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functional theory’ which previously has been applied to metal—-
metal bond strengths in transition-metal dimers and binuclear
complexes®® as well as the strengths of the M—H and M-CH,
bonds involving middle to late transition metals.t®

The LCAO program system by Baerends® et al. has, in con-
junction with the generalized transition-state method,® the distinct
advantage of providing a breakdown of the calculated bonding
energy!'® between M and CO in terms of steric factors as well as
electronic contributions from o-donation and =-back-donation.
The relativistic extension of the LCAO program due to Snijders
et al.!! makes it, in addition, possible to analyze!? the contribution
from relativistic effects to the M—CO bond energy.

The objective of this study has been, by way of the analysis
provided by the generalized transition-state method, to discuss
how trends in the M—CO bond strength within the series of hexa-,
penta-, and tetracarbonyls are influenced by changes in steric
factors, o-donation, and w-back-donation as well as relativistic
effects.

II. Computational Details

The Hartree—Fock-Slater (HFS) or Xo method!® has been used
frequently in calculations on transition-metal complexes. The HFS
method is, however, an approximation to the density functional
theory of Kohn and Sham*# in much the same way as ab initio
Hartree-Fock-Slater theory is an approximation to many-body
theories including configuration interaction, since both methods
neglect the correlation between electrons of different spins.'
Recent advances!® in density functional theory, which in many
ways parallels the development of post-HF methods, have led to
remedies for the lack of correlation between electrons of different
spins and other short-comings of the HFS method by including
two corrections to the HFS-energy expression Eypg in order to
obtain the new energy expression

Eps = Eyps + Ec + EXNF e8]

The first correction term E proposed by Stoll et al.!” represents
the correlation between electrons of different spins, whereas the
second correction term ExNE, due to Becke,” represents a nonlocal
correction' to the local HFS-exchange energy Ex. All calculations
presented here were based on the LCAO-HFS program system
due to Baerends et al.® or its relativistic extension due to Snijders
et al.!! with only minor modifications to allow for Becke’s nonlocal
exchange correction’ as well as the correlation between electrons
of different spins in the formulation by Stoll et al.!” based on
Vosko’s'® parametrization from electron gas data. The SCF part
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of the calculations, as well as the optimization of geometrical
parameters, included, of the two correction terms in eq 1, only
E ¢ corresponding to the correlation between electrons of different
spins. The wave functions generated from this type of SCF
calculation were used to calculate Becke’s nonlocal exchange
correction Ex™t at the optimized or assumed geometries, in order
to evaluate Epg of eq 1. Bond energies were evaluated by the
generalized transition-state method® or its relativistic extension.!?

The molecular orbitals were expanded in an uncontracted
triple-¢ STO basis set!® augmented by a single STO d-orbital ({34
= 25, §'N3d = 22, §03d = 20, {S3d = 20, §‘P3d = 13, §'As4d = 16)
on the ligand atoms, with the exception of H where a 2p polar-
ization STO function of {f,, = 1.0 was used. A set of auxilliary
s,p, d, f, and g STO functions,? centered on all nuclei, was used
in order to fit the molecular density and present the Coulomb and
exchange potentials accurately in each SCF cycle. The orbitals
in the upper ns, np, nd, (n + 1)s, and (n + 1)p shells on the metals
and the upper ns, np shells on the ligands were considered as
valence whereas orbitals in shells of lower energies were considered
as core and frozen according to the procedure by Baerends et al.®

Geometrical parameters for the ligands were taken as those of
free CO, CS, N,, PH,, PF;, N(CH,);, and As(CH;); molecules,
respectively. The M-C bond distances were given experimental
values in M(CO)4 (M = Cr, Mo, W)*? and Ni(CO),.** The M-C
bond distances for M(CO), (M = Pd, Pt) were those of ref 21.
All other bond distances were optimized.

Bond energies derived from optimized structures differ usually
only by a few kJ mol™ from those derived from experimental
geometries.2*> The optimized M—C bond distances in metal
carbonyls are between 0.05 and 0.02 A shorter than the bond
lengths obtained experimentally.’sf

L. Cr(CO)¢, Mo(CO)¢, and W(CO),

The hexacarbonyls of chromium, molybdenum, and tungsten
1 were all synthesized early on in this century. They are, primarily
as a result of their stability and volatility, among the best char-
acterized and most widely used organometallic compounds. The
high molecular symmetry (O,) of 1 has further facilitated nu-
merous theoretical studies on the electronic structure of M(CO),
(M = Cr, Mo, W) 4h54e

The bonding in 1, between the d° metal center with a t§,

electronic valence configuration and the CO ligands, has been
accounted for successfully'®34¢ in terms of donation of charge 2a
from linear combinations of the carbon-based o lone-pair orbitals
of octahedral e, symmetry to the empty e, d-orbitals on the metal
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center, as well as back-donation 2b from the t,, metal d-orbitals
to linear combinations of vacant w*¢g orbitals with t,, symmetry.
More elaborate bonding schemes include, in addition, donation
of charge 2¢ from the linear combination of o¢q orbitals with a),
symmetry to the (n + 1)s metal orbitals, as well as donation to
the (n + 1)p metal orbitals from linear combination of respectively
oco (2d) and mwco (2¢) orbitals of t,, symmetry. For a recent
comprehensive discussion of the bonding in Cr(CO)¢ see Baerends
et al.>
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We shall here be concerned with periodic trends in the strength
of the M-CO bonding interaction within the triad M = Cr, Mo,
W. We will, as measures for the M—CO bonding interaction in
the hexacarbonyls, consider the intrinsic mean bond energy D-
(M-CO) between M (in its t§, valence state) and the six CO
ligands as well as the bond energy AH between M(CO)s and CO.

There are two sets of experimental data with a bearing on the
M-CO bond strength in M(CO),, namely, the mean bond energy
E corresponding to the process

M(CO)(g) — M(g) + 6CO(g) - 6E (2a)

and the first bond dissociation energy AH corresponding to the
process

M(CO)s — M(CO)s + CO - AH (2b)

The mean bond energy E has been measured® with considerable
accuracy as Ec, = 108 kJ mol™!, Ey, = 151 kJ mol™?, and Eyw
= 179 kJ mol™! for chromium, molybdenum, and tungsten, re-
spectively. It is, however, important to note the E is given by

E = D(M-CO) - %AE, (3)

where AE ., is the energy required to promote the metal atom
from its high-spin electronic ground state to the t3, valence con-
figuration. One can, as a consequence, not conclude from the order
Ec; < Eyo < Ey that the M-CO bonding interaction, as repre-
sented by D(M-CO), will increase through the triad (M = Cr,
Mo, W), since AE,,,, might differ significantly for the three
elements. Experimental data on the promotion energy AE,., are
unfortunately not available, although AE,, in principle can be
measured, and it is thus not possible, presently, to deduce the
ordering of the M-CO interaction in group 6 from the average
bond energies Ec,, Epo, and Ey.

The first bond dissociation energy AH is on the other hand a
direct measure for the strength of the M—CO bond interaction.
It is further an extremely important kinetic parameter, since the
dissociation process 2b is assumed to be a key step in the large
volume of kinetically useful substitution reactions??

M(CO)¢ + L — M(CO)sL + CO )

where L is introduced into the coordination sphere of M by re-
placing one carbonyl ligand.
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Table I. Calculated Mean Bond Energies, E, and M-CO Force
Constants, k(M-CO), for Cr(CO)¢, Mo(CO)g, and W(CO),,
Compared to Experimental Values

k(M-CO)

E (kJ mol™) (mdyn A1)
M(CO) calcd exptl? caled exptl?
Cr(CO)q 107 110 2.24 2.08
Mo(CO)q 126 151 2.0 1.96
W(CO), 156 179 2.6 (2.0)° 2.36

9Reference 2¢c. “Reference 3d. ¢Nonrelativistic results in par-
entheses. ?Based on calculations without Ex L.

The first bond dissociation energy AH has been measured for
three elements M = Cr, Mo, and W by two independent tech-
niques with quite different results as far as the ordering of AH,,
AHy,, and AHy, is concerned. Lewis, Golden, and Smith?* find
in a recent laser pyrolysis study the following order: AHw > AHy,
> AH¢,, with AHc, = 153.8 kJ mol™}, AHy, = 169.3 kJ mol™,
and AHy = 193.3 kJ mol™, respectively, for the three hexa-
carbonyls.

Kinetic studies®® on the substitution reaction 4, for which (2b)
is assumed to be a rate-determining step, afford, on the other hand,
invariably, the order AHy ~ AHc, > AHy,. This order is,
provided that (2b) in fact is a rate-determining step in (4) for all
three metals, in harmony with the experimental observation that
the substitution reaction 4 is more facile for Mo(CO) than for
Cr(CO)¢ or W(CO)y.

We found that it might be of interest, as a supplement to the
experimental studies on the periodic trends in the M—CO bond
strength among d® hexacarbonyls, to undertake a theoretical in-
vestigation, and we shall in the next sections provide estimates
of D(M-CO) as well as AH along with an analysis of the various
steric and electronic contributions to the M—CO bond strength.

(a) Average M—-CO Interaction Energies in d° Hexacarbonyls.
We compare in Table I our calculated mean bond energies in
Cr(CO)g, Mo(CO)4, and W(CO), with the experimental data on
E. The calculated values differ by as much as 25 kJ mol™! from
the experimental energies, but they follow otherwise the experi-
mentally observed ordering: Ew > Eno > Eq,

We have in an effort to understand the ordering Eyw > Ey, >
Ec, in more detail decomposed the mean bond energy, E, into a
number of terms by considering the formation of M(CO)¢ from
M (in its high-spin electronic ground state) and six CO ligands
in a sequence of steps. The metal atom is in the first step promoted
from its high-spin electronic ground state to the d¢ valence state
with the t§, configuration. The promotion energy required for
the first step is AE,,. The metal atom M, now in its tgg valence
state, is in the second step brought together with the six CO ligands
to the positions they will have in M(CO)q, while confining the
electrons to the orbitals they occupied in the free states of CO
and M(tgg), respectively. Thus after this step the system is de-
scribed by the normalized and antisymmetrical product wave
function

Ve = A(Vy* Yo, - *Feo,) (5)

where Wy is the wave function for M(t§,) and ¥¢o_ the wave
function of one of the CO ligands (n = 1, 6). The energy required
in the second step, AE®, is given by

AE°® = E° - E(M) - 6E(CO) (6)

where E° is the energy corresponding to ¥°, whereas E(CO) is
the energy of a CO ligand and E(M) the energy of M(t$;). The
energy AE®, which we shall refer to as the steric interaction energy,
has two components. The first is the pure electrostatic interaction,
E.., between M and CO (as well as between different CO lig-
ands), and the second the exchange repulsion, AE,,,,, from the
destabilizing two-orbital four-electron interactions between oc-
cupied orbitals on M and the CO ligands (as well as between
occupied orbitals on different CO ligands). Thus

AE® = AE, + Eq, )

The principal contribution to AE,,,, comes in the hexacarbonyls
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Table II. Decomposition of the Mean Bond Energy, E, and Intrinsic Mean Bond Energy, D(M-CO), in Cr(CO),, Mo(CO),, and W(CO),

YeDEpey  'AE®  /AE(a)  /AE(e)  /6AE(ty)  /AE(ty)  /sAEq E°  D(M-CO)?
Cr(CO)q 100.7 142.5 -19 -79.1 ~237.4 -35.2 110 211
Mo(CO), 51.6 147.2 -3.2 -108.1 ~189.3 -239 126 178
W(CO), 54.4 155.0 -2.1 -122.1 ~186.4 -19.4 -352 156 210

“The mean bonding energy E is given as E = ~!/([AE, ., + AE® + AE(a,;) + AE(e,) + AE(ty,) + AE(ty,) + AE,y]. ®The internal bond energy
D(M-CO) is given as D(M-CO) = -!/([AE® + AE(a,g) + AE(e,) + AE(ty,) + AE(ty,) + AE,).

from the interaction between the o orbitals on the ligands and
the fully occupied ns, np orbitals on the metal.

In the third step we allow the density to relax to that of M(CO),
by performing a full SCF calculation. We will, in this step, have
an energy contribution, AE(t,,), from the back-donation 2b in
the t,, representation as well as the energy contributions, AE(ay,),
AE(e,), and AE(t,), from the donations 2a, 2¢, 2d, and 2e in the
aj,, € and t,, representations, respectively.

Collecting the various terms and taking into account contri-
butions from relativistic effects as a separate term, AEg, provide
the following expression for the mean bond energy

E = -Y[AE,., + AE® + AE(ay,) + AE(ty,) + AE(e,) +
AE(ty,) + AER] (8)

The reader is referred to ref 24 for a more detailed account
of the decomposition scheme outlined here.

The intrinsic bond energy D(M—-CO), which does not depend
on the promotion energy AE,., of the first step but otherwise
compromises all contributions from step 2 and step 3 of our
decomposition scheme, is further given by

D(M-CO) = -Y[AE® + AE(ay,) + AE(ty) +
AE(ey) + AE(ty,) + AER] (9)

It follows from Table 11, where E and D(M—CO) as well as their
components are presented for M(CO)4 (M = Cr, Mo, and W),
that the mean bond energy E and the intrinsic mean bond energy
D(M-CO) follow quite different trends through the triad. Thus,
whereas E is increasing down the triad, the intrinsic mean bond
energy D(M-CO) has the following ordering: D(Mo-CO) <
D(Cr-COQ) ~ D(W-CO), with the weakest bonding interaction
between M(tgg) and CO for molybdenum. The different trends
in E and D(M-CQ) are related to variations in the promotion
energy AE.,, see Table 11, as the promotion energy is seen to
be much larger for M = Cr than for M = Mo, W. That the
promotion energy is largest for chromium is perhaps not unex-
pected since AE.,., depends on exchange integrals that in general
are larger for the relatively contracted 3d-orbitals of chromium
than for the more diffuse 4d- and 5d-orbitals of molybdenum and
tungsten.

The relativistic correction, AER, which only is of importance?
for M = W, is seen to strengthen the W-CO bond considerably
(Table II). In fact, the intrinsic bond energy D(W-CO) would
be comparable to D(Mo—CO) without the relativistic contribution
AE,y. Thus, the fact that the M—CO bond is weakest for mo-
lybdenum, at least according to our calculations, is indirectly a
relativistic effect, since our calculations suggest that the M—-CO
bond without relativity would be even weaker for tungsten.

We note, in turning next to the electronic terms AE(a,,), AE-
(e;), AE(ty,), and AE(ty,) as well as the steric interaction energy
AE®, that the contribution to £ and D(M—-CO) from the steric
interaction energy, —1/¢AE®, is destabilizing (negative) due to the
four-electron two-orbital interactions represented by AE.,, of eq
7, whereas all the electronic terms have stabilizing (positive)
contributions to E and D(M-CO). The back-donation 2b from
d, to mco* is seen for all three metals to be more important for
the stability of M(CO), than the donation 2a from o¢g to d,, as
-1/6AE(ty,) is larger than -'/¢AE(e,) throughout the triad, see
Table II. There is, however, a clear distinction between Cr(CO),
on the one hand and Mo(CO), and W(CO), on the other, in that
the contribution to D(M-CO) from the back-donation, -1/,AE-
(tg), is larger for M = Cr than for M = Mo, W, whereas the
contribution to D(M—CO) from the donation, -/ ,AE(e,), is larger
for M = Mo, W than for M = Cr.
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Figure 1. Orbital energy levels for M and CO. The average energies of
the d-orbitals for Cr, Mo, and W in the d¢ configuration, for Fe, Ru, and
Os in the d® configuration, as well as Ni, Pd, and Pt in the d'° configu-
ration are shown relative to the oo HOMO and m¢o* LUMO of CO.

The stronger o-bonding interaction in 2a for Mo(CO), and
W (CO)¢ compared to Cr(CO); is in the first place the result of
better overlaps between d, and o¢g in the case of the relatively
diffuse 4d, and 5d, orbitals of molybdenum and tungsten, re-
spectively, compared to the case of the rather contracted 3d, orbital
of chromium. Thus, the group overlaps S, in 2a were calculated
as 0.38, 0.48, and 0.50 for M = Cr, Mo, and W, respectively. The
4d and 5d orbitals are moreover seen to have a better energy match
with ocq than 3d (Figure 1) as they are of lower energy. The
better energy match will further enhance the o-bonding interaction
2a in Mo(CO), and W(CO), compared to Cr(CO)g. The 4d- and
5d-orbitals are of lower energies than 3d since the d-d repulsion
is smaller for the diffuse 4d- and 5d-orbitals than the contracted
3d-orbitals.

The group overlaps S, in the w-interaction 2b, calculated as
0.41,0.47, and 0.48 for M = Cr, Mo, and W, respectively, would
tend to render Mo(CO)¢ and W(CO), a stronger w-interaction
than Cr(CO),. However, the 3d-orbital of chromium has, on the
other hand, the more favorable energy match with wco* as it is
of higher energy than the 4d- and 5d-orbitals of molybdenum and
tungsten, respectively (Figure 1). The more favorable energy
match in the case of the 3d-orbital is the prevailing factor for the
w-interaction 2b according to our quantitative calculations (Table
I1), where -1/,AE(t,,) is calculated to be larger for M = Cr than
for M = Mo and W. The role of (n + 1)p and in particular (n
+ 1)s as acceptor orbitals is seen to be modest in M(CO),, see
-AE(ty,) and ~AE(a,,) of Table II, respectively. The 4p-orbital
of chromium forms somewhat stronger overlaps with o¢co and m¢o
than the 5p- and 6p-orbitals of the heavier elements, and is thus
better able to interact with g in 2d or 7o in 2e. The contri-
bution from —AE(t,,) to D(M-CO) is as a result marginally larger
for M = Cr than for M = Mo, W. The steric interaction energy
AE®°, the final term in our energy decomposition scheme, is quite
similar for the three hexacarbonyls with a spread of only 10 kJ
mol~! in favor of Cr(CO)s. The hexacarbonyls do not have any
contribution to AE® from g-interactions between occupied nd-
and oco-orbitals. We shall see latér, in connection with our
discussion of the M(COQ), and M(CO); systems, that such in-
teractions have a strongly destabilizing effects on the M—-CO bond,
in particular for the heavier 4d and 5d elements.

Each of the components in D(M-CO) depends, as it is shown
in Figure 2 for the leading terms AL®, AE(e,), and AE(ty),
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Figure 2. Steric and electronic contributions to D(M—-CO) in M(CO),
(M = Cr, Mo, W) as a function of R(M-CO). The three major com-
ponents in the decomposition of the intrinsic mean bond energy D(M—
CO) of M(CO)s, the steric interaction energy !/,AE®, the o-donation
energy '/cAE(e,), and 7-back-donation energy '/;AE(ty,), are given as
a function of R(M-CO) for M = Cr, Mo, and W,
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Figure 3. (A) The o-donation energy !/cAE(e,) as a function of the steric
interaction energy !/(,AE® in M(CO)¢ (M = Cr, Mo, W). (b) The
w-back-donation energy ' /¢AE(t,,) as a function of the steric interaction
energy !/¢AE® in M(CO)¢ (M = Cr, Mo, W).

strongly on the M—CO distance, more so actually than D(M-CO).
It is possible in fact, as it can be seen in Figure 2, to enhance the
o-donation 2a as well as the #-back-donation 2b considerably for
any of the hexacarbonyls by decreasing the M—CO distance, but
not without increasing at the same time the steric interaction
energy AE°. What is of importance then for the relative strength
of the M-CO bonds in M(CO), is the dependence of AE(e,) and
AE(ty) on AE®, that is, the stability gained from AE(e,) and
AE(ty,) for a certain value of AE®. The dependence of AE(e,)
and AE(ty,) on AE® is depicted in Figure 3, where it can be seen
that AE(e,) renders more stability to Mo(CO)s and W(CO), than
to Cr(CO), for the same value of AE®, whereas the opposite is
the case for AE(ty,).

We have finally found, in an extension of our study on the d¢
hexacarbonyls to V(CO)4 and Mn(CO)¢*, that D(V-CO) and
D(Mn-CO) bracket D(Cr-CO), with D(V-CO) = 297 kJ mol™
and D(Mn-CO) = 135 kJ mol™}, respectively. The ordering
D(V-CO) > D(Cr-CO) > D(Mn-CO) is, as one would expect,
caused by a decrease in the back-bonding interaction (2b) through
the series M = V, Cr, Mn.

We note, in summarizing our analysis, that the intrinsic bond
energy D(M—-CO) in the nonrelativistic limit is larger for Cr(CO);
than for either Mo(CO)¢ or W(CO),, primarily as a result of a
stronger w-interaction in 2b for M = Cr compared to M = Mo,
W. Relativistic effects will, however, change the ordering to
D(Mo-CO) < D(Cr-CO) ~ D(W-CO) by enhancing the
strength of the W-CO bond. The experimentally observed or-
dering E¢, < Ey, < Ey, for the mean bonding energies is further
seen to reflect differences in the energy required to promote the
metal atoms from there electronic ground states to the t§, valence
configuration, rather than trends in the M—CO bond strength.
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Table III. Calculated Values for the First Ligand Dissociation
Energy AH in Cr(CO)s, Mo(CO)q, W(CO)¢, Mn(CO),*, and
V(CO)s Compared to Experimental Data

AH (kJ mol™)

M(CO); caled exptl? exptl? exptl°
Cr(CO)s 147 162 155 154
Mo(CO)s 119 126 142 169
W(CO)s 142 166 159 192
Mn(CO)¢* 92
V(CO)s 171

9Kinetic data from ref 23. ?Photochemical data from ref 2b.
¢ Laser pyrolysis data from ref 2a.

The calculated mean bond energies, E, are as already mentioned
in reasonable agreement with experimental data. We expect the
major part of the error in our theoretical values to come from
calculations on the promotion energy AE., The calculated
intrinsic mean energies should thus be more accurate than the
mean energies.

(b) First Ligand Dissociation Energy in d® Hexacarbonyls.
Calculated values of the first ligand dissociation energy, AH, for
M(CO)4 (M = Cr, Mo, W) are compared in Table III with
experimental data from different sources. Our calculated ordering
for the first ligand dissociation energy, given as AHy, < AHy
~ AHpg,, is in line with the data from solution kinetics?® as well
as Bernsteins? results based on a photochemical study, but differs
from the ordering AH, < AHy, < AHy, obtained by Lewis et
al.? in their laser pyrolysis work.

The first ligand dissociation energy can be decomposed in a
way similar to the mean bond energy, AE, as

AH = -[AE,,, + AE® + AE(a,) + AE(e) + AEg] (10)

Here AE® is the steric interaction energy between CO and the
M(CO); fragment whereas AE(a,) represents the contribution
to AH due to the donation 3a from o¢q to the LUMO or M(CO)s,
and AE(e) is the contribution to AH due to the back-donation
3b from the HOMO of M(CO); to the wco*-orbital of CO. The
contribution from relativistic effects is given as AEz. There is
no electronic promotion energy required in the interaction between
M(CO)s and CO, but AE, should, in principle, have a con-
tribution from the energy required to relax the geometry of free
M(CO); to that of the M(CO), framework in M(CO);. We have
not included such a relaxation energy in the present work. Thus
AH of Table III is with respect to CO and a square-pyramidal
M(CO); fragment of the same geometry as the M(CO);
framework in M(CO)s. We expect, however, the relaxation energy
to be small since both experimental?® and theoretical'**" studies
indicate that d® pentacarbonyls have a square-pyramidal
ground-state conformation.
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It can be seen from Table IV, where AH is decomposed into
its various components, that the steric interaction energy AE® and
the term AE(a,), representing the donation 3a, are quite similar
for the three hexacarbonyls, whereas AE(e), from the back-do-
nation 3b, is more important for Cr(CO), than for either Mo(CO);
or W(CO)4. The back-donation 3b is thus in the nonrelativistic
limit responsible for AHc, being larger than AHy, or AHy,.
Relativity will, however, strengthen the W-CO bond to the extent
where AHy, becomes similar to AH(,, Table IV, just as in the case

(26) Burdett, J. K. Coord. Chem. Rev. 1978, 27, 1.
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Table IV. Decomposition of the First Ligand Dissociation Energy,
AH, in Cr(CO)4, Mo(CO),, and W(CO),

M(CO), AE°%  AE(a;)® AE(e)t AER? AH°

Cr(CO), 193 ~163 -177 147
Mo(CO), 197 -165 -148 -3 119
W(CO), 197 -160 -154 -25 142

9The first bond dissociation energy AH is given by the following:
AH = -[AE® + AE(a,) + AE(e) + AEg]. kJ mol.
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Figure 4. Energies of the HOMOs and LUMOs in M(CO), relative to
oco and weo* of CO.

of the intrinsic mean bond energies discussed in the previous
section.

The HOMOs of M(CO)s, involved in the back-donation in-
teraction 3b, are in-phase combinations between metal nd,-orbitals
and the wcq-orbitals on the five CO ligands. These orbitals have,
in contrast to their parent d-orbitals, nearly the same energy in
the three M(CO); fragments (Figure 4) since the higher energy
of 3d (Figure 1) is offset by a stronger w-interaction in Cr(CO);
compared to Mo(CO)s and W(CO);. The difference in the
strength of 3b, between M = Cr on the one side and M = Mo,
W on the other, can as a consequence, not be explained in terms
of variations in the energy match between m-o and the HOMOs
of M(CO)s. Nor can it be explained in terms of a significant
difference in the overlaps between wco and the HOMOs, as the
overlaps were calculated to be 0.18, 0.19, and 0.19 for M = Cr,
Mo, and W, respectively.

The back-donation interaction 3b constitute a delocalization
of charge from the metal center to the moo*-orbital, and it is a
favorable process as it reduces the electron-electron repulsion
around the metal center. The electron—electron repulsion is,
however, stronger for chromium, with the relatively contracted
3d-orbitals, than it is for molybdenum and tungsten, with their
more diffuse 4d- and 5d-orbitals, and the delocalization 3b is, as
a consequence, more favorable for M = Cr than for M = Mo and
W.

We have here in our theoretical study found that the intrinsic
bond energy D(M—-CO), as well as the first ligand dissociation
energy AH, in the nonrelativistic limit follows the ordering Cr
> Mo ~ W, through the triad, primarily as a result of a stronger
back-bonding interaction in Cr(CO)¢ compared to Mo(CO)¢ and
W(CO);. Relativistic effects will, however, strengthen the M—CO
bond to the extent where the ordering for AH and D(M-CO)
becomes Mo < Cr ~ W.

The finding here, that the Mo~CO bond is weaker than either
the Cr—CO or W-CO bonds, has also been inferred from kinetic
data,? but it is at variance with recent direct measurements of

Ziegler et al.

AH by Lewis et al.2 in which the ordering AH¢, < AHy, < AHy
was obtained. We are not able to give a rational?’ for the different
conclusions reached by the various experimental techniques (Table
III) nor can we exclude that our theoretical results are misleading
due to the approximations inherent in the theoretical method. We
would, however, like to point out that there are several other
examples where the 4d member of a homologous series of metal
fragments appears to have a weaker interaction with a strong
m-accepting ligand than its 3d and 5d congeners, and we shall in
the next sections discuss some more possible examples among
mononuclear metal carbonyls.

It has been pointed out?? that the ordering of the observed
k(M-CO) force constants for M(CO), (Table I1I) correlates with
the ordering for AH inferred from kinetic experiments.”> We have
calculated the k(M-CO) force constant to be smaller for M =
Mo than for M = Cr and W (Table I1I) after the inclusion of
relativistic effects. The two force constants k(W-CO) and k-
(Mo~CO) are on the other hand similar in the nonrelativistic limit
and both smaller than £(Cr-CO) (Table III). The relation be-
tween bond energies and force constants is unfortunately not a
simple one, and it is, as a consequence, not possible from the
relative magnitudes of the observed k(M-CO) force constants
conclusively to predict the trend in the first CO-dissociation energy
AH.

The calculated first ligand dissociation energies for the d¢
hexacarbonyls Mn(CO),* and V(CO)4 (Table III) are, as one
might expect, respectively smaller and larger than AH of Cr(CO);.
The ordering AHy, < AHg, < AHy is a reflection of the increase
in back-donation through the series Mn(CO)4*, Cr(CO),, and
V(CO)s~.

IV. Tetrahedral d'° Complexes

Ni(CO), appears, among the d!° tetracarbonyls Ni(CO),,
Pd(CO),, and Pt(CO), of the platinum triad, to be more stable
than the two homologues Pt(CO), and Pt(CO),. Thus Ni(CO),
is stable at ambient temperatures, whereas Pt(CO)4 and Pd(CO),
only have been isolated in a low-temperature-matrix.?® Accurate
experimental values are available on the mean bond energy, E,
as well as the first ligand dissociation energy,”® AH, for Ni(CO),.
The apparent instability at room temperature of Pt(CO), and
Pd(CO), has on the other hand to data precluded any thermo-
chemical measurements on the Pt—CO and Pd—CO bond strengths,
and the relative stabilities of the two bonds are at present unknown.
For other w-accepting ligands, notably L = PF; and P(OEt);,
where d© ML, complexes are stable for all three members of the
platinum triad, one observes,?® however, that the 4d member has
a more labile M-L bond than the 3d and 5d congeners, just as
in the case of the hexacarbonyls.?

There is according to the traditional qualitative bonding scheme
for d'° tetracarbonyls (Figure 5) a strong destabilization of
M(CO), in the o-framework due to the repulsive interaction 4¢
between the fully occupied oco- and nd-orbitals in the t, repre-
sentation. Some stabilization in the o-framework is, however,
rendered by the interactions between the ocg-orbitals and the
empty metal acceptor orbitals (7 + 1)s (4a) or (n+ 1)p (4b). The
interactions in the w-framework (Figure S5) are stabilizing and
include w-back-donations to wco* from d-orbitals of e symmetry
(5a) or t, symmetry (5b) as well as a donation (polarization) of
charge from o¢g to meo* (5¢). There have been several theoretical
studies on Ni(CO),,* including the very recent work by Bausch-
licher and Bagus,™ where it was stressed that the acceptor ability
of the meo* ligand orbitals is more important for the stability of
Ni(CO), than the acceptor abilities of the 4s and 4p metal orbitals.

(27) Two activation energies of 45.5 and 35.3 kJ mol™, respectively, were
obtained in ref 2a for the first CO dissociation in Cr(CO)g, with the smaller
value of 35.3 kJ mol™' being adopted in the final evaluation of AH. If the
larger value of 45.5 kJ mol™' had been adopted the ordering for AH would,
in agreement with other experimental data as well as our calculation, have
been AHy, < AHe, ~ AHy,.

(28) Kundig, E. P.; Mclntosh, D.; Moskovits, M.; Ozin, G. A. J. Am.
Chem. Soc. 1973, 95, 7234.

(29) Meler, M.; Basolo, F.; Pearson, R. G. Inorg. Chem. 1969, 9, 795.
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tigated in any details by theoretical methods.
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We shall, in the next sections, discuss how the o-donations, 4a
and 4b, and w-back donations, Sa and 5Sb, as well as the inter-
actions, 4¢ and Sc, influence the relative strengths of the M—-CO
bonds in M(CO), (M = Ni, Pd, and Pt). Both the intrinsic mean
bond energy D(M—-CO) between M, with the d!° valence con-
figuration, and four CO ligands, as well as the first CO dissociation
energy, AH, will be considered as measures for the M—CO bond
strength. We shall further, for the d'° metal centers, compare
the M—CO bond strength to the strength of M-L bonds involving
other w-accepting ligands L. For the ML, systems mentioned here
calculations on the M-L bond strength have previously only been
carried out on Ni(CO),*bh and M(CO), (M = Pd, Pt).5h

(a) The Intrinsic Mean Bond Energies in M(CO), and M(PF;)
for M = Ni, Pd, and Pt. The calculated intrinsic mean bond
energies, D(M-L), for M(CO), (M = Ni, Pd, Pt) and M(PF;)
(M = Nij, Pd, Pt) are given in Table V along with the experimental
values for Ni(CO), and Ni(PF,),. The experimental values were
deduced from the observed mean energies, E, and spectroscopic
data on the energy®® AE,,., (176 kJ mol™') required to promote

(30) Moore, C. E. In Atomic Energy Levels 1952, NBS C 467,
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Table V. Intrinsic Mean Bond Energies, D(M-L), for M(CO), and
M(PF,), with M = Ni, Pd, and Pt

D(M-L) D(M-L)
(kJ mol™) (kJ mol™)
ML, caled  exptl ML, caled  exptl

Ni(CO), 1789 191°
Pd(CO), 439
P{(CO),  38.8

aReference 2c.

Ni(PF;), 1933 1914
Pd(PF,), 95.6
Pt(PF;),  104.2

Ni from its *F ground state with the 3d®4s? configuration to the
IS valence state with the 3d'° configuration as D(Ni-L) = E +
! /4AE e, The calculated and experimental values for D(M-L)
differ by 13 and 3 kJ mol™! for Ni(CO), and Ni(PF;),, respec-
tively, and we find, in accordance with qualitative observations,
that the 3d systems form considerably stronger M-L bonds than
the 4d and 5d homologues (Table V). The tetrakis(trifluoro-
phosphine) complexes of palladium and platinum are further, again
in accordance with qualitative observations, calculated to be
considerably more stable than the corresponding tetracarbonyls.
We have finally found, as for the hexacarbonyls, that the M-L
bonds, with L = PF; and CO, are weakest in the case of the 4d
member of the triad (i.e., M = Pd) (Table V).

It is possible to decompose D(M-L) of ML, in a way similar
to D(M-CO) of the hexacarbonyls as

D(M-L) = -Y,[AE® + AE(a,)) + AE(e) +
AE(ty) + AEq(ty) + AEg] (11)

Here AE® is the sum of the steric interaction energies between
the ligands as well as M(d'°) and L, whereas AE(a,), AE(e), and
AER represent contribution from 4a, 5a, and relativistic effects,
respectively. There are three stabilizing interactions in the t,
representation, namely, 4b involving the (n + 1)p orbitals and 5b
involving nd as well as S¢. The combined contribuion to D(M-L)
from the three interactions 4b, 8b, and Sc is given as AE(t,). We
have estimated the respective contributions to AE(t,) from 4b on
the one hand and 5b as well as Sc on the other by performing
calculations on ML, with and without (n + 1)p-orbitals. Thus
in eq 11 AE,(t,) corresponds to 4b and AE,(t,) to 5b and Sc. We
did not try to determine the individual contributions to D(M-L)
from the two interactions 5b and Sc which both involve donation
of charge to mco*.

Table VI displays the different terms in D(M-L) according to
eq 11. We find for the tetracarbonyls that the low stability of
Pd(CO), and Pt(CO),, compared to Ni(CO),, largely is caused
by a stronger repulsive steric interaction in the case of M = Pd
and Pt than in the case of M = Ni, AE®° of Table VI. The
differential in AE® between M = Pd and Pt on the one hand and
M = Ni on the other is primarily due to the destabilizing ¢-in-
teraction 4c¢ between the fully occupied nd- and oco-orbitals (see
Figure 5). This interaction is stronger for the 4d and 5d members
than for the 3d member since the group overlaps in 4c¢ increase
down the triad as 0.19, 0.24, and 0.27 for M = Ni, Pd, and Pt,
respectively. The 4d- and 5d-orbitals are closer in energy to aco
than 3d (Figure 1).

The contributions to D(M-CO) from the metal acceptor orbitals
(n+ 1)s (4a) and (n + 1)p (4b), represented by -1/,AE(a,) and
-1/4AE\(t,), respectively, are rather modest and do not add much
to the stability of the M—CO bond in spite of the fact that the
combined occupation of (n + 1)s and the three (n + 1)p orbitals
is close to 1.0 (Table VII). The role of wco* as an acceptor orbital
is on the other hand crucial for the M—CO bond strength both
in 5a, with the contribution -'/,AE(e), and in particular in 5b
and Sc¢, with the combined contribution -!/,AE,(t,). The in-
teractions Sb and Sc serve primarily to relieve the destabilizing
interaction 4¢ by donating density to wco* from both nd and oco
(Table VII).

The w-acceptor interactions 5a, Sb, and Sc¢ are somewhat
stronger for M = Ni than for M = Pd, Pt as one might expect
from 3d being closer in energy to mco* than 4d and 5d (Figure
1). Relativistic effects are further seen to increase the Pt-CO
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Table VI. Decomposition of Intrinsic Mean Bond Energies, D(M-L), in M(CO), and M(PF;), for M = Ni, Pd, and Pt

Ziegler et al.

ML4 1/4AE° 1/4AE(al) 1/4AE(3) l/4AE2(t2) 1/4AE1(t2) 1/4AER D(M-L)a
Ni(CO), 165.5 -3.1 -74.1 -247.4 -19.8 178.9
Pd(CO), 269.9 -2.8 -58.6 -232.1 -14.1 -6.2 43.9
Pt(CO), 305.5 -2.4 —-58.6 -237.6 -14.6 -50.9 58.8
Ni(PF;), 118.4 6.3 -81.6 -195.6 -28.2 193.3
Pd(PF;), 186.8 -8.7 —64.6 -176.3 -24.8 -8.3 95.6
Pt(PF;), 213.8 -7.8 -59.6 -189.1 -23.8 -37.7 104.2

@The intrinsic mean bond energy D(M-L) is given as D(M-L) = -!/,[AE® + AE(a,) + AE(e) + AE|(ty) + AE,(ty) + AER].

Table VII. Mulliken Population Changes in Metal and Ligand Symmetry Orbitals of M(CO), and M(PF;), for M = Ni, Pd, and Pt

changes in Mulliken population of* each metal
symmetry orbital

changes in Mulliken population of each’ ligand
symmetry orbital

ML, (n+ 1)s (n+ 1)p d(e) e(ty) o(ay) ai(t) . *(e) T ¥ ()
Ni(CO), 0.20 0.17 -0.19 -0.29 -0.20 -0.21 0.19 0.33
Pd(CO), 0.16 0.20 -0.20 -0.30 -0.16 -0.21 0.21 0.31
Pt(CO), 0.18 0.23 -0.19 -0.35 -0.18 -0.22 0.19 0.34
Ni(PF,), 0.28 0.20 024 ~0.25 -0.28 -0.30 0.24 0.35
Pd(PF;), 0.22 0.28 -0.27 -0.30 -0.22 -0.30 0.27 0.32
Pt(PF;),4 0.21 0.29 -0.24 -0.34 -0.21 -0.30 0.24 0.35

“The d orbitals of ¢ symmetry are designated d(e) whereas the d orbitals of t, symmetry are designated d(t,). ®The o orbtials span the a, and t,
symmetries as o1(a;) and o1 (t,) combinations, respectively, whereas the = * orbitals span the ¢ and t, representations as = *(e) and w *(t,), re-

spectively.

bond strength sufficiently to make it stronger than the Pd—CO
bond, but not enough to bring it on a par with the Ni-CO bond
strength (Table VI). Rolfing and Hay*" also found the order of
stability as Ni 2 Pt > Pd in M(CO), systems. They did not,
however, discuss specifically the role of relativity although rela-
tivistic effects were included in their calculations.

We have, as already mentioned, calculated the tetrakis(tri-
fluorophosphine) complexes M (PF;), to be more stable than the
corresponding tetracarbonyls, in particular for M = Pd and Pt
(Table V). This is in line with experimental observations since
M(PF,), is stable at ambient temperatures for all three members
of the platinum triad, whereas Ni(CQO), as the only tetracarbonyl
is stable at room temperature.

The bonding in the M(PF;); molecules of T, symmetry is
qualitatively similar to that in the tetracarbonyls since PF; has
o- and w*-orbitals corresponding to oco and weo*, respectively,
and we can, as a consequence, use the same decomposition scheme
for D(M-PF;) as for D(M—-CO) (Table VI and eq 11). There
is, in going from L = CO to PF;, an enhancement in the energy
contributions to D(M-L) from the o-interactions 4a and 4b as
well as the w-back-donation interaction Sa (Table VI), but these
enhancements are not large enough to account for the M—PF; bond
being much stronger than the M—CO bond in the cases of M =
Pd and Pt. The determining factor is instead seen to be the steric
interaction energy, AE®, which is consistently smaller in the
tetrakis(trifluorophosphine) systems than in the corresponding
tetracarbonyls. This difference reflects first of all a weaker re-
pulsive interaction between nd and oy (dc) for L = PF; than for
L = CO, as a consequence of the oy orbitals forming smaller
overlaps with nd in the case of M(PF;), compared to M(CO),.
Thus, in the case of L = CO we have for the overlaps in 4¢ 0.19,
0.24, and 0.27, with M = Ni, Pd, and Pt, respectively, whereas
the corresponding overlaps for L = PF; are 0.16, 0.20, and 0.22,
respectively. The reduction in the steric interaction energy, in
going from M(CO), to M(PF,),, is to some degree offset by a
corresponding reduction in —!/,AE,(t,) from the two interactions
5b and Sc, instrumental in reducing the repulsive interaction 4c
(Table VI). We had originally expected that part of the difference
in AE® between M(PF;), and M(CO), might stem from a dif-
ference in the L-L steric interaction energies. We have, however,
found that the contributions to -!/4,AE® from the L-L steric
interactions, 32 and 35 kJ mol™® for L = CO and PF,, respectively,
are quite similar for M(PF;), and M(CO),.

We conclude that the acceptor ability of x * is more important
for the stability of the M(CO), and M(PF,), systems than the
acceptor abilities of the (n + 1)s and (n + 1)p metal orbitals.
Variations in the intrinsic mean bond energy D(M-L), with respect

Table VIII. Calculated Values for the First Ligand Dissociation
Energy, AH, in Ni(CO),, Pd(CO),, Pt(CO),, and Ni(CO};(N,)
Compared to Experimental Data

AH (kJ mol™) AH (kJ mol™)
M(CO);L  caled  exptl M(CO),L caled  exptl
Ni(CO), 106 104° Pt(CO), 38 (-14)
Pd(CO), 27 (20) Ni(CO);(N,) 71 426

9Reference 2a. ?Reference 35.

to both M and L, are in addition determined largely by the re-
pulsive interaction 4c between nd and o (Figure 5).

(b) The First Ligand Dissociation Energy of Ni(CO),, Pd(CO),,
and Pt(CO),. The calculated values for the first ligand dissociation
energy, AH, in Ni(CO),, Pd(CO),, and Pt(CO), are given in Table
VIII. The Ordering within the triad, AHNi > AHpt > Ade, is
the same as that for D(M—CO). The first ligand dissociation
energy, AH, is known experimentally? only for Ni(CO),, and it
can be seen from Table VIII that the experimental and theoretical
values differ by only 2 kJ mol™.

The first ligand dissociation energy can be decomposed as
AH = —[AE,, + AE° + AE(a;) + AE(e) + AEg] (12)
where AE,,, represents the energy required to deform M(CO);
from its trigonal planar equilibrium geometry 6a to the trigonal
pyramidal conformation 6b of the M(CO); framework in M(CO),,
whereas AE® is the steric interaction energy between CO and
M(CO); of conformation 6b. The two terms AE(a;) and AE(e)
are the electronic contributions to AH from the a; and e repre-
sentations as M(CO), is formed from M(CO), and CO under C;,
constraints.

B OO

N

6a 6b

The HOMO (7b) of M(CO)s, 3e of Figure 6, is a metal based
nd-orbital with out-of-phase contributions from o¢o and in-phase
contributions from 7co*. At somewhat lower energy is another
metal based nd orbital (7a) of e symmetry, 2e of Figure 6, with
in-phase contributions from wco*. Both 3e and 2e can interact
with mco* of the incoming CO ligand. The interactions between
3e of M(CO); and weo* (7b) will result in the formation of two
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Figure 6. Interaction diagram for the formation of M(CO);L from d*

M(CO); and L.

of the 2t, orbitals in M(CO), (Figure 6) and the interaction
between 2e of M(CO); and wco* (7a) in the formation of the two
le orbitals of M(CO),. The combined contributions from 7a and
7b are represented by AE(e) in eq 12.

& Pk

3e + Meo

7a 7b

[+]
C

oc”

The LUMO (8b) of M(CO),, 3a, of Figure 6, is a metal based
(d,s,p)-hydride orbital with in-phase contributions from wco*. At
lower energy is another M(CO); orbital (8a) of a; symmetry,
namely the metal based nd-orbital 2a,, with out-of-phase con-
tributions from o¢g and in-phase contributions from wco*. The
oco-orbital of the incoming ligand will interact repulsively with
2a, (8a), and this interaction will contribute significantly to AE®.
There will, in addition in the a, representation, be a stabilizing
interaction (8b) between 3a; and the oq orbital of the incoming
ligand in which density is donated from oo to 3a;. This inter-
action serves, together with a certain amount of polarization of
charge from 2a, of M(CO), to 3a; of M(CO),, to reduce the
repulsive interaction in 8a and leads further to the formation the
third 2t, orbital in M(CO), (Figure 6). The contribution from
8b as well as the 2a, to 3a, polarization is given in eq 12 as AE(a,).

%
o
[«

231.(5

8a

It can be seen from Table IX that the nonrelativistic ordering
for AH in M(CO),, AHy; > AHpy > AHp, is the result of an
increase in the steric interaction energy AE® through the triad,
primarily due to an increase in the repulsive interaction 8a as the
overlap in 8a is larger for M = Pd and Pt than for M = Ni. The
w-interactions 7a and 7b are further seen to enhance AHy; com-
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Table IX. Decomposition of the First Ligand Dissociation Energy,
AH, in Ni(CO),, Pd(CO),, and Pt(CO),

M(CO), AE, AE°® AE(a))® AE(e)’ AER? AH®

Ni(CO), 9.2 169.3 -1453 -1389 105.7
Pd(CO), 11.3 225.1 -1432 -1134 -71 273
Pt(CO), 106  261.1 -1456 -1126 -51.5 380

?The first ligand bond dissociation energy AH is given by AH =
[AEpe, + AE® + AE(a)) + AE(e) + AEg]. *kJ mol™.

pared to AHpy and AHp,, AE(e) of Table IX. Relativistic effects
will, in the by now familiar pattern, strengthen the Pt—CO bond
compared to the Pd-CO bond. The trend for the first ligand
dissociation energy in the relativistic limits is as a consequence
AHy; > AHp > AHp,.

(c) The Ni-L Bond Strength in Ni(CO),L for L = CO, CS, N,,
P(CH,);, N(CH,;),, and As(CH;);. We have carried out ex-
ploratory calculations on the Ni-L bond strength in Ni(CO),L
for a number of ligands in order to assess how different degrees
of o-donor abilities and w-acceptor abilities can influence the Ni-L
bond strength. The calculated bond energies are shown in Table
X along with the occupations of the of HOMO and = * LUMOs
of L. Ina comparison between two ligands the stronger w-acceptor
will have the higher value for the occupation of = * and the
stronger o-donor the smaller value for the occupation of ay.

The CS ligand, a better o-donor and m-acceptor than CO, has
the largest Ni-L bond energy in the series. The PF; ligand, a
relatively strong w-acceptor and modest o-donor, and P(CHj)s,
N(CHj;);, and As(CHy),, all good o-donors but weak w-acceptors,
have a somewhat stronger Ni-L bond than CO. The N, ligand
on the other hand, which is a poorer o-donor and r-acceptor than
CO, has a weaker Ni-L than CO. It is interesting that PH; has
a considerably weaker Ni-L bond than P(CH,), although the two
ligands in terms of charge seem to be equally good o-donors and
equally poor m-acceptors (Table X). The P(CH,); ligand forms
a stronger N-L bond than PH; since its o orbital is of higher
energy’! and thus has a better energy match with the 3a, LUMO
of Ni(CO);. The better bonding ability of P(CH,); compared
to PH; has been observed experimentally by Corderman and
Beauchamp® in CpNiL* where the CpNi*-L bond strength was
found to be 50 kJ mol™ larger for L = P(CHj;), than for L = PH,.
We have previously® calculated the Ni-L bond strength in Ni-
(CO);L with the Xa method for a number of different ligands.
It is, however, by now well established that the Xa method ov-
erestimates bond energies®* and the theoretical values in ref 33
are for this reason too high. The present density functional method
provides on the other hand, Table IX, in the cases of L = CO and
N,, where experimental data are available, values in reasonable
accord with experiment.

V. The Pentacarbonyls Fe(CO)s, Ru(CO)s, and Os(CO)s

The three pentacarbonyls Fe(CO)s, Ru(CO);, and Os(CO);
all have a trigonal-pyramidal structure 9a as determined in the
case of Fe(CO); by X-ray or electron diffraction studies®® and
in the cases of Ru(CO)s and Os(CO)s from IR spectroscopy.’¢

o o

¢ c °
0C._ O¢ 0C.m Com X

M co M [ co T ,M\k
of o¢ o of "

c c c °

° o o

9a 9b 9c 9d

(31) The orbital energy of o was calculated to be 1.9 eV higher in energy
in P(CHj3); than in PH;.
(32) Corderman, R. R.; Beauchamp, J. L. J. Am. Chem. Soc. 1976, 98,
3994.
(33) Ziegler, T.; Rauk, A. Inorg. Chem. 1979, I8, 1755.
(34) Ziegler, T.; Tschinke, V.; Versluis, L. NATO ASI 1986, Series C, 176,
89

(l35) Turner, J. J.; Simpson, M. B.; Paliakoff, M.; Maier, W. B. J. Am.
Chem. Soc. 1983, 105, 3998.
(36) Calderazzo, F.; Eplattenier, L. Inorg. Chem. 1967, 6, 1220.
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Table X. Calculated Values for the Ni-L Bond Energy, AH, in Ni(CO),L as well as the Occupations Q(e) and Q(w *) for the sy HOMO and
7.* LUMO of L, with L = CO, CS, N,, PF,, PH,, P(CH;),, As(CH3),, and N(CH,),

co cs N, PF, PH, P(CH,), N(CH,), As(CH,),
AH® 106 186 71 133 85 146 138 135
R(Ni-L)? 1.82 1.81 2.09 2.15 217 1.96 2.35
0(aL)" 1.69 1.56 1.89 1.84 1.59 1.54 1.62 1.59
O(r *) 0.20 0.22 0.11 0.19 0.09 0.09 0.02 0.05

2The Ni-L bond energy in kJ mol™. ®Optimized Ni-L bond distance in A. ¢Occupation of the ¢, donor orbitals of L. ¢Occupation for each of

the two w* acceptor orbitals of L.
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Figure 7. The o-interactions and w-interactions in M(CO)s (M = Fe,
Ru, Os) between orbitals on the metal center M with a d® configuration
and symmetry combinations (Ds;) of the oo HOMO and 7co* LUMO
orbitals of the five CO ligands. Only the upper valence levels are shown.

Accurate data on the mean bond energy? E and first ligand
dissociation energy?® AH are available for Fe(CO); but not for
Ru(CO); and Os(CO)s. Qualitative observations indicate, how-
ever, that Ru(CO)s, although thermally more robust than Pd-
(CO),, is thermally less stable than Fe(CO); and Os(CO)s,
whereas the thermal stability of Os(CO); is comparable to that
of Fe(CO)s and W(CO),. One? finds in addition, as for the d¢
hexacarbonyls Cr(CO)q, Mo(CO), and W(CO), as well as the
d!® ML, systems with M = Ni, Pd, and Pt, that the M-L bond
in d® ML, complexes involving M = Fe, Ru, or Os is kinetically
more labile for the second-row metal than for the first- and
third-row metals.

The M-L bond in FeL complexes is kinetically rather inert,
not only in comparison to the M—L bonds in RuL and OsL; but
also in comparison to M-L bonds in NiL, and CrL,. Thus, in
the first transition series one?’ finds for the M-L bond the fol-
lowing order of lability: FeLs < CrLg < NiL,. The lability order
for the M-L bond in the second and third transition series seems®’
on the other hand to be given by MLy « ML < ML, with the
M-CO bonds being considerably more labile in Ru(CO)s and
Os(CO);s than in Mo(CO), and W(CO)q, respectively. The reason
for the apparent change in the order of lability for the M-L bonds
among ML, MLs, and ML, systems in going from the first
transition series to the second and third transition series is not
known with certainty. There have been several theoretical studies
on Fe(CO)s; Rossi’® and Hoffmann have outlined the bonding
for pentacoordinated complexes in general and Fe(CO); in par-
ticular using the extended Hiickel method, whereas Bauschlicher®®
and Bagus have provided an elegant, and clear-cut, analysis of
the bonding in Fe(CO)s based on ab initio HF calculations. The
Fe(CO)s complex has further been the subject of one of the largest
configuration interaction ab initio®® calculations ever undertaken
on an organometallic system. There have only been a few cal-
culations on Ru(CO)4 and Os(CO)s.

(37) Atwood, J. D. In Inorganic and Organometallic Reaction Mecha-
nisms; Brooks/Cole: Monterey, 1985.
(38) Rossi, A. R.; Hoffmann, R. Inorg. Chem. 1975, 14, 365.

The interactions in M(CO); of conformation 9a, between M
in its d® valence configuration, with one vacant d(z?) orbital
pointing along the axial CO-M-CO bonds, and five CO ligands
are presented schematically in Figure 7. There are, in the o-
framework, two strongly repulsive interactions (10b) between
occupied ocq orbitals on the equatorial ligands and occupied nd
orbitals of ¢’ symmetry as well as one strongly bonding interaction
(10a) between the vacant d(z?)-orbital and op-orbitals primarily
centered on the axial ligands. The two predominant interaction
types in the o-framework, 10a and 10b, would tend to destabilize
the equatorial M-CO bonds relative to the axial M—CO bonds.

o
¥ © co

10a 10b 10c

®\§ ‘CC 2 #
E' Ay
10d 10e

There is in addition in the o-framework the possibility for o-do-
nations from ocg to (n + 1)s, 10e, or from oo to (n + 1)p, 10c
or 10d. The interactions in the w-framework, Figure 7, involve
w-back-donation 11b from occupied nd metal orbitals of ¢’ sym-
metry to mco*-orbitals on the equatorial ligands as well as =-
back-donation 11a from occupied nd metal orbitals of ¢” symmetry
to meo*-orbitals on equatorial and axial ligands. The more recent
studies’®® on Fe(CO)s have found that w-back-donation, in
particular 11b which serves to alleviate the repulsive interactions
in 10b, is more important for the stability of Fe(CO); than o-
donation. We shall, in the néxt sections, discuss the influence

11a 11b

of o-donation and w-back-donation, as well as the interactions 10b,
on the relative strength of the M—CO bonds in M(CO)s (M =
Fe, Ru, and Os). Both the intrinsic mean bond energy D(M-CO),
between M(d?) and five CO ligands, and the first CO dissociation
energy AH will be considered as measures for the M—CO bond
strength. Correlations, in conjunction with the results presented
in previous sections, will also be given between M-CO bond
strengths in hexa-, penta- and tetracarbonyls involving metals from
the same transition series.
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Table XI. Calculated Intrinsic Mean Bond Energies, D(M-CO), and
Equatorial CO Dissociation Energies, AH,, as well as Optimized
Axial and Equatorial M—CO Bond Distances, R,(M-CO) and

R, (M-CO), for Fe(CO)s, Ru(CO)s, and Os(CO)s

pM-C0)  aH, aH RM=CO) R(M-CO)
M(CO)s* caled caled  exptl caled exptl calcd exptl
Fe(CO); 2168 185 1764 177 1.814 179 1.83¢
Ru(CO)s 162.8 (157)° 92(86)* 117° 1.95 1.96
Os(CO)s 176.7 (130)° 99 (41)° 1.98 1.99

9 Nonrelativistic results in parentheses. ®Reference 2a. ¢Reference
4]. 4Reference 36. *The bond energies are in kJ mol™ and the bond
distance in A.

(a) The Intrinsic Mean Bond Energies of Fe(CO);s, Ru(CO)s,
and Os(CO);. The calculated bond energies and bond distances
for the pentacarbonyls are compiled in Table XI. The intrinsic
mean bond energy D(M-CO) of the pentacarbonyls is seen to
follow the familiar trend already encountered among the hexa-
carbonyls and tetracarbonyls. Thus, the ordering in the nonre-
lativistic limit is D(Fe—CO) > D(Ru—-COQ) > D(Os—CO), whereas
the ordering after the inclusion of relativistic effects is D(Fe—CO)
> D(0s—CO) > D(Ru-CO).

The intrinsic mean bond energy can, as it is done in Table XII,
be decomposed according to

D(M-CO) = -V[AE® + AE(a’;) + AE,(a’;) + AE,(¢/) +
AE,(¢’) + AE(a”;) + AE(e”) + AEg] (13)

where AE,(a’;) represents the o-donation 10e to (n + 1)s, AE(a”,)
and AE(e’) the o-donations, respectively 10¢ and 10d, to (n +
1)p, and AE,(a’,) the o-donation 10a to the vacant nd(z?) metal
orbital, whereas AE(e”’) correspords to the w-back-donation 11a
and AE,(e’) to the w-back-donation 11b, including as well some
oco to meo® polarization.

The w-acceptor ability of mco*, AE,(e’) and AE(e”) of Table
X11, is seen for all three pentacarbonyls to be more important for
the M—CO bond strength than the g-acceptor abilities of nd(z%)
and in particular (n + 1)s and (n + 1)p, AE,(a’)), AE(a’y),
AE,(¢’)), and AE(a”,), respectively, of Table XII. We find
further, for reasons already discussed in connection with the
hexacarbonyls, that the w-back-donation is stronger for M = Fe
than for M = Ru, Os, whereas the o-donation 10a is more im-
portant for M = Ru, Os than for M = Fe. The trend setting term
along the triad for D(M—CO) is the steric interaction energy AE®,
which is more destabilizing for M = Ru and Os than for M =
Fe. This is primarily so since the 4d- and 5d-orbitals, in com-
parison with the 3d-orbital, form stronger group overlaps in 10b
and thus, as in the case of the tetracarbonyls, are engaged in
stronger two-orbital four-electron repulsive interactions with the
oco orbitals.

We have seen that electronic factors, represented by m-back-
donation to wco* and o-donations to vacant nd orbitals, as well
as steric factors, dominated by repulsive interactions between
occupied nd and ocq orbitals, are of primary importance for the
M-CO bond strength in metal carbonyls. A comparison of the
results presented in Tables II, VI and XII indicates that electronic
factors are most favorable for the M—CO bond strength among
the pentacarbonyls where both n-back-donation and s-donation
are important, whereas the steric interactions are most favorable
for the M-CO bond among the hexacarbonyls, where repulsive
interactions between occupied nd and o¢q orbitals are absent. For
first-row transition metals, where the repulsive interactions between
occupied nd- and ocg-orbitals still are modest, electronic factors
will make the intrinsic mean bond energy D(M-CO) larger for
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Figure 8. Calculated bond energies for M(CO), (M = Cr, Mo, W),
M(CO);5 (M = Fe, Ru, Os), and M(CO), (M = Ni, Pd, Pt): (a) intrinsic
mean bond energies D(M—-CO); (b) first CO dissociation energies AH.

Fe(CO); than for Cr(CO), (Figure 8a). The steric factors will,
on the other hand, in carbonyls of 4d or Sd elements, where
repulsive interactions between occupied nd and o¢¢ orbitals are
considerable, cause the M—CO bonds in Ru(CO); and Os(CO);
to be weaker than in Mo(CO), and W(CO),, respectively, Figure
8a. The tetracarbonyls, in which all interactions between the
nd- and og-orbitals are repulsive, have, in each of the transition
series, weaker M—CO bonds than the corresponding hexacarbonyls
and pentacarbonyls (Figure 8a).

We have for Fe(CO)s, where a mean Fe-CO bond energy E
of 117 kJ mol™! has been measured, calculated E by evaluating
the experimentally unknown energy difference AE,., between the
d® valence state of Fe and its °D ground state corresponding to
the d%? electron configuration. We calculate, with AE,,, = 492.1
kJ mol™ and E = D(Fe-CO) - !/;AE,,.,, the mean energy E to
be 118.4 kJ mol™.

(b) Ligand Dissociation Energies for Fe(CO)s, Ru(CO)s, and
0s(CO);. Dissociation of the first CO ligand in the pentacarbonyls
Fe(CO)s, Ru(CO)s, and Os(CO); can take place from either an
axial or an equatorial position 9a with a simultaneous or subse-
quent relaxation of respectively 9c or 9b to the equilibrium con-
formation 9d of M(CO),. A previous theoretical study® has

preps

Table XII. Decomposition of the Intrinsic Mean Bond Energy, D(M-CO), in Fe(CO)s, Ru(CO)s, and Os(CO)s?

M(CO);s kAE®° kAE (a’)) kAE,(a’)) kAE (¢/) kKAE,(e") kAE(a”)) kAE(e”) kAER D(M-CO)
Fe(CO)s 210.8 -3.1 -53.7 -14.7 -211.8 -12.8 -131.5 216.8
Ru(CO); 250.5 -2.0 -93.2 -10.8 -187.1 -9.4 -105.0 -5.8 162.8
Os(CO)s 288.8 -2.3 -95.2 -11.3 -195.5 -9.5 -105.1 —46.6 176.7

?The intrinsic mean bond energy is given by D(M—-CO) = -k[AE® + AE(2’)) + AE,(a')) + AE(&)) + AE,(¢)) + AE(a”,) + AE(e”) + AER] with

k = 1/5. ®Energy components in kJ mol™.
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Table XIII. Calculated Equatorial Ligand Dissociation Energies,
AH, for Fe(CO)s, Ru(CO)s, and Os(CO);

M(CO)s AE,, AE® AE(a)) AE(b) AE(b;) AER AH®

Fe(CO)s 103 2126 -205.1 -129.3 -73.3 184.9
Ru(CO)s 162 3241 -2349 -1204 -71.2 -62 924
Os(CO); 16.8 3995 -263.2 -1209 -71.7 -589 984

“The first equatorial bond dissociation energy AH is given by AH =
~[AE,, + AE® + AE(a)) + AE(b,) + AE(b,) + AEg]. PAll energies
in kJ mol™®.

indicated that Ru(CO),, and this is probably also the case for
Os(CO),, has a low-spin singlet ground state. The dissociation
from either an axial or an equatorial position in the two closed
shell pentacarbonyls Ru(CO)s and Os(CO); should thus be a
spin-allowed process. The Fe(CO), species on the other hand has
been determined experimentally*® to have a high-spin triplet
ground state. The dissociation of the closed-shell pentacarbonyl
Fe(CO); into CO and triplet Fe(CO), would thus correspond to
a spin-forbidden process.* The experimentally? determined value
for the first ligand dissociation energy AH in Fe(CO); pertains,
however, to the spin-allowed dissociation of Fe(CO); into CO and
Fe(CO), in its first excited singlet state.

We shall here, where we primarily are interested in periodic
trends in the M—CO bond strength for the iron triad, restrict
ourselves to the dissociation of one CO ligand from the equatorial
position. We shall further consider the dissociation in which
M(CO), attains a singlet state for all three metals.

The energy AH required for the spin-allowed equatorial CO
dissociation process can, as it is done in Table XIII, be decomposed
according to

AH = -[AE,, + AE® + AE(a)) +
AE(by) + AE(by) + AER] (14)

The first term AE,., in eq 14 represents the energy required to
deform M(CO), from its singlet equilibrium conformation 9d to
conformation 9b. The M(CO), species in the singlet state were
found to be nonrigid with equilibrium structures 9d of D,; sym-
metries at A = 7 = 162°, 154°, and 154° for M = Fe, Ru, and
Os, respectively. A distortion of M(CO), to the C,, structure 9b
(A = 120°, r = 180°) requires less than 20 kJ mol™ (Table XIII).

B

2a,+ Oco

12b

e

1b, + Tt;o
12d

There is, as M(CO); is formed from CO and M(CO), under
C,, constraints, a strong repulsive interaction 12a between the
incoming occupied ocp-orbital and the occupied metal based
la,-orbitals of M(CO), which will contribute strongly to the steric
interaction energy AE® of eq 14. The repulsive interaction can
be reduced by donation of charge 12b from o¢g to the 2a, LUMO
of M(CO), as well as a polarization of charge from the occupied
la, orbital on M(CO), to the 2a, LUMO of M(CO), (Figure 9).
The two types of interaction will contribute with —~AE(a,) to AH.

The wco*-orbitals of the incoming CO ligand can interact with
the occupied b, (12d) and b, (12¢) orbitals of M(CO), to form

(39) Ziegler, T. Inorg. Chem. 1986, 24, 2721.

(40) Poliakoff, M.; Turner, J. J. J. Chem. Soc., Dalton Trans. 1974, 70,
93.

(41) Hugq, R.; Poe, A. J.; Chawla, S. Inorg. Chim. Acta 1979, 38, 121.
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Figure 9. Diagram for the interaction between M(CO), in conformation
9b with Cy, symmetry and CO. Only the upper valence levels are shown.

(Figure 9) respectively one of the le/ (11b) and 1e” (11a) orbitals
of M(CO)s. The two w-back-donation interactions 12d and 12¢
will contribute to AH or eq 14 with —~AE(b,) and -AE(b,), re-
spectively. The 1b; orbital (12d) is of higher energy than 1b, (12¢)
and is thus better able to interact with the incoming wco*-orbital
(Table IX). The contribution ~AE(b,) from 12d is for this reason
somewhat larger than the contribution —~AE(b,) from 12¢ (Table
XII1).

It is clear from Table XIII that the ligand dissociation energy
AH is much smaller for Ru(CO);s and Os(CO); than for Fe(CO);
as the second- and third-row pentacarbonyls have a larger steric
interaction energy AE® than Fe(CO)s, primarily as a result of
stronger repulsive interactions for M = Ru and Os than for M
= Fe in 12a. The sum of the two contributions ~AE(b,) and
-AE(b,) from the m-back-bonding interactions 12¢ and 12d is
larger for Fe(CO), than for Ru(CO); and Os(CO)s, whereas the
opposite is the case for the contribution ~AE(a,) due to the o-
donation 12b. The relativistic contribution is further instrumental
in stabilizing the Os-CO bond compared to the Ru-CO bond
(Table XIIT).

We have summarized the results presented in Tables IV, IX,
and XIIT on the first ligand dissociation energies AH for the
M(CO)¢, M(CO)s, and M(CO), systems in Figure 8b. A com-
parison with Figure 8a shows that D(M—CO) and AH follow the
same trends although D(M-CO) for each M(CO), systems is
somewhat larger than the corresponding AH value. The rationals
given for the variations in D(M—CO) can further be used to explain
the trends in AH (Tables 1V, IX, and XIII).

The calculated values for the equatorial dissociation energies
in Fe(CO); and Ru(CO)s compare well with experimental values
for the first CO dissociation energies of the two pentacarbonyls
given in Table XI. Also given in Table XI are the optimized axial
and equatorial M—CO bond distances. The axial and equatorial
bonds are calculated to be nearly equidistant, as they are observed
to be in Fe(CO);. The calculated M-CO bond distances are too
short by 0.05 A in comparison with experiment.

VI. Concluding Remarks

We have here provided an analysis of the first ligand dissociation
energy AH as well as the intrinsic mean energy D(M-CO) in a
number of mononuclear metal carbonyls. Our analysis was based
on a decomposition of AH and D(M-CO) into contributions from
steric factors, o-donation, w-back-donation, and relativistic effects.
We have found, in particular for the M(CO), and M(CO);
systems, that the repulsive (steric) four-electron two-orbital in-
teractions between occupied orbitals on the metal center and the
occupied oo lone-pair orbitals on the carbonyl ligands consid-
erably destabilize the M-CO bonds in carbonyls of 4d and 5d
transition metals. This destabilization, in conjunction with a
stronger w-back-donation in carbonyls of 3d metals, is responsible
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for the calculated ordering 3d > 4d > 5d for the M-CO bond
strength in the nonrelativistic limit. Four-electron two-orbital
interactions, including those encountered in the metal carbonyls
between occupied metal orbitals and o¢q orbitals, are, as already
mentioned, destabilizing. The destabilization is in part due to an
increase in the electronic kinetic energy caused by the node in
the out-of-phase combination from the two-orbital interaction.
Relativistic effects can, as it is explained in ref 12, to some degree
reduce the electronic kinetic energy by increasing the electronic
mass through the socalled mass-velocity term. The stabilizing
relativistic effect will be larger for carbonyls of 5d metals than
for carbonyls of 4d metals. The calculated ordering of the M—CO
bond strength is as a result, after relativistic effects have been
included, 3d > 5d > 4d.

We have attempted as well to assess the relative importance
of o-donation and w-back-donation for the strength of the synergic
M-CO bond. The conclusions from such an assessment depend
on the operative definition of s-donation and -back-donation.

It depends, in addition, on whether one considers AH or D(M-CO)
as a measure for the M—CO bond strength. We conclude, based
on the definition for s-donation and =-back-donation given in this
work, that w-back-donation is the more important factor in D-
(M-CO), whereas both o-donation and w-back-donation are of
importance for AH. It should, however, be noted that ocq largely
has a repulsive role in metal carbonyls and that o-donation only
serves to reduce the repulsive role. The wco* orbitals on the other
hand serve exclusively to stabilize the M-CO bond.
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Abstract: Reaction of (n°-CsHs)Re(NO)(PPh,)(CO,CHs;) (1) with (3,5-dimethoxyphenyl)magnesium iodide gives 3,5-di-
methoxybenzoyl complex (n°-CsHs)Re(NO)(PPh;)(CO(3,5-C¢H3(OCH;),)) (2, 97%). Reaction of 2 with BH3- THF gives
3,5-dimethoxybenzyl complex (°-CsHs)Re(NO)(PPh;)(CH,(3,5-C¢H3(OCHs),)) (3, 86%). Reaction of 3 with PhyC*PFy
at -80 °C gives a 62:38 mixture of the sc and ac Re=C geometric isomers (4k, 4t) of 3,5-dimethoxybenzylidene complex
[(n-CsHs)Re(NO)(PPh;) (=CH(3,5-C¢H;(OCHj3),))*PF¢; workup gives 4t (89%). Reaction of 4t with Li(C,Hs);BD or
NaBD, gives addition product (SS,RR)-3-a-d;. Optically active (+)-(S)-1 and (-)-(R)-1 (298% ee) are similarly treated
with (3,5-dimethoxyphenyl)magnesium iodide, BD; THF, and PhyC*PF¢™ to give (+)-(S)- and (-)-(R)-4t-a-d,. Addition of
NaBT, gives (+)-(SS)- and (-)-(RR)-3-a-d,t,. Reaction with HBr gives (S)- and (R)-dimethoxytoluene-a-d,t,, and (+)-(R)-
and (-)-(S)-(n’-CsHs)Re(NO)(PPh;)(Br) (retention of configuration at carbon and rhenium). The former are treated with
O; to give chiral acetate salts (S)- and (R)-CHDTCOO Na® of 93% and 86% ee, as established by an enzymatic assay. The
mechanisms of these transformations, and the utility of this route to chiral acetic acid, are discussed.

Asymmetric organic synthesis has evolved in sophistication to
the stage where several classes of chiral molecules are now easily
synthesized in optically pure form. Both chemical and enzymatic
methodologies have been developed, and the former, which are
often more amenable to laboratory study, have provided important
insights into the mechanisms of biological stereogenesis. In this
paper, we describe a versatile, convenient, metal-mediated synthesis
of molecules containing the most fundamental unit of organic
asymmetry, the chiral methyl group, -CHDT.?> Such chiral-
by-isotopic-substitution derivatives of proprochiral compounds have
seen practical use in the elucidation of enzymatic reaction
mechanisms and are also of value, as illustrated below, in the study
of abiological reaction mechanisms.>*

The first preparations of compounds containing chiral methyl
groups were reported in landmark communications by Cornforth
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and Arigoni in 1969.526  Since then, additional elegant syntheses
have been developed. These include purely chemical routes,’ and
ones involving enzymatic steps.® Most have been directed at the
preparation of chiral acetic acid (CHDTCOOH), for which an
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