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CONSPECTUS: A conceptual theory for analyzing and understanding oxidative addition reactions that form the cornerstone of
many transition metal mediated catalytic cycles that activate C−C and C−H bonds, for example, was developed. The cleavage of
the σ- or π-bond in the organic substrate can be envisioned to follow a closed or an open shell formalism, which is matched by a
corresponding electronic structure at the metal center of the catalyst. Whereas the assignment of one or the other mechanistic
scenario appears formal and equivalent at ﬁrst sight, they should be recognized as diﬀerent classes of reactions, because they lead
to diﬀerent reaction optimization and control strategies.
The closed-shell mechanism involves heterolytic bond cleavages, which give rise to highly localized charges to form at the
transition state. In the open-shell pathway, bonds are broken homolytically avoiding localized charges to accumulate on
molecular fragments at the transition states. As a result, functional groups with inductive eﬀects may exert a substantial inﬂuence
on the energies of the intermediate and transition states, whereas no such eﬀect is expected if the mechanism proceeds through
the open-shell mechanism. If these functional groups are placed in a way that opens an electronic communication pathway to the
molecular sites where charges accumulate, for example, using hyperconjugation, electron donating groups may stabilize a positive
charge at that site.
An instructive example is discussed, where this stereoelectronic eﬀect allowed for rendering the oxidative addition
diastereoselective. No such control is possible, however, when the open-shell reaction pathway is followed, because the inductive
eﬀects of functional groups have little to no eﬀect on the stabilities of radical-like substrate states that are encountered when the
bonds are broken in a homolytic fashion. Whether the closed-shell or open-shell mechanism for oxidative addition is followed is
determined by the ordering of the d-orbital dominated frontier orbitals. If the highest occupied molecular orbital (HOMO) is
oriented in space in such a way that will give the organic substrate easy access to the valence electron pair, the closed-shell
mechanism can be followed. If the shape and orientation of the HOMO is not appropriate, however, an alternative pathway
involving singlet excited states of the metal that will invoke the matching radicaloid cleavage of the organic substrate will
dominate the oxidative addition. This novel paradigm for formally analyzing and understanding oxidative additions provides a
new way of systematically understanding and planning catalytic reactions, as demonstrated by the in silico design of roomtemperature Pauson−Khand reactions.

■

INTRODUCTION
Oxidative additions are ubiquitous among transition metal
catalyzed organic transformations,1 and they constitute one of
the mechanistic cornerstones of many organometallic reaction
mechanisms.2 Conceptually, oxidative additions are reasonably
well understood: As illustrated in Figure 1, they provide a
convenient way of cleaving a covalent bond, such as a C−H
bond,3 by fragmenting the substrate and adding the molecular
components to the reactive metal center as ligands.4 C−H
© 2016 American Chemical Society

activation of an alkane may therefore give a metal hydrido-alkyl
complex, as illustrated in Figure 1. Similarly, C−C bond
cleavage and bond reorganization can aﬀord useful C−C
coupled products, as highlighted in Figure 1.5 The oxidative
coupling of an alkene with an alkyne gives a metallacyclopentene, for instance. During these processes, the metal
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Figure 1. Two examples of substrate activation using oxidative
addition.

drawing practically useful conclusions. DFT has been used
extensively to analyze oxidative addition reactions, but a
unifying conceptual theory has not emerged.12 This Account
aims to highlight an approach toward developing such a
unifying concept based on molecular orbital analysis.

center supplies two of the total of four or six electrons that are
needed to form the oxidative addition products, as shown in
blue in Figure 1. Consequently, the metal center is formally
oxidized, and its oxidation state increases by +II. Despite being
so important, there is currently no general concept that allows
for rationally and systematically controlling the outcome of
oxidative additions,6 for example, by modifying the ligand
composition or changing the identity of the metal center. It is
impossible to rationally predict how modiﬁcations of the
substrate will impact the reaction, requiring laborious, explicit
tests to establish the substrate scope of the reaction. Similarly, it
is practically impossible to rationally predict how the ligands or
the metal center should be altered to increase the reactivity,
given a moderately performing oxidative addition reaction. One
obvious expectation is that when the metal center is made more
electron-rich, the formal oxidation of the metal center may
become easier to accomplish, which in turn may lead to more
eﬀective oxidative addition.7 Whereas this reasoning leads to
correct predictions in some instances,8 it cannot be generalized.
It is highly desirable to have a conceptual theory at hand that
allows for qualitatively understanding and planning oxidative
additions in general. The power of such a conceptual theory has
long been demonstrated, for example, by the Woodward−
Hoﬀmann rules9 that allowed for qualitatively understanding
pericyclic reactions.
Quantum chemical reaction modeling has become an
important tool of mechanistic investigations over the last few
decades.10 In particular, density functional methods11 are now
considered standard for simulating organometallic reactions,
which pose signiﬁcant challenges to computer models due to
the intrinsic complexity in electronic structure that transition
metals introduce. Whereas currently available technology is far
from being quantitatively reliable, signiﬁcant insight can be
gained by carefully carrying out computational studies and,
perhaps more importantly, analyzing the results in detail and

■

DISCUSSION
One instructive series of studies that highlight key challenges
and a possible approach for developing a general concept for
oxidative addition reactions was reported for a Rh-catalyzed
Pauson−Khand reaction [eq 1]. Formally a [2 + 2 + 1]
carbocyclization involving a 1,6-enyne substrate 1 and carbon
monoxide, this transformation aﬀorded the corresponding
bicycle 2 with exquisite diastereocontrol.13 The stereochemical
outcome was rationalized as illustrated in Figure 2. The key
step in the mechanism involves the oxidative addition of the
enyne substrate to the metal to give a metallacyclopentene
intermediate. The orientation of the R1 group on the chiral C2position was envisioned to give preference to the metal
fragment binding to the “backside” of the enyne functionality as
illustrated in intermediate i in Figure 2. The alternative binding
as shown in the diastereomer ii was thought to be higher in
energy due to steric interactions between the MLn and R1
functionalities. The η2-binding of the metal to the enyne moiety
may determine the stereochemical outcome, as intermediate i
may cyclize to give iii, while oxidative coupling will produce iv
from ii. This explanation follows the tradition of invoking
nonbonded interactions between the key components of the
reactive species to energetically discriminate between two
possible reaction pathways based on sterically demanding
molecular conﬁgurations. This proposed rationale is highly
representative of how stereoselective reactions are analyzed and
understood in organic reaction design; in lieu of more precise
experimental or computational data, this explanation is
reasonable. There is a serious fundamental problem with this
line of reasoning, however: justifying the diastereoselectivity
solely based on the energetics of the reactant adducts and the
resulting relative population of adduct species in the

Figure 2. Rationalization of the stereochemical outcome of the Pauson−Khand reaction. Adapted from ref 13. Copyright 2001 American Chemical
Society.
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Figure 3. Mechanism of Rh-catalyzed Pauson−Khand annulation. Adapted from ref 14. Copyright 2008 Wiley VCH.

found to be vastly diﬀerent. If the four-coordinate Rh-center is
assumed to be the catalytically active species (cycle A), the
DFT calculations indicate no diastereoselectivity, as shown in
Figure 4. The transition states of the oxidative addition step, v-

equilibrium is strictly only valid if the reaction is under
thermodynamic control. That is, the barrier of cyclization must
be identical or nearly so for both diastereomers and reversible,
such that the initial energy diﬀerence of the adducts are
preserved throughout the reaction pathway at the transition and
product states. If the transition state of the minor reactant
adduct species is lower in energy than that of the major adduct,
the relative population diﬀerence in favor of the major reactant
at the beginning of the reaction becomes meaningless, because
the minor component of the equilibrium will be removed from
the equilibrium more quickly due to said faster rate of product
formation. Removal of the minor component of the reactant
equilibrium will quickly lead to an adjustment of the reactant
populations in equilibrium, where the minor reactant molecule
will be reformed according to the equilibrium constant. Over
time, all of the major reactant will be transformed to the minor
reactant, which is siphoned away from the equilibrium to give
the unexpected product.
Second, the oxidative addition resulting in the metallacycle is
likely irreversible, which diminishes the impact of the
thermodynamic preference of one diastereomer over the
other, since kinetic factors will become much more important
for determining the product distribution due to such a
nonequilibrium condition. Lastly, the sterically induced
discrimination of ii over i is expected to vanish at the transition
state in the aforementioned reaction, because the metal
fragment will migrate into the molecular plane deﬁned by the
enyne moiety as the molecule traverses the transition state and
the sterically challenging interaction between the metal
fragment and the R1 group will be minimized.
For these reasons, the diastereoselective Pauson−Khand
reaction was examined in more detail using a quantum chemical
molecular model, which suggested a very diﬀerent explanation
for controlling the diastereoselectivity.14 Surprisingly, it was
found that the number of carbonyl ligands on rhodium plays a
critical role. Figure 3 illustrates the mechanism of carbocyclization using both a four- and ﬁve-coordinate rhodium center,
determined by the number of carbonyl ligands on the metal
center. Because the experiments are carried out with excess
amounts of CO in solution, both catalyst isomers are expected
to coexist in solution. The sequence of reaction steps in the
catalytic cycle is identical; namely, the reactant complex v and
vii ﬁrst engage in oxidative addition to form the metallacycles vi
and viii, respectively, followed by migratory insertion of CO
into the Rh−C bond and reductive elimination to close the
catalytic cycle. Cycle A is expected to be operative when the
CO pressure is low, whereas high CO pressure should enable
cycle B. Interestingly, the diastereoselectivity proﬁles were

Figure 4. Reaction energy proﬁle of the reaction using a fourcoordinate Rh-catalyst, cycle A in Figure 3. Adapted from ref 14.
Copyright 2008 Wiley VCH.

TS and v-TS′, were found to be at ∼28 kcal/mol for both
diastereomers. This result is not in agreement with the
experimental observation, because the nearly identical barriers
suggest that both diastereomers should be formed. If the ﬁvecoordinate Rh-center is taken as the catalytically competent
species, however, the DFT calculations suggested that the
transition state leading to the experimentally observed product,
vii-TS, is located at 26.6 kcal/mol, whereas the experimentally
not observed product is associated with a much higher barrier
of 33.6 kcal/mol associated with the transition state vii-TS′, as
illustrated in Figure 5.
Because the four- and ﬁve-coordinate rhodium complexes
coexist in solution with the ﬁve-coordinate complex being
higher in energy, these results suggest that the diastereoselectivity should be dependent on the CO pressure. The ﬁvecoordinate rhodium catalyst is accessed more readily at high
concentrations of CO, forcing the majority of the reaction to
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with the predictions from the computer model, the
diastereomeric ratio decreased to 10:1 and 6:1 when the CO
gas content was reduced to 10% and 5%, respectively. Thus, a
plausible picture that emerges from the computational and
experimental results is that Rh is forced by Le Chatelier’s
principle to carry an additional CO ligand at high
concentrations of CO, thus, accessing the diastereoselective
reaction pathways involving the ﬁve-coordinate Rh-catalyst,
illustrated in Figure 5. When the CO concentration is low, the
four-coordinate Rh-complex is the dominating reactant
complex and the carbocyclization reaction loses diastereoselectivity, as the reaction follows the pathway summarized in
Figure 4.
The diﬀerence in stereoselectivity as the composition of the
Rh-catalyst is varied oﬀers a unique opportunity for systematically examining the electronic structure that gives rise to the
dramatically diﬀerent stereochemical behavior in the reaction.15
Although the chemical steps in the catalytic cycle seem identical
on ﬁrst sight, the oxidative addition promoted by the ﬁvecoordinate Rh-complex is fundamentally diﬀerent from the
same reaction mediated by the four-coordinate Rh-analogue.
Figure 6 provides an intuitive summary of the diastereoselective

Figure 5. Reaction energy proﬁle of the reaction using a ﬁvecoordinate Rh-catalyst, cycle B in Figure 3. Adapted from ref 14.
Copyright 2008 Wiley VCH.
Figure 6. Partial charges of the two transition states found using the
ﬁve-coordinate Rh-complex. Adapted from ref 15. Copyright 2011
American Chemical Society.

follow the pathway highlighted in Figure 5, giving high levels of
diastereocontrol. At low concentrations of CO, the reaction
pathway shown in Figure 4 becomes more relevant and,
consequently, loss of diastereoselectivity should be observed.
This provocative proposal from the computer model was
challenged experimentally:14 Instead of carrying out the
carbocyclization under CO atmosphere, the reaction was
performed with varying compositions of argon and carbon
monoxide, as summarized in Table 1. In excellent agreement

metallacarbocycle forming event using the ﬁve-coordinate Rhcomplex. The transition state 1-TS-1 leads to the experimentally observed diastereomer, whereas 1-TS-2 gives the
diastereomer that is not observed. Interestingly, the computed
partial charges at the C3 and C3′ positions of the enyne in the
transition state 1-TS-1 are +0.34 and −0.10, but in 1-TS-2 they
are −0.34 and +0.11, respectively. These charge polarizations
can be rationalized easily by invoking a heterolytic cleavage of
the double and triple bonds in such a way that places the
appropriate charges on the C3 and C3′ positions. To complete
the carbocyclization, the electron pairs can be formally pushed
as shown in Figure 6 to form a new C−C bond between the C3
and C3′, and two Rh−C bonds that constitute the metallacyclopentene skelton. Note that four of the six electrons
needed to form the metallacyclopentene are supplied by the
double and triple bonds of the enyne, but the other two
electrons are recruited from the metal valence shell. This
promotion of two electrons from the purely metal-based
valence shell into the metal−ligand bonding framework
constitutes the oxidative component of the oxidative addition.
The “arrow pushing” scheme, shown in Figure 6, is a
common tool used frequently to rationalize bond reorganizations in organic reactions. Typically, they are not given a
physical meaning and are thought of as strictly formal. Whereas
we do not mean to suggest that these conceptual drawings
depict faithfully the ﬂow of electrons, they appear to provide a
useful cartoon of the polarization characteristics found at the
transition state. Figure 7 illustrates the stereoelectronic reason
for the diﬀerent charge polarization that we propose to be
responsible for the diastereoselectivity. The only way to obtain

Table 1. Diastereomeric Ratios with Varying CO/Ar Gas
Compositiona

pressure [atm]
entry

rhodium complexb

CO

Ar

yieldc
[%]

drd
2a/3a

1
2
3
4
5
6

[{RhCl(CO)2}2]
[{RhCl(CO)2}2]
[{RhCl(CO)2}2]
[{RhCl(CO)(dppp)}2]
[{RhCl(CO)(dppp)}2]
[{RhCl(CO)(dppp)}2]

1.00
0.10
0.05
1.00
0.10
0.05

0.00
0.90
0.95
0.00
0.90
0.95

81
64
57
88
51
44

22:1
10:1
6:1
≥99:1
58:1
57:1

Adapted from ref 14. Copyright 2008 Wiley VCH. aAll reactions were
carried out on a 0.25 mmol reaction scale utilizing 3 mol % of the
rhodium complex in xylene at 110 °C. b dppp = 1,3-bis(diphenylphosphanyl)propane. cIsolated yields. dRatios of diastereoisomers were determined by capillary GLC analysis on the crude
reaction mixtures.
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increase signiﬁcantly when the transition state is traversed, the
closed-shell reaction will be sensitive to the polarity of the
solvent. The reaction rate is expected to increase in polar
solvents, whereas the open-shell reaction will prefer nonpolar
solvents. More importantly, functional groups with inductive
eﬀects placed at strategic positions will change the shape of the
reaction energy proﬁle signiﬁcantly giving rise to the exquisite
diasterocontrol in this case. Oxidative additions based on openshell mechanisms, however, are not expected to be sensitive to
the electronic eﬀects of the functional groups, as demonstrated
by the computed reaction energy proﬁle shown in Figure 4.
The aforementioned experimental conﬁrmation of the
prediction based on this model, namely, that lowering the
CO pressure will reduce the diastereoselectivity, is a convincing
support for this mechanistic interpretation.
But why does the ﬁve-coordinate Rh-complex undergo
oxidative addition via a closed-shell pathway, when the fourcoordinate Rh-complex follows an open-shell route? Figure 9

Figure 7. Computed structures of the transition states 1a-TS-1 and
1a-TS-2 and their Newman projections. Adapted from ref 15.
Copyright 2011 American Chemical Society.

the diastereomer, in which the R-group on C2 and the
hydrogen on C3 are in a syn orientation to each other, is to go
through a structural arrangement at the transition state that
places the C3−C3′ vector in an anti-disposition to the R-group
on C2, as illustrated in Figure 7 for 1-TS-1. As a result, the
inductive eﬀect of the R-group can be imposed on the C3carbon via hyperconjugation. This electronic communication of
the inductive eﬀect stabilizes a cationic charge on the C3carbon. Figure 7 also shows the analogous stereoelectronic
eﬀect in the transition state 1-TS-2, which would give the
metallacyclopentene diastereomer with the C2−R and C3−H
groups in anti orientation to each other. To obtain the anticonﬁguration, the C3−C3′ vector must be placed in a nearly
perfect orthogonal disposition to the C2−R bond. Because
there is no hyperconjugation pathway of electronic communication between the C2−R group and the C3-based sp-hybrid
orbital that will promote the C3−C3′ bond formation, no
stabilizing impact from the inductive eﬀect of the C2−R group
can be felt in this transition state. As a result, the double bond
of the alkene is cleaved to produce a cationic carbon center at
the terminal position, placing the negative charge on the C3position, as illustrated in Figure 7. These stereoelectronic
eﬀects ultimately stabilize the transition state 1-TS-1 over 1TS-2.
Figure 8 compares the partial charges found at the two
transition states using the four-coordinate Rh-complexes, 1-TS-

Figure 9. MO diagram of a square-planar vs trigonal bipyramidal
Rh(I)-complex.

shows a conceptual MO diagram for the square-planar fourcoordinate and the trigonal-bipyramidal ﬁve-coordinate Rh(I)complexes. In the former case, the HOMO is the dz2 orbital and
the LUMO is the dx2−y2 orbital. Conversely, the HOMO in the
trigonal-bipyramidal ﬁve-coordinate Rh(I) complex is the dx2−y2
orbital, and the LUMO becomes the dz2 orbital, as illustrated in
Figure 9. In both complexes, the enyne substrate binds in the
equatorial position, as indicated in Figure 9. Because the
trigonal-bipyramidal Rh(I) complex presents a ﬁlled dx2−y2
orbital to the enyne ligand, the oxidative addition can proceed
and the valence electrons of the metal in the dx2−y2 orbital can
participate in the metallacylopentene formation. In the squareplanar four-coordinate Rh-complex, the dx2−y2 orbital is empty
and cannot promote oxidative addition in a similar fashion.
Instead, this Rh-complex must utilize its lowest singlet excited
state, where one of the HOMO electrons is promoted to the
LUMO to aﬀord an open-shell singlet state. Naturally, this
catalyst will enforce an open-shell oxidative addition pathway.

Figure 8. Partial charges of the two transition states found using the
four-coordinate Rh-complex.

3 and 1-TS-4, leading to the syn and anti products, respectively.
Interestingly, the C3-carbons have partial charges of 0.04 and
0.05, respectively, and the C3′ carbons show partial charges of
−0.04 and 0.10, respectively. Compared with the charges seen
with the ﬁve-coordinate Rh-complexes, these partial charges are
much reduced. One plausible way of rationalizing this dramatic
diﬀerence is invoking an open-shell mechanism of bond
cleavage, as highlighted in Figure 8 using the familiar “arrow
pushing” formalism. This homolytic bond cleavage process will
not give rise to any partial charge accumulation.
Whereas the overall mechanism is identical, the closed and
open-shell reaction pathways present notably diﬀerent characteristics and demand vastly diﬀerent reaction optimization
strategies. Since the dipole moment of the molecule will
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This proposed new paradigm for understanding the relationship between metal coordination geometry, its electronic
structure, and the mechanism of metallacarbocyclization is
reminiscent of the orbital symmetry arguments used in the
Woodward−Hoﬀmann rules.9 Just as the thermally driven
pericyclic reaction requires the HOMO and LUMO symmetries
of the substrates to match, so must the HOMO symmetry of
the transition metal valence shell match the symmetry of the
organic substrate, as it undergoes heterolytic bond cleavage,
exposing positively and negatively charged molecular fragments.
The negatively charged fragment acts as a Lewis base,
demanding the metal center to act as a Lewis acid when
forming the M−L bond. The positively charged substrate site
becomes responsible for the oxidative component of the
oxidative addition by recruiting a valence electron pair from the
metal center to form its M−L bond. If the coordination
geometry of the metal center is such that the frontier orbital
that has the proper symmetry is empty and cannot engage in a
closed-shell mechanism, the oxidative addition can proceed
using an open-shell mechanism, where electrons from lower
lying d-orbitals are elevated. These formally excited states of the
metal center will engage the substrate by enforcing a homolytic
bond cleavage. This pathway is equivalent to the light-driven
pericyclic reactions. One critically important consequence of
this diﬀerence in electronic structure is that the closed-shell
pathway allows for functional groups with inductive eﬀects
placed at certain positions to exert a stereoelectronic eﬀect on
the energetics of the intermediates and transition states. The
open-shell pathway, however, does not oﬀer such opportunity
for reaction control.
The recognition that the diastereoselective version of the
Pauson−Khand reaction described above involves a highly
polarized transition state leads to an interesting exploitation
strategy: If the placement of a functional group with inductive
eﬀects can discriminate one of the diastereomeric pathways by
as much as 7 kcal/mol, as illustrated in Figure 5, and the
control mechanism discussed above constitutes a more general
paradigm, it should be possible to add other functional groups
in such a way that lowers the reaction barrier without losing the
diasteroselectivity. If the eﬀect is strong enough, this may be
one way to allow the oxidative addition to complete at room
temperature. The requirement of elevated reaction temperature
of at least 150 °C is a major problem, because it prevents this
methodology from being utilized in the later stages of complex
natural product synthesis to install stereocenters. Because the
computer model was the basis of the generalized theory, it
should also be possible to use the same computational models
for a virtual screening study of diﬀerent functional groups. This
strategy is particularly attractive, because the computational
screening is relatively easy when the full catalytic cycle has
already been constructed. Several functionalized substrates were
identiﬁed as interesting targets. Most interestingly, adding
electron withdrawing halogen groups to the terminal position
of the alkyne moiety and thereby increasing the positive partial
charge at the C3′ position emerged as a promising target. The
reaction barriers for forming the syn product were calculated to
be 24.5, 24.5, and 25.7 kcal/mol for the Cl, Br, and I substituted
with enyne substrates,14 which are notably lower than the
barrier of 28.4 kcal/mol computed for the unsubstituted 1,6enyne (Table 2). The diastereoselectivity was predicted to be
maintained throughout, as indicated by the markedly higher
barriers for the putative reaction leading to the anti
diastereomer. In addition to the low reaction barriers that

Table 2. Eﬀect of the C4′ Substituent on the Computed
Barrier of Metallacycle Formation
ΔG⧧calc (kcal/mol)
entry

R2

syn 2

anti 3

1
2
3
4

H
Cl
Br
I

28.4
24.5
24.5
25.7

31.1
29.3
29.5
30.3

Adapted from ref 15. Copyright American Chemical Society 2011.

may aﬀord room temperature carbocyclizations, the installment
of halogen groups on the bicyclic products is attractive, because
they provide convenient synthetic handles for further
functionalizations. Subsequent experimental studies using the
Cl-substituted alkyne conﬁrmed these predictions with several
slightly modiﬁed substrates (Table 3). For example, the etherTable 3. Scope of the Rhodium-Catalyzed Pauson−Khand
Reaction with C4′-Halogenated 1,6-Enynesa
1,6-enyne 1
entry
1
2
3
4
5
6
7
8
9
10
11
12

X
O
O
O
O
C(CO2Me)2
NTs
NTs
NTs
NTs
O
O
O

R1
H
H
H
H
H
H
Me
CH2OBn
Bn
Me
CH2OBn
Bn

R2
H
Cl
Br
I
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl

yield (%)b

ratio of 2/3c

d

NR
74
39
NRd
74
81
80
73
84
82
84
87

97:3
98:2
≥99:1
98:2
≥99:1
≥99:1

Adapted from ref 15. Copyright American Chemical Society 2011. aAll
reactions were carried out on a 0.2 mmol scale utilizing 5 mol %
[RhCl(CO)2]2 in p-xylene (0.1 M) at 25 °C. bIsolated yields. cRatios
of diastereoisomers were determined by HPLC or GC analysis of the
crude products. dNo reaction.

tethered 1,6-enyne carrying a methyl group at the chiral C2position and the chloride group at the C4′-position gave a yield
of 82% and a diastereomeric ratio of 98:2 in favor of the syn
product.
Whereas the agreement between theory and experiment
regarding the qualitative prediction that the C4′-halogenation
should lead to room temperature Pauson−Khand reaction is
remarkable, the diastereometric ratio of ∼100:1 is not
consistent with the computed energy diﬀerence of ∼5 kcal/
mol between the two transition states (Table 2), as a much
greater preference of the syn product, in the order of ∼10,000:1
should be found based on this energy diﬀerence. One possible
explanation is that the intrinsic uncertainties of the computational model, including inaccuracies of the exchange−
correlation functional, the approximate way entropy terms are
treated, and errors in the evaluation of the solvation energy,
make it unreasonable to expect a better agreement between
theory and experiment. Whereas it is currently not possible to
accurately assess how large these intrinsic errors are in reality
and this issue remains a much debated topic in the
computational chemistry community, there is also a simple
chemical problem to consider: As discussed above, the binding
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of the additional carbon monoxide molecule to access the ﬁvecoordinate Rh-complex is an endergonic process, estimated to
be ∼7 kcal/mol uphill. Thus, even with relatively high
concentrations of CO in solution, the majority of the Rhcomplexes will remain in the 4-coordinate conﬁguration. The
reaction barrier to form the anti diastereomer product from this
intermediate is calculated to be 28.8 kcal/mol, which is
markedly lower in energy than 31.1 kcal/mol calculated for the
ﬁve-coordinate Rh-complex. Thus, the most consistent
interpretation of the computed results is that the syn product
is formed mainly by the ﬁve-coordinate Rh-complex, as shown
in Figure 5. The anti product, however, is most likely formed by
the four-coordinate Rh-complex. The computed energy diﬀerence between the two transition states of this reaction is
therefore 2.2 kcal/mol, which is in excellent agreement with the
experimentally determined diastereomeric ratio of ∼100:1.
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■

CONCLUSIONS
The electronic foundation for oxidative addition reaction was
examined and conceptualized based on the required disruptions
of bonding framework in the organic substrate that may lead to
localized charges when the bonds are broken heterolytically.
The homolytic alternative to the bond breaking gives no
localized charges but gives radicaloid intermediate states. The
valence shell molecular orbitals of the Rh(I)-center are capable
of promoting oxidative additions in both pathways. This formal
and conceptual decomposition of the oxidative addition process
is useful, because it should in principle enable a rational design
of these important reactions. Two examples of such predictive
use of the concept combined with high level DFT calculations
demonstrate the potential for this novel way of analyzing and
understanding oxidative additions: In the ﬁrst case, the
stereoelectronic basis for the diastereoselectivity was revealed,
which allowed for predicting that the lowering of the CO
pressure will aﬀord loss of diastereocontrol. In the second
example, a nontrivial halogenation of the alkyne moiety was
predicted to lead to a room temperature reaction.

■

■
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