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Abstract

The rhodium-catalyzed highly regioselective 1:2 coupling of aldehydes and allenes is investigated
by means of density functional theory calculations. Full free energy profiles are calculated and
several possible reaction pathways are evaluated. It is shown that the energetically most plausible
catalytic cycle is initiated by the oxidative coupling of the two allenes, which is found to be the
rate-determining step of the overall reaction. Importantly, Rh-allyl complexes that are able to adopt
both 77 and 7' configurations are identified as key intermediates present throughout the catalytic
cycle with profound implications on the selectivity of the reaction. The calculations reproduce and
rationalize the experimentally-observed selectivities and provide explanation for the remarkable
alteration in the product distribution upon changing the catalyst precursor from [RhCl(nbd);], to
complexes containing non-coordinating counterions ([Rh(cod),X], X = OTf, BF4, PF). It turns out
that the overall selectivity of the reaction is controlled by a combination of the inherent selectivities
of several of the elementary steps, and that both the mechanism and the nature of the

selectivity-determining steps change when changing catalysts.
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1. Introduction

Rhodium(I) complexes are well-established catalysts for the three-component cycloadditions of
unsaturated compounds, yielding carbocycles with various ring sizes (for instance 6-membered,
Scheme la).1 Rhodium(I) also catalyzes hydroacylation reactions in which an acyl unit and the
hydrogen atom of an aldehyde are added across a C-C multiple bond (Scheme 1b).> A reductive
version of the latter process, furnishing the corresponding alcohols, has also been developed
(Scheme 1c).* In 2006 Krische et al. reported a novel reaction that can be considered as a crossover
between those presented in Scheme 1a and 1c. In its course, two molecules of acetylene are coupled
with one molecule of aldehyde, under hydrogen atmosphere, forming a linear allylic alcohol
product (Scheme 221).4’5 Very recently, a combination of the in principle more fundamental
couplings from Schemes la and 1b has also been successfully a<:complished.6’7 In particular, a
significant example comes from the laboratory of Murakami and consists of a 1:2 coupling of

aldehydes and allenes (Scheme 2b).°
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Scheme 2.

The reaction in Scheme 2b constitutes indeed a state-of-the-art method in synthetic organic
chemistry. It is inherently atom-economical and leads to a large increase of molecular complexity in
a single step. A particularly appealing feature of this process is its selectivity, which is a much more
complex issue than in the reaction involving acetylene (Scheme 2a). Considering only the couplings
of two monosubstituted allene moieties of type 2 with one molecule of aldehyde 1, there are 36
different possible isomers of the product, with various connectivities and (Z)/(E) arrangements of
the double bonds.® Experimentally, using [RhCl(nbd),], as the rhodium source and dppe as the
ligand, product 3 is obtained in 91% selectivity, accompanied by two minor isomers, 4 and 5 (6%
and 3%, respectively).® Very interestingly, when the chloride is replaced by non-coordinating
counterions, such as TfO", BF4, or PF¢, the selectivity of the reaction is switched, and compound 5
becomes the dominant product (87-95%).° The common feature of the products obtained under both
sets of the reaction conditions is that the two allene moieties are coupled with their central atoms

(C2-C2 linkage) and the aldehyde is attached to one of the terminal carbons (C1 or C3) of one of
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the allenes.

The reaction mechanism of the related three-component reductive coupling shown in Scheme 2a
has been investigated by a combination of experimental and computational approaches.’ It was
established the reaction takes place via an initial oxidative coupling of two acetylene molecules,
followed by migratory insertion of the aldehyde molecule, hydrogenolysis, and reductive
elimination.” Hence, except for the extra hydrogenolysis step, this mechanism is similar to the
well-established catalytic cycle of the trimerization process depicted in Scheme la.M

In the case of the 2:1 coupling of allenes and aldehydes (Scheme 2b), it is not evident that an
analogous mechanistic pathway is followed. It has been shown experimentally that allenes of type 2
indeed undergo an initial oxidative coupling in the presence of Rh(I) catalyst, but instead of the
subsequent migratory insertion that would eventually result in the regular [2+2+2] cycloaddition
(Scheme 1a), a f-hydride elimination/reductive elimination sequence occurs, leading overall to a
linear dimer.'™! Additionally, it is known that the hydroacylation reactions (Scheme 1b) are
initiated by an oxidative addition of aldehydes to Rh(I) complexes,* hence this process may also be
involved in the mechanism of the combined reaction shown in Scheme 2b. Finally, there is also an
additional possibility of an initial oxidative coupling between the aldehyde and the allene moieties
that has been shown to take place in some catalytic cycles.12 A mechanism starting with the
oxidative coupling of aldehyde and allene was actually suggested by Murakami and co-workers in

their report.’
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Scheme 3. Possible general mechanistic pathways for the reaction in Scheme 2b as suggested by
experimental findings or proposed in the literature. Note that all pathways can yield all possible

products. Here, only the routes leading product 3 are shown.

These possible mechanisms for the reaction, suggested by the experimental findings or proposed
in the literature, are summarized in Scheme 3. They differ by the initial step, being C-H oxidative
addition, allene-allene oxidative coupling, or aldehyde-allene oxidative coupling. In addition to the
general mechanism there is the issue of the reaction selectivity and its sources. Each of the
pathways shown in Scheme 3 may yield all of the 36 isomers of product, including the
experimentally observed 3, 4, and 5, by simply altering the positions at which the new bonds are
formed. Moreover, all three pathways are consistent with the results of deuterium labeling studies
carried out experimentally.® In addition, for almost all intermediates in Scheme 3 one can envision
alternative reactions that they may undergo, not shown in the scheme, leading to side-products with

entirely different structures (for instance 1-2 or 2-2 dimers, etc.), which adds to the complexity of
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the system.

Considering the significance of the coupling reaction depicted in Scheme 2b and the current poor
understanding of its mechanism, in particular the origins of the observed selectivity, we decided to
investigate it computationally by means of density functional theory (DFT). The calculations show
that the reaction indeed initially follows the pathway starting with the oxidative coupling of two
allene molecules (Scheme 3, path B). However, we found that a previously not suggested allylation
of aldehyde takes place subsequently with important selectivity implications. It is shown that a key
role in the reaction mechanism is played by rhodium complexes containing allyl ligands, that adopt
either 777 or n' coordinations, displaying intrinsically distinct reactivities. Moreover, it is
demonstrated that in the case of the reaction catalyzed by rhodium complexes with the
non-coordinating counterions, a partially different mechanistic route is followed, involving an
alkoxide oxidation step. The calculations provide an explanation for the observed selectivity switch

upon altering the counterion in the Rh-catalyst.

2. Computational Details

All the calculations were performed using the Gaussian03 package'® and the B3LYP functional'*.
Geometry optimizations were done with a combined basis set, in which Rh was described by the
LANL2DZ basis set with pseudopotential,’” and the 6-31G(d,p) basis set was used for all other
atoms. Frequencies were computed analytically at the same level of theory to confirm whether the
structures are minima (no imaginary frequencies) or transition states (only one imaginary

frequency). Selected transition state structures were confirmed to connect the correct reactants and
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products by intrinsic reaction coordinate (IRC) calculations. To obtain a better accuracy of the final
energy values, energies were recalculated for the optimized geometries using single-point
calculations with a larger basis set, that is LANL2DZ for Rh and 6-311+G(2d,2p) for the other
atoms. The effect of solvation was evaluated by performing single-point self-consistent reaction
field calculations with the conductor-like polarizable continuum model (C—PCM),16 as implemented
in Gaussian03. The parameters for toluene (¢ = 2.379), corresponding to the experimental
conditions, and the UAO radii were used in these calculations.

The final Gibbs energies reported in the article (AGro) are the large basis set single-point
energies corrected by Gibbs energy corrections (at 298.15 K), solvation corrections, and dispersion
effects using the method of Grimme.'” Adding the dispersion effects has recently been proven to
significantly improve the performance of the B3LYP method.'®

The  calculations were carried out wusing the full structure of  the
1,2-bis(diphenylphosphine)ethane (dppe) ligand, while the aldehyde and allene reactants were
represented with smaller model structures, namely benzaldehyde (1, R'=Ph in Scheme 2b) and

buta-1,2-diene (2, R>=Me), respectively.

3. Results and Discussion

Due to the number of possible mechanistic pathways (Scheme 3), the reaction poses a
considerable challenge from a computational point of view. In this section, we first focus on the
[RhCl(dppe)]-catalyzed reaction, assuming that chloride is coordinated to the metal center. The

mechanism of the reaction is systematically examined step by step, by evaluating all the possible
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pathways, including potential side-reactions. After the overall mechanism is established, the full
catalytic cycle and the energy profile are summarized and the origins of the regioselectivity are
discussed. In the final part, we present the results of the calculations on the reaction catalyzed by
the cationic [Rh(dppe)’] complex that is the putative active species in the reactions in which
catalyst precursors containing the non-coordinating counterions are used. The obtained free energy
profile is then analyzed and the origins of the observed alteration of the selectivity upon changing
the catalyst are explained.

All energies are reported relative to the sum of the energies of the free reactants and catalyst (i.e.

1+ 2x2 + [Rh], [Rh] = [RhCl(dppe)] or [Rh(dppe) '), which we have chosen to set to zero.

3.1. Initial step of the catalytic cycle — oxidative coupling vs. oxidative addition.

Before considering the various reaction pathways, we evaluated the different binding modes
between the catalyst and the reactants. The calculations show that coordination of the allene (2) to
the Rh catalyst (resulting in INT1, Figure 1) is exergonic by 8.9 kcal/mol, whereas binding of the
aldehyde (1) is exergonic by 1.6 kcal/mol (INT1a, Figure 1). Introduction of any additional ligands
always resulted in an increase in the free energy, which is in agreement with the known preference
of d* metal complexes to adopt a four-coordinate square-planar geometry (see Supporting
Information). Hence, INT1 containing a single allene molecule, dppe, and chloride as ligands (see
Figure 2 for structure) is the lowest energy Rh(I) species, to which the barriers for the initial step
should be related.

As shown in Scheme 3, there are three general mechanistic pathways possible for the

investigated reaction, each of which begins with a different step, namely: C-H oxidative addition
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(path A), allene-allene oxidative coupling (path B), or aldehyde-allene oxidative coupling (path C).
We have optimized the transition states corresponding to these steps and compared them in terms of

their relative energies, taking into account all the possible coupling patterns of the reactants, where

applicable.
+
’( ,[Rh]\ —‘ (’\ ’I[Rh] \ -‘
’ 2 (@) = o]

{°>--;<;[ R
Ph 3 TS1a

AGry

kcal/mol

0.0

Figure 1. Free energy profile for the possible initial step of the reaction. The intermediates

connecting INT1 with TS1 and TS1b are found to be higher in energy than INT1, hence they are

not shown in the energy diagram (see Supporting Information for details).
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Figure 2. Optimized structures of selected intermediates and transition states for the initial step
(distances in A and angles in degrees). For clarity, the phenyl substituents on the phosphorus centers

are omitted in the figure.

The C-H oxidative addition of aldehyde (path A in Scheme 3) was found to take place via
transition state TS1a (Figure 2). It requires overcoming an overall barrier of 25.2 kcal/mol relative
to INT1, and involves an initial interconversion into the aldehyde-containing complex INT1a
(Figure 1). The oxidative addition results in the formation of the Rh(II) hydride INT2a, and the
process is endergonic by as much as 22.9 kcal/mol.

The oxidative coupling of two allene moieties (path B in Scheme 3) is much more complicated

to investigate than the oxidative addition. In the course of this step, the C-C bond formation may

11
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occur between any of the three carbon atoms of each of the coupling partners (C1-C1, C1-C2,
C1-C3, etc.). Additionally, when the central atom of the allene (C2) is engaged in the C-C bond
formation, extra combinations arise from the fact that either of the terminal carbons (C1 or C3) may
bind to the rhodium center. Taking into account also the (Z)/(F) arrangements of the double bonds
and, in three cases, the cis/trans isomers, there are in total 24 possible distinct transition states that
must be considered (Scheme 4). The energies for all of these were calculated, and the lowest one
was found to be TS1, whose structure is shown in Figure 2 (structures and energies of all TSs are
given in Supporting Information). In this TS, the rhodium center, which constitutes the largest steric
bulk in the system due to the proximity of the phenyl-substituted phosphine ligand, is coordinating
to the least substituted carbons (C1) of the allenes. Additionally, the (Z),(Z)-arrangement of the
double bonds minimizes the repulsion in the other part of the structure. The free energy of TS1 is
calculated to be 21.5 kcal/mol relative to INT1 (Figure 1). The energies of the other TSs shown in
Scheme 4 are calculated to be higher than that of TS1 by at least 2.2 kcal/mol (see Supporting

Information).

12
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Scheme 4. Possible transition states for the oxidative coupling of the two allene moieties. Note that
for each of the TS structures there are varying numbers of (Z)/(E) or cis/trans isomers, resulting in

an overall number of 24 possible TSs.

Interestingly, TS1 does not lead to the expected five-membered metallacycle, but yields
instead an octahedral Rh(IIT) complex INT2, containing an 77°-allyl-'-allyl ligand (see Figure 2 for
structure).”” In what follows, we will refer to this kind of intermediate as 7°,7'-bis(allylic), in
accordance with the literature.”’ The formation of INT2 is exergonic by 19.6 kcal/mol relative to
INT1. This kind of 77, n'-bis(allylic) ligand could be expected to undergo syn-anti isomerization of

the methyl substituents. However, intermediate INT2 possesses some unique features that result in

13
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the preservation of its stereochemical configuration as formed in the course of TS1, i.e. (£)-double
bond geometry and anti-CH; group in the 7-allyl system. First, the methyl substituent in the
17-allyl of INT2 cannot move from anti- to syn-position via an 7°-7'-77° isomerization mechanism,
because the required rotation in the transient 7'-complex is impossible due to the fact that the allylic
system is a part of metallacycle. Second, it is possible that the 7° and 7' allyl groups in INT2
exchange places, but this also maintains the overall configuration. During such a process, the
anti-CH3 group becomes a substituent of the (Z)-configured double bond, and vice-versa. Finally,
INT2 may transiently transform into an isomeric 77°,7'-bis(allylic) complex (INT2%). This is
calculated to be 8.5 kcal/mol higher in energy than INT2. However, such an interconversion also
leaves the stereochemical arrangement of the allene-dimer moiety intact. These properties are of

importance for the overall selectivity of the reaction, as will be discussed below.

[Rh] [Rh] [Rh] [Rh] Rh]
anti \)_zzz)/ % % anti 4/}2_2( anti \/—(
INT2 INT2 INT2'
7 P i
[-28.5] [-23.6] [-28.5] [-22.3] [-20.0]

Scheme 5. Possible 7°-5'-7° isomerization of INT2. Energies relative to the global zero are

indicated in kcal/mol.

As a final option for the initial step, the oxidative coupling between the aldehyde and allene
molecules was also examined (path C in Scheme 3). Similarly as in the case of allene-allene
oxidative coupling, the C-C bond may be formed between the carbonyl carbon and positions C1, C2,

or C3 of the allene. Considering also the Rh coordination, as well as the (Z2)/(E) and cis/trans

14
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isomers, there are 7 different transition states possible (see Supporting Information). The one with
the lowest free energy among them is TS1b (Figure 2). The corresponding free energy barrier is
29.7 kcal/mol and formation of the resulting Rh(IIT) complex INT2b is endergonic by 8.7 kcal/mol
relative to INT1 (Figure 1).

These results clearly point to the oxidative coupling of two allenes leading to intermediate INT2
as the favored initial step of the mechanism. The transition state for the C-H oxidative addition
(TS1a) is 3.7 kcal/mol higher than TS1 (but lower than many of the transition states depicted in
Scheme 4). On the other hand, the oxidative coupling between the aldehyde and allene was found to
occur via high-energy transition states, the lowest of which (TS1b) being 8.2 kcal/mol higher than
TS1. Importantly, formation of INT2 is irreversible, and therefore, already at this point it is
possible to dismiss the whole paths A and C of Scheme 3 as plausible reaction mechanisms. Using
the same argument one can also discard all the pathways starting with the oxidative coupling of two
allenes in the other arrangement than in TS1 (Scheme 4). Hence, from the reaction mixture
containing the Rh(I) catalyst (cat), aldehyde 1, and allene 2, intermediate INT2 should be formed
practically exclusively. This intermediate, as explained above, has a defined stereochemical
configuration, which strongly narrows the number of possible final products of the reaction.

In the following sections, we will show that the experimentally observed product 3, as well as

the minor side-products 4 and 5, can all be derived from INT2 as a common precursor.

3.2. Formation of the second C-C bond.

Once the two allene molecules are coupled in the first step of the mechanism forming INT2, the

second C-C bond-formation must take place, incorporating the aldehyde moiety into the structure

15
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and thus assembling the complete backbone of the product. It has been suggested that the second
C-C bond-formation should occur via a migratory insertion of aldehyde into the Rh-C bond.® Such a
course of the reaction was also established in mechanistic studies on the above-mentioned related
reductive 2:1 coupling of acetylenes with aldehydes (Scheme 2a).” In addition to the insertion of the
aldehyde, INT2 may potentially undergo a competing process, namely a f-hydride elimination that
would eventually lead to the formation of the dimer of allene 2. There is experimental evidence that
the latter pathway is followed in the absence of aldehyde 1 in the reaction mixture.'’ In the present
study we discovered an additional alternative for the C-C bond formation that has not been
proposed previously and that turns out to have a much lower barrier than the two other processes. It
involves namely the direct rhodiumallyl addition to the aldehyde. In this section, these mechanistic
possibilities are investigated and compared.?'

Irrespective of the specific way the new C-C bond is formed, the reaction begins with the
coordination of aldehyde 1 to the rhodium center. To create the necessary coordination site for the
aldehyde, the allyl ligand must change its binding mode from 7 to 7'. This may occur in two
distinct ways, with either C1 or C3 ligating the metal center in the resulting complex (INT3 or
INT3’, respectively; Figure 3). This transformation is calculated to be endergonic by 4.1 and 6.7
kcal/mol, respectively.

From INT3 the migratory insertion may only occur at the C1 position, due to the symmetric
structure of this intermediate, while insertion in INT3’, on the other hand, can take place at both C1
and C3. The calculations show that the lowest energy transition state leads to the insertion at C1
(TS-INS) and arises from INT3. The second lowest transition state found is TS-INS’, which
involves the insertion at C3 from INT3’. The corresponding barriers for TS-INS and TS-INS’

16
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relative to INT2 are 29.8 and 31.7 kcal/mol, respectively (Figure 3). The energy difference between
them can be explained by the steric repulsion between the proximal methyl group and the aldehyde
in the latter transition state.

The alternative C-C bond formation pathway that we discovered to be possible starting from
INT3 and INT3’ is a direct attack of the c-allyl ligand on the aldehyde, which is coordinated to the
rhodium center.” Such a reaction, occurring via a six-membered cyclic transition state (see Figure 3
for a schematic picture and Figure 4 for optimized structures), was found to be energetically more
favorable compared to the migratory insertion, by as much as 15 kcal/mol.

In this case, the C-C bond formation from INT3 can now occur only at the C3 position (TS2).
The corresponding barrier was calculated to be 14.7 kcal/mol relative to INT2. However, allylation
from INT3’ may take place at both C1 and C3, but the former scenario is lower in energy (TS2’ in
Figure 3) and requires overcoming an overall barrier of 15.3 kcal/mol relative to INT2. In both TS2
and TS2’ the six-membered ring adopts the chair-like geometry (Figure 4), with the methyl and the
phenyl groups occupying the axial and equatorial positions, respectively. The small energy
difference between them might be explained by a steric repulsion between the methyl group and the
Rh center in TS2’, which is not present in TS2. Transition states TS2 and TS2’ constitute the

divergence point, from which the reaction proceeds in two separate parallel pathways.

17
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Figure 3. Free energy profile for the formation of the second C-C bond.

The allylation occurring via TS2 and TS2’ yields octahedral complexes INT4 and INT4’,
respectively, containing 7”-alkene and alkoxide ligands coordinated to Rh(IIT) (see Figure 4 for
optimized structures). Interestingly, INT4 is found to be 0.9 kcal/mol less stable than INT4’.

Finally, the f-hydride elimination from INT2, the possible side-reaction at this stage of the
mechanism, was found to have a barrier of 33.0 kcal/mol relative to INT2 (via TS-H, the optimized
structure is given in Supporting Information), that is 18.3 kcal/mol higher than that found for TS2
(Figure 3). Therefore, in the presence of aldehyde 1 in the reaction mixture, the allylation is

expected to occur much more favorably, which is in agreement with the experimental results.

18

ACS Paragon Plus Environment



Page 19 of 40 Journal of the American Chemical Society

©CoO~NOUTA,WNPE

Rh-C1=2.10 Rh-0=211 oneh > 1;{1-8 - 2-2027 Qle® OG0
Rh-CI'=2.12 CC3=204 /16 S N\ INT4 '
Rh-0=2.23 Rh-C1=227 Rh-C2=2.43 ¢

l\ ' RhO=212
, C-C1=2.08
20 %% (o7
21 ﬁi;
22
Rh-C1=2.10
23 Rh-C3' =2.17

Rh-C3 =231
INT3'
24 Rh-0=222

Rh-O0=2.06
Rh-C3 =2.62
Rh-C2=2.44

Figure 4. Optimized structures of the allylation reactants, transition states and the resulting

29 complexes.

34 3.3. f-Hydride Elimination.

36 The next step in the reaction pathway is the f-hydride elimination, restoring the carbonyl group
(Scheme 3, path B). In both INT4 and INT4’ the only f-hydrogen available is the one originating
41 from the aldehyde group, hence it will be exclusively transferred to the metal center. However, for
the f-hydride elimination to take place, a vacant coordination site must be created to accommodate
46 the hydride. This can be generated by dissociation of the 77-alkene from the metal center in INT4
and INT4’ followed by rotation of the alkoxide ligand. The calculations show that this
51 isomerization takes place through a series of steps, among which the highest energy transition states
are TS3 and TS3’ with the corresponding barriers of 17.7 and 16.6 kcal/mol relative to INT4 and

56 INT4’, respectively (Figure 5). A detailed description of the isomerization process, together with
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calculated energy profiles and optimized structures can be found in the Supporting Information.

The isomerization results in intermediates INT5 and INT5’ containing 773 -allyl ligand, which are
calculated to be higher in energy by 6.8 and 4.7 kcal/mol relative to INT4 and INT4’, respectively.
From INTS and INTS’, the f-hydride elimination takes place with a simultaneous change in the
coordination mode of the allyl group from 7’ to 7', in order to create a vacant site for the hydride at
the metal center (TS4 and TS4’, see Figure 6 for optimized structures). The calculated energies of
TS4 and TS4’ relative to the respective intermediates INTS and INTS’ are 9.0 and 10.1 kcal/mol
(Figure 5), respectively. It should be noted that transitions states TS4 and TS4’ are lower in energy
than the preceding TS3 and TS3’, which will be of importance for the analysis of the selectivity
(see below). The rhodium-hydride complexes resulting from the f-elimination (INT6 and INT6)

are octahedral and contain an 7'-allyl and a carbonyl oxygen coordinated to the metal.
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Figure 5. Free energy profile for the f-hydride elimination step.
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Rh-C1=2.17
v Rh-C2=2.24

Rh-C3 =243

O
Rh-O =2.07
Rh-C1=2.19
INTS' Rh-C2=2.26
Rh-C3 =234

Rh-C1=2.13
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Rh-O=2.18 RnC
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TS4' Rh-O0=2.17 INT6' Rh-O =224
Rh-H =1.66 Rh-H = 1.56
H-C4=1.61

Figure 6. Optimized structures of the f-hydride elimination transition states and the resulting

n'-allyl complexes.

We have also considered an alternative process that theoretically may interfere with the

fS-hydride elimination from INTS or INTS’, that is a C-O bond forming reductive elimination. With

such course, the reaction would yield pyrane derivatives as products, constituting a heteroatom

analog of the [2+2+2] carbocyclization shown in Scheme 1a.”> However, the barrier calculated for

this process (from INTS’ to TS-RE’) was found to be 26.9 kcal/mol, which is 16.8 kcal/mol higher

than for the f-elimination from the same intermediate (Figure 6). Hence, the C-O bond forming

reductive elimination will not take place, which is indeed the result observed experimentally.
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3.4. Reductive Elimination.

The last step of the mechanism, closing the catalytic cycle, is the C-H bond-forming reductive
elimination (Scheme 3). This could occur directly from INT6 and INT6’. The calculated energy
barriers are quite feasible, 20.4 and 19.2 kcal/mol from INT6 and INT6’, respectively (see
Supporting Information for optimized structures of TSs). However if the reaction followed this
pathway, it would yield only compounds 4 and 5 as products, and not the experimentally-observed
mixture containing predominantly their isomer 3. Prompted by this apparent flaw, we envisioned
that the nl-allylic complexes INT6 and INT6’ could interconvert into their 773-a11y1ic counterparts
(INT7 and INT?7’), with the dissociation of the carbonyl oxygen from the rhodium center prior to
the reductive elimination. Since both terminal carbon atoms of the 7°-allyl system in INT7 and
INT7’ can couple with the hydride during the reductive elimination, formation of 3 could be
enabled upon such a transformation.

Indeed, as shown in Figure 7, the Rh(IIl) hydrides containing the 773-a11y1 ligand, INT7 and
INT?7’ (see Figure 8 for structures), are more stable than INT6 and INT6’, by 1.1 and 5.3 kcal/mol,
respectively.”* As mentioned above, from INT7 and INT7’ the reductive elimination can occur at
both the C1 and C3 sides of the 77-allyl. The calculations show that irrespective of the starting
complex, the reductive elimination engaging the methyl-substituted carbon C3 (TS5a and TS5a’) is
more favorable than the one occurring at the unsubstituted C1 (TSSb and TS5b’; Figure 8). This is
a typical behavior in many Rh-catalyzed reactions involving m-allyl species, which usually afford

19a-m

the branched product. One reason for this preference is that in TS5a and TS5a’ the sterically
crowded rhodium center is positioned closer to the less substituted double bond (between C1 and

C2). For example, in TS5a’, the bond distances of Rh-C1 and Rh-C2 are 2.15 and 2.16 A,

respectively, whereas in TSSb’, due to the steric effect of methyl group, the Rh-C2 and Rh-C3 bond
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distances are somewhat longer, 2.19 and 2.22 A, respectively (Figure 8). Importantly, the energies
of all the TSS variants are lower than those of the transition states for the direct reductive
elimination from INT6 and INT6’, implying that the reaction will not follow the latter pathway. >
The influence of the relative energies of the reductive elimination transition states on the overall

selectivity of the reaction will be discussed in the following section.

t + + t
H
[RAI 5 H £ ; [R5 H [Rh]_)"
\\ [Rh]\)& \ ~L
i 92/2 3 R 2/2 3 0 /2 1B
3 3
Ph Vs Ph AW Ph 1 Ph 4
o} o o) o
TS5a’ TS5b' TS5a TS5b
H H
[Rn] Rn]
V2 i
O 1 ! -86 H [Rh]
N 7 3 TS5b Nl
Ph /q 2\\2 2 . 2\\ \ 2/2 3
Ph -13.9 3
= Ph ;
o)
INT8b
AG
Tol 223
kcal/mol
. -29.1
‘m——— INT8b* Ph

Figure 7. Free energy profile for the reductive elimination step.

24

ACS Paragon Plus Environment

Page 24 of 40



Page 25 of 40 Journal of the American Chemical Society

©CoO~NOUTA,WNPE

5 Rh-C1=2.16
2 Iruci=216 Rh-C2=2.17 & e Rh-C1 =222
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14 RO-C3 = 2.33 Rh-H=1.58 Rh-C3=221
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INT7' Rh-C2=2.26 Rh-H=1.59 Rh-H = 1.59
Rh-C3 =233 b C3H=170 . TSSb! Cl-H=162

Rh-C1=2.15
Rh-C2=2.16

30 Figure 8. Optimized structures of the reductive elimination reactants and transition states.

3.5. Overall catalytic cycle and origins of regioselectivity in [RhCl(dppe)]-catalyzed reaction.

37 The mechanism of the reaction, as established by the present DFT calculations, is summarized in
40 Scheme 6 and the corresponding overall free energy profile is given in Figure 9. The catalytic cycle
42 consists of four steps: 1) oxidative coupling of two allene molecules, 2) allylation of the aldehyde, 3)
45 p-hydride elimination, and 4) C-H forming reductive elimination. A prominent role in the
47 mechanism is played by allylic Rh-complexes. Due to flexibility of the allyl ligand binding modes
50 (17, "), a variety of reactivity patterns at each step of the catalytic cycle are available. Hence, the
mechanism of the reaction involving allenes displays considerable differences compared to the
55 mechanism of the related reductive coupling of acetylene and aldehyde shown in Scheme 2a in

which vinyl ligands limited only to 6-bonding are involved.
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Scheme 6. Summary of the mechanism of the [RhCl(dppe)]-catalyzed 1:2 coupling of aldehydes

and allenes.
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Figure 9. Free energy profile for the [RhCl(dppe)]-catalyzed 1:2 coupling of aldehydes and allenes.

The oxidative coupling of two allene molecules (TS1) is a common step for all the pathways
leading to the experimentally observed products 3-5. It has a barrier of 21.5 kcal/mol relative to the
most stable Rh(I) complex INT1. The oxidative coupling is irreversible and leads selectively to the
octahedral 773 ,nl—bis(allylic) Rh(III) complex INT2, which has a well-defined and stable
stereochemical configuration. Therefore, at this step of the mechanism a number of structural
features of the products are already determined, such as the C2-C2 linkage and the configuration of
the double bonds. It is also important to point out that the overall barrier for the oxidative coupling
is the highest among all the barriers in the catalytic cycle. This step constitutes therefore the
rate-determining step of the reaction.

Upon coordination of an aldehyde molecule, INT2 undergoes a transformation to either INT3 or

INT3’, depending on which side of the 773-ally1 ligand remains bound to the metal (C1 or C3). Thus,
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this step constitutes the first divergence point, from which the two pathways proceed through the
subsequent steps separately. The following step is the allylation of the aldehyde, proceeding through
the six-membered cyclic transition states TS2 and TS2’. After an isomerization (INT4 — INTS via
TS3 and INT4> — INTS’ via TS3’) required for creating an empty coordination site in an
appropriate position of the complex, a f-hydride elimination takes place via TS4 and TS4’. Since
TS3 and TS3’ are higher in energy than all the subsequent transition states, passing them can be
considered practically irreversible. Therefore, the ratio at which the catalyst is split to follow either
one or the other branch of the catalytic cycle is determined by the energy difference between the
transition states TS3 and TS3’. According to the calculation, these energies differ by 2.0 kcal/mol,
and hence intermediates INT6 and INT6’ are formed in a 5:95 ratio.”

The next step of the mechanism is the C-H forming reductive elimination, starting by converting
the 7'-allylic Rh(III) hydrides INT6 and INT6’ to the 7-allylic species INT7 and INT7’,
respectively. The reductive elimination is the final regioselectivity-determining step. This process
was found to take place preferentially at the C3 position (TS5a and TS5a”) compared to C1 (TSSb
and TS5b’). In particular, from INT7’, formation of INT8a’ via TS5a’ is favored over INT8b’ via
TS5b’ by 2.3 kcal/mol. This energy difference corresponds approximately to a 98:2 ratio. On the
other hand, the 5.3 kcal/mol energy difference between TS5a and TS5b implies that INT7 is
practically exclusively transformed into INT8a. Hence, taking into account the previous split of the
reaction pathways, the overall selectivity predicted by the calculations is 3:4:5/93:2:5, which is in a
very good agreement with the experimentally-observed ratio of 91:6:3 (Scheme 2b).°

Finally, intermediates INT8a’, INT8b’, and INT8a formed in the reductive elimination

regenerate the free catalyst [RhCl(dppe)] by releasing the corresponding products 3, 4, and 5,
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respectively, closing the catalytic cycle. It should be pointed out that the relative stabilities of the
free products 3, 4, and 5 do not correlate at all with their ratios resulting from the catalyzed
reaction.

In summary, the above considerations show that the calculated energies can reproduce and
rationalize the observed selectivity of the [RhCl(dppe)]-catalyzed reaction, which provides further

support to the reaction mechanism suggested in Scheme 6.

3.6. Regioselectivity in [Rh(dppe)']-catalyzed reaction.

As mentioned in the introduction, the selectivity of the reaction can be altered by replacing the
chloride anion in the catalyst precursor with non-coordinating counterions, such as TfO", BF,", or
PF¢. To rationalize this catalyst-dependent selectivity, we have reinvestigated the reaction
mechanism with the cationic [Rh(dppe)’] complex as the active species. The calculations suggest
that the cationic catalyst promotes a partially different mechanistic pathway (see Scheme 7 and
Figure 10 for calculated energy profile), which in turn causes the alteration of the selectivity.

The first two steps of the mechanism are the same as for the [RhCl(dppe)] catalyst, except for the
fact that due to the availability of an extra coordination site in the cationic catalyst, the initial INT1"
complex contains two allene molecules. The reaction starts by an oxidative coupling of the two
allene moieties (TS1"), resulting in the selective formation of 773,771-bis(allylic) complex INT2",
The structure of the allylic ligand in INT2" is identical to that in INT2, limiting thus the possible
reaction products to 3-6, as discussed above for the neutral [RhCl(dppe)] catalyst. It should be noted
that this step is rate-determining also for this catalyst. The next step is the allylation of the aldehyde

via TS2" and TS2’", resulting in intermediates INT4" and INT4’". The selectivity of the allylation
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is the same as before, i.e. it occurs preferentially at the C3 position via TS2".

" J

" g [ .
TS o \ )INT1’ Phgm 70

alkoxide H H / alkoxide
oxidation| \_/ \/ oxidation

, oxidative
coupling
[Rh") (Rh'"
O/\\[,' [RhI o
R ’
Ph \ " \
H H /
INT4™ < INT4*
Ts2"*
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Scheme 7. Summary of the mechanism of the [Rh(dppe)]-catalyzed 1:2 coupling of aldehydes and

allenes.

From INT4" and INT4" the reaction can follow the same isomerization/s-hydride
elimination/reductive elimination pathway found for the neutral catalyst. The optimized geometries
and the calculated energy profile for this scenario are given in the Supporting Information.
Similarly to the neutral catalyst, the highest barrier is calculated to be for the isomerization (TS3"
and TS3’"), amounting to 12.0 and 12.2 kcal/mol relative to INT4" and INT4’", respectively.
However, although the energy barriers are feasible, if such analogous pathway is followed it would
lead to the same selectivity as before, i.e. predominantly product 3 (see SI). This is in conflict with

the experimental findings, which speaks thus against such a mechanism for the cationic catalyst.
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Instead, we discovered an alternative mechanism which reproduces the reversed selectivity in the
cationic catalyst. The alkoxide ligand present in the Rh(IIT) complexes INT4" and INT4>" can
namely undergo a feasible direct oxidation to the corresponding ketone (TS6" and TS6’", see Figure
11 for optimized structures). In the course of the reaction, Rh(III) is reduced to Rh(I) and the final
products 3 and 5 are formed directly (coordinated to the metal as INT9’" and INT9"). A key role in
this process is played by the 7'-allyl ligand, which acts as an internal base abstracting a proton from
the alkoxide (Figure 11). Although perhaps somewhat surprising in this context, this transformation
is analogous to the well-known oxidation of alcohols by high-valent metals, such as for example
Mn(VII) and Cr(VI).?” The example of related oxidation in Pd(II) complexes has also been
reported.”®

The barriers for TS6" and TS6’" relative to INT4" and INT4’ * are calculated to be 10.1 and 12.0
kcal/mol, respectively. As seen from the energy profile in Figure 10, the regioselectivity in this case
is controlled by the energy difference between TS2’" and TS6', which constitute the first
irreversible steps in the respective pathways leading to the two products. The calculated energy
difference between these transition states is 0.3 kcal/mol, corresponding to a 3:5 ratio of 40:60.

Although the difference in energy Dbarriers between the isomerization/f-hydride
elimination/reductive elimination pathway (12.0 and 12.2 kcal/mol for TS3" and TS3"",
respectively) and the alkoxide oxidation pathway (10.1 and 12.0 kcal/mol for TS6" and TS6’",
respectively) is not that large that the former one can be completely ruled out, the fact that the
alkoxide oxidation mechanism can account for the reversal of selectivity in the cationic catalyst is a
strong argument in favor of it. Another piece of evidence is that the alkoxide oxidation via TS6" and

TS6’" leads directly to compounds 3 and 5, which explains why these are the only products
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observed experimentally for the reaction involving the cationic catalyst, while for the neutral

catalyst, on the other hand, three products were observed.

AGry
kcal/mol

-64.9
INT9"™

Oxidative Coupling Allylation _‘ Alkoxide Oxidation 4

Figure 10. Free energy profile for the [Rh(dppe) ]-catalyzed 1:2 coupling of aldehydes and allenes.

Finally, it should be mentioned that we also located transition states for a similar alkoxide
oxidation mechanism in the chloride-containing neutral complexes INT4 and INT4’. However, the
barriers were found to be much higher than the isomerization/f-hydride elimination/reductive
elimination pathway discussed above (see Supporting Information for details). Hence, the electron

deficient character of rhodium in the cationic complex is crucial for the alkoxide oxidation reaction.
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Figure 11. Optimized structures of the alkoxide oxidation transition states TS6" and TS6’".

4. Conclusions

The rhodium-catalyzed 1:2 coupling of aldehydes and allenes has been investigated in detail by
DFT calculations. The free energy profiles for several possible reaction pathways are calculated and
compared.

For the reaction catalyzed by the neutral [RhCl(dppe)] complex, it is shown that the energetically
most plausible catalytic cycle consists of the following steps: oxidative coupling of the two allenes,
allylation of the aldehyde, S-hydride elimination, and finally, reductive elimination. The first step is
found to be rate-determining for the overall reaction and it leads to the formation of a Rh(III)
bis(allylic) complex. Due to its ability to adopt either 7> or 5" configurations, the allyl ligand turns
out to play a key role throughout the mechanism, with profound consequences for the reaction

selectivity.
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The calculations show that the remarkable regioselectivity of the reaction is an overall result of a
number of selection events taking place in the catalytic cycle. The first regioselectivity-determining
step is the oxidative coupling, at which the C2-C2 linkage between the allene moieties is selectively
established. Subsequently, the selectivity of the second C-C bond formation is controlled during the
[-hydride elimination. Finally the reductive elimination is found to preferentially yield the branched
product.

For the reaction catalyzed by the cationic [Rh(dppe)’] complex, on the other hand, the
calculations suggest a different reaction mechanism after the allylation step. Namely, oxidation of
the alkoxide can take place directly to yield the products. This important difference explains the
reversal of selectivity observed experimentally.

The present -calculations provide thus important insights into the mechanism of
rhodium(I)-catalyzed coupling reactions, in particular those involving allenes, and will have a

general bearing on the improvement of existing catalytic systems and the design of new ones.
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