Research Article

)
<

pubs.acs.org/acscatalysis

Mechanistic Insights into Carbonyl-Directed Rhodium-Catalyzed
Hydroboration: ab Initio Study of a Cyclic y,6-Unsaturated Amide

Zhao-Di Yang,'r’jIE Rhitankar Pal,® Gia L. Hoang,i Xiao Cheng Zeng,*’jE and James M. Takacs**

"Key Laboratory of Green Chemical Engineering and Technology of College of Heilongjiang Province, College of Chemical and
Environmental Engineering, Harbin University of Science and Technology, Harbin 150040, People’s Republic of China

T'Department of Chemistry, University of Nebraska—Lincoln, Lincoln, Nebraska 68588, United States
§Depalrtment of Chemistry, Yale University, New Haven, Connecticut 06518, United States

© Supporting Information

ABSTRACT: A two-point binding mechanism for the cationic
rhodium(I)-catalyzed carbonyl-directed catalytic asymmetric hydro-
boration of a cyclic y,6-unsaturated amide is investigated using density
functional theory. Geometry optimizations and harmonic frequency
calculations for the model reaction are carried out using the basis set 6-
31+G** for C, O, P, B, N, and H and LANL2DZ for Rh atoms. The
Gibbs free energy of each species in THF solvent is obtained based on
the single-point energy computed using the PCM model at the
ECP28MWB/6-311+G(d,p) level plus the thermal correction to Gibbs
free energy by deducting translational entropy contribution. The Rh-
catalyzed reaction cycle involves the following sequence of events: (1)
chelation of the cyclic y,6-unsaturated amide via alkene and carbonyl p
complexation in a model active catalytic species, [Rh(L2),S,]*, (2)
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oxidative addition of pinacol borane (pinBH), (3) migratory insertion of

the alkene double bond into Rh—H (preferred pathway) or Rh—B bond, (4) isomerization of the resulting intermediate, and
finally, (5) reductive elimination to form the B—C or H—C bond with regeneration of the catalyst. Free energy profiles for
potential pathways leading to the major y-borylated product are computed and discussed in detail. The potential pathways
considered include (1) pathways proceeding via migratory insertion into the Rh—H bond (pathways I, I-1, and 1-2), (2) a
potential pathway proceeding via migratory insertion into the Rh—B bond (pathway II), and two potential competing routes to a
p-borylated byproduct (pathway III). The results find that the Rh—H migratory insertion pathway I-2, followed in sequence by
an unanticipated isomerization via amide rotation and reductive elimination, is the most favorable reaction pathway. A secondary
consequence of amide rotation is access to a competing $-hydride elimination pathway. The pathways computed in this study are

supported by and help explain related experimental results.
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two-point binding mechanism

Recent advances in methods utilizing organoboranes in
synthesis,' ' especially chiral organoboranes,"' ™ have
renewed interest in transition metal catalyzed hydrobora-
tions.26 3 Rhodium-catalyzed hydroborations, in particular,
often exhibit versatile chemo-, regio-, and diastereoselectiv-
ity,>>~*' and among the recent advances in this methodology,
Takacs et al. reported a series of studies on the carbonyl-directed
catalytic asymmetric hydroboration (directed CAHB) of two-
point binding unsaturated amides and esters.*””*® A number of
mechanistic studies, both experimental‘w_49 and theoretical, of
rhodium-catalyzed hydroboration have been reported. However,
the prior computational work on the rhodium-catalyzed reaction
focuses on what can be categorized as the reaction via a one-point
binding mechanism (or nondirected catalyzed hydroboration) of
a simple alkene substrate, often styrene, and most often
employing a neutral (ie., [L,RhCl],) ,°0752 rather than cationic
(e.g, L,Rh(I)BE,),>*** complex. The model active catalytic
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species in the prior computational studies, typically (H;P),RhCl],
is a neutral d® closed-shell rhodium complex with a T-shaped
geometry. The key mechanistic steps are oxidative addition of
borane to (H;P),RhCI followed by the alkene coordination,
migratory insertion, and reductive elimination.

In the present work on the directed rhodium-catalyzed
hydroboration, the alkene substrate also contains a nearby
amide functionality. The carbonyl group of amide and C=C
bond of alkene complex to the cationic rhodium(I) from the
same face of the cyclopentenyl ring system, chelating the metal in
a cis fashion. Therefore, we call this a two-point binding
mechanism. Two-point binding is known to play an important
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role in directing the selectivity in common variants of
rhodium(I)-catalyzed asymmetric hydrogenation.>>*°

Figure 1 shows the rhodium-catalyzed amide-directed CAHB
of a cyclic y,6-unsaturated amide 1 leading to the y-borylated
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Figure 1. Amide-directed catalytic asymmetric hydroboration reaction
(CAHB) of cyclic y,6-unsaturated amide 1.

(1R,3S)-2 as the major product.’’” Note that boron is introduced
on the more sterically encumbered face of the alkene, cis with
respect to the amide functionality, as anticipated for a carbonyl-
directed reaction; little (i.e., typically 3% or less) of the isomeric
trans-y-borylated compound is found. However, (1R,3S)-2 is
usually accompanied by a small amount of the f-borylated
isomer 3.

We investigated energy profiles using density functional theory
(DFT) calculations for multiple potential pathways involving a
two-point binding mechanism for a model reaction closely
related to the CAHB reaction shown in Figure 1. To reduce the
degrees of freedom and thereby lower the required computing
time, two simplifications are made (Figure 2). A caged phosphite
ligand (i.e., 2,6,7-trioxa-1-phosphabicyclo[2.2.2] octane (L2)) is
substituted for (BINOL)PN(Me)Ph (L1), the chiral ligand used
in experimental studies, and pinacolborane (pinBH, 6) is used in
place of the unsymmetrical borane (tmdBH, 7) found to be
preferable in the experimental work. The reaction cycle is
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Figure 2. The model reaction is illustrated with the optimized
geometries of reactants, catalyst, and major and minor products.
(Note: Most H atoms, except for the polar and reactive ones, are hidden

for clarity.).
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initiated by the active cationic catalytic species [Rh(L2),S,]*, a
tetracoordinate square-planar complex, where L2 represents the
caged-ligand and S represents THF, the reaction solvent. We
report the energetics of all steps in the pathways leading to the y-
borylated product (1R*35%)-2%% and partially explore pathways
leading to the fS-borylated product 3.

B COMPUTATIONAL DETAILS

The reactants, products, intermediates (Im), and transition-state
(TS) geometries in the model reaction were optimized using the
DFT/ B3LYP58 5% method implemented in the Gaussian 09
package Gradient optimizations were carried out using the 6-
31+G** basis set for C, O, P, B, N, and H and LANL2DZ for Rh
atoms. The stationary frequency calculations at 298.15 K and 1
atm were performed at the same level for each of the optimized
structures to examine any imaginary frequency or the
corresponding vibrational modes to obtain the thermal
correction to Gibbs free energy. The intrinsic reaction coordinate
(IRC) calculations for each TS structure were performed to
illustrate the energy landscapes leading to the TS geometry from
the two neighboring minima corresponding to the species before
and after the respective steps. The single-point energies of all the
species in this reaction were calculated using 6-311+G™** basis set
for C, O, P, B, N, and H and ECP28MWB for Rh atoms and the
PCM model for the tetrahydrofuran (THF) solvent, all
implemented in Gaussian 09.

We evaluated the free-energy changes at 298.15 K in two
different ways. In the first way, we computed the free-energy
changes according to formula 1°" in which Gy e represents the
thermal correction to Gibbs free energy in the gas phase and
E,olvent 18 the single-point energy of the same molecule in THF
solvent with a larger basis set. In this way the translational,
rotational, and vibrational contributions in gas phase were all
taken into account in the estimation of the free energy. With this
correction, we find that the relative energy does not differ
markedly from that before the correction for those elementary
steps involving neither the formation of adduct nor the release of
product. However, very significant relative energy differences
were observed in those elementary processes that involve either
the formation of adduct or the release of product (see the
Supporting Information, Table S1). For the reaction in the gas
phase, this may be reasonable due to the significant entropy
contribution (G = H — TS). However, it seems that, when in
solution, the entropy contribution is overestimated for the steps
that involve either the formation of adduct or the release of
product, because the released molecules encounter limited space
for translational motion within in the solvent cage. 6364 The
overestimated entropy contribution should mainly come from
the translational entropy. Therefore, we approached the problem
in a second way; we deducted the translational entropy and
evaluated the free-energy change according to formula 2. Note
that the second method underestimates the entropy effects
because translation movements are not completely suppressed in
solution. However, we believe that excluding the translational
entropy should make calculated results closer to experiment, and
consequently, the ensuing discussion of mechanism will be based
on the results obtained from this second method.

G =g

correct

+ E (1)

solvent

G = Gcorrect + Esolvent Tstrans (2)
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Figure 3. Three possible reaction cycles with variants evaluated for the proposed two-point substrate binding mechanism. (The hydrogen atoms

highlighted in red indicate incorporation from pinB—H.).

Table 1. Relative Gibbs Free Energies (AG in kcal/mol) for All Species in the Model Reaction

pathway I AG pathway II AG pathway III AG
[Rh(L2),S,]" + substrate + pinBH? 0 [Rh(L2),S,]" + substrate + pinBH" 0
ImO + 2 THF + pinBH 0.18 ImO + 2 THF + pinBH 0.18
TS1 + 2 THF 16.09 TS8 + 2 THF 22.20 TS11 + 2 THF 17.13
Iml + 2 THF 4.07 Im8 + 2 THF 7.64 Imll + 2 THF 12.13
TS2 + 2 THF 5.30 TS9 + 2 THF 14.88 TS12 + 2 THF 17.30
Im2 + 2 THF 0.85 Im9 + 2 THF 543 Im12 + 2 THF 15.86
TS3 + THF 8.67 TS10 + 2 THF 24.83 TS13 + 2 THF 32.78
Im3 + THF 8.25 Im10 + 2 THF —-1.72 Iml13 + 2 THF 5.71
TS4 + THF 29.26 TS14 + 2 THF 13.06
Im4 + THF —16.35 Im14 + 2 THF 8.81
TSS + 2 THF 8.59 TS15 + 2 THF 29.53
ImS + 2 THF 3.08
TS6 + 2 THF 19.84
Imé6 + 2 THF -3.29
TS7 + 2 THE 27.40
Im7 + 2 THF -2.73
(1R*3S8%*)-2 + [Rh(L2),S,]* —17.26 (18%3R*)-2 + [Rh(L2),S,]* -17.26

“Sum of the free energies of all reactants is set to zero.

B RESULTS AND DISCUSSIONS

1. General Considerations. We studied the model reaction
shown in Figure 2 while invoking two-point binding of the
substrate. A series of possible reaction cycles (i.e., pathways I, II,
and III, Figure 3) were considered in our calculations. The first
step, common in all of the pathways considered, is complexation
of the alkene substrate (i.e., N-phenylcyclopent-3-enecarbox-
amide (1)) to the model active catalyst [Rh(L2),S,]*. Note that
each intermediate and transition state considered in our
calculations is labeled Im or TS, respectively, followed by an
identifying compound number. Oxidative addition of pinacol-
borane (pinBH, 6) affords the first intermediate rhodium
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complex, Im1. Reaction proceeds via migratory insertion of the
alkene bond into the Rh—H or Rh—B bond with subsequent
reductive elimination to form the B—C or C—H bond,
respectively. In Figure 3, the cycle proceeding via migratory
insertion into the Rh—H bond and leading to the major y-
borylated product (1R*35%*)-2 is labeled pathway I; the cycle
proceeding via migratory insertion into the Rh—B bond and
leading to isomeric y-borylated product (1S*3R*)-2 is labeled
pathway IL

Two other pathways, labeled pathways I-1 and I-2, differ from
pathway I in the details associated with the reductive elimination
step but afford the same y-borylated product as pathway I. We

dx.doi.org/10.1021/cs401023j | ACS Catal. 2014, 4, 763—773



ACS Catalysis

Research Article

pin=H

&
@;ﬁ:
1
Y|6_

unsaturated
amide 1 Im0 )
o ¢
Oxidative Addition
N Rh-H
[Rh(L2),S;] Pathway | M igrat_ory i
Insertion
v-borylatedx Reductive Elimination /
product N
(1R*,3S5%)-2 r
’ 1
Rh-H
"Agostic
Bond
Im7
Figure 4. Optimized structures for pathway L
Table 2. Selected Bond Lengths (A) for the Intermediates and Transition States of Pathways I and II
Rh—C, Rh—C; C,~Cs Rh—H* Rh-B Rh-D, Rh—D, Rh—0" Cs—H C,~B

ImO 2.293 2.293 1.384 2.325 2217
TS1 2.448 2410 1.370 1.831 2.368 2.256 2.239 2.521
Iml 2.375 2.371 1.381 1.576 2.049 2.274 2413 2.347
TS2 2239 2.329 1415 1.612 2.050 2313 2.350 2342 1.687
Im2 2.103 2425 1.506 1.944 2.050 2.340 2.220 2.329 1.166
TS3 2.107 2.790 1.540 2.514 2.043 2.482 2.182 2.323 1.101
Im3 2.146 3.062 1.537 3.092 2.050 2.513 2.204 2.342 1.089
TS4 2.490 3.350 1.548 3.387 2.188 2.259 2.230 2.588 1.089 1.787
Im4 3.537 1.558 4.957 2.194 2.208 2.174 1.089 1.576
TSS 2.105 2916 1.550 2.709 2.039 2.465 2.184 2.298 1.096
Im$S 2.104 3.127 1.549 3.057 2.026 2.456 2.220 2.180 1.091
TS6 2.293 3.483 1.573 3.529 2.118 2.283 2216 2.176 1.089 1.957
Imé6 1.568 2.194 2211 2.134 1.580
TS7 2.283 2.555 1.545 2.059 2.311 2.238 2.194 2.759 1.128 1.719
Im7 2.011 2.208 2.197 2.148 1.123 1.580
TS8 2.385 2.337 1.379 1.704 2.437 2.269 2.357 2.355
Im8 2.325 2.360 1.385 1.535 2.113 2275 2.482 2.279
TS9 2.121 2.288 1.461 1.533 2.298 2.364 2.307 2275 1.899d
Im9 2.123 3.003 1.550 1.541 3.022 2.496 2.199 2.265 1.561¢
TS10 2228 3.105 1.553 1.569 3.087 2.380 2.188 2.487 1.580° 1.570d
Im10 2.801 1.560 1.965 2.195 2.206 2.156 1.124°

“Rh—H denotes the distance of Rh to the H originally bonded to B in pinBH. b0 indicates the oxygen atom of the carbonyl moiety. “The value in
italics is the distance of C,—H; 9The value in italics is the distance of Cs—B;

also considered potential competing pathways leading to the
isomeric f-borylated product 3, as outlined in pathway IIL The
relative free energies for all the species considered in various
pathways of the model reaction are given in Table 1. In each case,
the free energies for intermediates and transition states (kcal/
mol) are relative to the total free energies of reactants (i.., the
catalyst [Rh(L2),S,]" + substrate + pinBH).

766

2. Pathway I: Migratory Insertion into the Rh—H Bond.
According to the proposed two-point binding mechanism, the
substrate first chelates to [Rh(L2),S,]* by displacing two solvent
molecules to form the complex labeled Im0. As shown in Figure
4, ImO is a square-planar tetracoordinate rhodium(I) complex
with C; symmetry. The borane, pinBH, can add to Im0 from
above or below the plane containing the metal leading to
enantiomeric products. Although the experimental studies

dx.doi.org/10.1021/cs401023j | ACS Catal. 2014, 4, 763-773
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directed toward CAHB use chiral ligands, the model reaction
incorporates achiral phosphite ligands. Therefore, in contrast to
the experimental studies, for which the two oxidative addition
approach pathways are diastereomeric, the above and below
plane pathways in the model reaction are enantiomeric and
equivalent in energy. Consequently, enantioselectivity is not
directly relevant to the model reaction, and we only calculate
pinBH attack from above the plane in pathway I (Figure 4)
leading to the formation of (1R*3S%)-2.

Oxidative addition of pinBH proceeds via calculated transition
state TS1; its structure and geometric parameters are listed in
Table 2. It can be noted that, in the transition state, pinBH is
positioned almost parallel to the plane containing Rh placing the
H atom directly on top of the metal. The caged ligand labeled P2
is then displaced downward with respect to the plane, ending at
pseudoaxial position. The Rh—B and Rh—H bond lengths are
2.368 and 1.831 A, respectively. The calculated free energy of
activation for the formation of TS1 is 15.9 kcal/mol. The
intermediate formed via oxidative addition of pinBH to ImO is
the hexacoordinate octahedral complex Im1, which is calculated
to lie approximately 3.9 kcal/mol higher in energy than the ImO.
The Rh—H bond in Iml is oriented parallel to the C,—=C;
double bond of alkene substrate, and the latter remains
coordinated to the metal.

From the geometry calculated for Iml, migration of the H
atom from rhodium to C is facile via transition state TS2.°° The
calculated free energy barrier for migratory insertion of the
alkene into the Rh—H bond is approximately 1.2 kcal/mol,
substantially lower than that required for the first step.
Intermediate Im2 is about 3.2 kcal/mol more stable than its
precursor, Im1. As shown in Figure 4 and in Tables 2 and 3, Im2

Table 3. Selected Angles (deg) for the Intermediates and
Transition States of Pathways I and II

ORhB* C,RhP, C,RhH C,RhB
ImO 162.12
TS1 123.19 160.83 108.48 109.05
Im1 175.60 176.78 99.32 92.03
TS2 176.11 168.01 82.40 91.34
Im2 173.12 162.02 66.29 91.95
TS3 166.68 171.08 56.05 91.37
Im3 172.82 176.68 45.88 89.26
TS4 129.25 161.06 44.33
TSS 132.52 169.61 52.87 97.80
Im$S 95.17 164.57 46.09 101.96
TS6 98.27 171.07 37.80 52.50
TS7 130.77 154.08 62.24 43.96
TS8 114.65 164.48 101.04 110.60
Im8 97.03 170.96 90.69 104.76
TS9 101.70 175.15 90.45 85.69
Im9 175.80 90.92 57.81
TS10 174.02 45.19 56.81

“0 indicates the oxygen atom of the carbonyl moiety.

is a distorted octahedral complex; the bond angle of C,—Rh—P,
is reduced sequentially from 176.78° in Im1 to 168.01° in TS2
and finally to 162.02° in Im2. Concomitant with formation of the
Rh—C, and C;,—H bonds, the C,=C; 7 bond is broken to form
a single bond. The Rh—C,, C;—H and C,—C,; bond lengths in
Im?2 are found to be 2.103, 1.116, and 1.506 A, respectively. The
Rh—H bond is continually elongated from that in Im1 (1.576 A)
through TS2 (1.612 A) to Im2 (1.944 A). Nonetheless, the
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relatively short contact distance persisting in Im2 indicates a
weak but significant agostic interaction remains between Rh—
HC;.

The final step in the two-point binding mechanism is reductive
elimination to form the pinB—C, bond. As shown in Figure 4 and
in Table 2, TS7 is the transition state for reductive elimination.
The weak Rh—HC; agostic interaction is maintained in TS7
while the interaction between B, Rh, and C, assumes a triangular
pattern. A rather high free energy barrier, 26.5 kcal/mol, is
calculated for the formation of TS7. After reductive elimination,
the tetracoordinate intermediate Im?7 is formed, which, in turn,
leads to the y-borylated product (1R*,35%)-2 and regenerates the
Rh-catalyst. As evident from the high barrier of formation of TS7,
it is difficult for the pinB group to migrate directly to C, through
TS7 while maintaining the agostic Rh—HC; interaction. We
explored two other pathways (labeled I-1 and I-2), which may
provide much lower energy pathways. Both pathways proceed via
breakage of the Rh—HCj; agostic interaction and afford the y-
borylated product (1R*,35%)-2, as shown in Figure S.

In pathway I-1, we explored a pathway in which a molecule of
solvent (i.e., THF) is explicitly reintroduced into the mechanism.
THEF adds to Im2, breaking the agostic interaction; the barrier for
the THF addition step is only 7.8 kcal/mol. The resulting
product, Im3, is a stable hexacoordinate octahedral complex, in
which the calculated distance between Rh and the O atom of
THE is 2.343 A. Reductive elimination forms the pinB—C bond,
leading to release of the y-borylated product. The calculated
migration transition state (TS4) shows one imaginary vibrational
mode in which the B atom clearly moves further away from the
metal atom and gets closer to C, atoms to form the B—C, bond
and break the Rh—B bond. The activation energy barrier from
Im3 to TS4 is relatively high (21.0 kcal/mol). Tetracoordinate
intermediate Im4 would be generated in the process leading to
release of the y-borylated product and regeneration of the
catalyst.

An alternative pathway involving isomerization of Im2 is
found to be more favorable than the two described above. In
pathway I-2, the Rh-coordinated carbonyl group of the amide
moiety in Im2 rotates approximately 78° from an equatorial to an
axial position to form ImS; the O—Rh—B angle is 173.2° in
Im2, 132.52° in TSS, and 95.17° in Im$S (Table 3). The long
Rh—H distance in Im$ (i.e, 3.057 A) indicates that the Rh—
HC; agostic interaction has been broken. The energy barrier for
rotation to TSS (7.7 keal/mol) is roughly equal to that for adding
THE as proposed in pathway I-1. Although one agostic bond is
broken in ImS$, a new agostic interaction is formed with the -
hydrogen (Hp) of the cyclic alkene; the calculated Rh-to-Hy
distance is 2.600 A. Both the reactant (Im2) and product (Im$)
possess a distorted octahedral geometry in which the metal—
hydrogen agostic interaction remains conserved; therefore, the
resulting two structures can be considered as simple pseudorota-
tional isomers. Im$ undergoes pinB to C, reductive elimination
via the calculated transition state TS6 with an activation barrier of
16.8 kcal/mol. The activation barrier of the B—C reductive
elimination is roughly 10 kcal/mol lower than that the
corresponding step in pathway I (i.e, TS7, 26.5 kcal/mol).
The major difference between the two transition states is the
location of the weak agostic interaction, which is trans to the
migrating B atom in TS6, whereas the C=0 and Rh interaction
may exert a stronger trans effect on the migrating group in TS7.
TS6 shows one imaginary vibrational mode similar to TS4 and
TS7 as described previously. The tetracoordinate intermediate

dx.doi.org/10.1021/cs401023; | ACS Catal. 2014, 4, 763—773
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Figure 5. Optimized structures for pathways I-1 and I-2.

Im6 then leads to the y-borylated product with regeneration of
the catalyst.

A comparison of these three pathways (I, I-1, and I-2) and
their respective free-energy profiles is illustrated in Figure 6. We
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Figure 6. Comparison of the potential energy profiles for pathways I, I-
1, and I-2.

find that the reductive elimination step should be the rate-
determining step for all three possibilities examined. In pathway
I, the reductive elimination occurs via a single transition state
(TS7), whereas pathways I-1 and I-2 involve two-step
transformation via an intermediate (Im3 for I-1 and ImS$ for I-
2) and two transition states (TS3, TS4 for I-1 and TSS, TS6 for
I-2). The overall energy barriers of the rate determining step for
the three pathways, in decreasing order, is as follows: pathway I-1
(28.41 keal/mol) > pathway I (26.54 kcal/mol) > pathway I-2
(18.99 kcal/mol), indicating that pathway I-2 is the most
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favorable for formation of y-borylated product (1R*3S%)-2 in
the model reaction.

3. Pathway Il: Migratory Insertion into the Rh—B Bond.
A recurring question in the mechanism of rhodium-catalyzed
hydroboration is which migratory insertion pathway is preferred,
Rh—H or Rh—B; the latter often referred to as the dehydrogen-
ative borylation pathway.’***%°~% To address this question, we
examined pathway II, which differs from the family of
mechanisms described under pathway I in that pathway II
involves the migratorgr insertion of the coordinated alkene into
the Rh—B bond.”*~"* To accommodate the desired migratory
insertion, pinBH adds to Im0 in a direction more perpendicular
(rather than parallel, as previously examined) to the coordination
plane encompassing Rh (Figure 7). Therefore, the intermediate
obtained in the first step of pathway II, ie., Im8, differs
structurally from the previously described Im1. In Im8, the Rh—
B bond occupies a position parallel to the alkene double bond
while the Rh—H bond resides in the equatorial plane
perpendicular to the alkene. The imaginary vibrational frequency
of TS8 clearly shows B—H bond breaking and Rh—B bond
formation modes. The activation free energy barrier leading to
TS8 is calculated to be 22.0 kcal/mol, approximately 6 keal/mol
higher than that found for pathway I (see Figure 8). The free
energies listed in Table 1 indicate the intermediate Im8 is less
stable (by about 3.5 kcal/mol) than Iml.

Step 2 of pathway II involves the key migratory insertion of the
alkene into the Rh—B bonding, leading to formation of the B—Cj;
bond. We find that this step encounters a free-energy barrier of
approximately 7 kcal/mol, whereas the analogous transition in
pathway I (alkene insertion into the Rh—H bond) is almost
barrierless. In addition, the resulting intermediate Im9 is roughly
4.6 kcal/mol less stable than the previously described
intermediate Im2. Structurally, Im9 still maintains an octahedral
core around the Rh as an O atom of the pinacol moiety now
coordinates to Rh.”> Reductive elimination forms the H-C,
bond and the square planar intermediate Im10 which again
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eventually affords the y-borylated product (1S*3R*)-2. This
reductive elimination step has a calculated free energy of
activation of approximately 20 kcal/mol, making it not only the
highest overall energy barrier in pathway II but h1§her than the
highest overall barrier calculated for pathway I-2.

It is worth noting at this point that oxidative addition of pinBH
from above the plane of Im0 (i.e., the same mode of addition
described above), the Rh—H migratory insertion pathways I, I-1,
and I-2 lead to the stereoisomer of the y-borylated product
designated (1R*35*)-2 whereas the Rh—B insertion pathway II
leads to the enantiomeric structure designated (1S*3R*)-2. As
noted above, the top- and bottom-face approaches are
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Figure 9. - and y-Borylated product formation starting with the f,y-
unsaturated amide. (Hydrogen atoms highlighted in red indicate
expected incorporation from pinB—H.).
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Table 4. Selected Bond Lengths (A) and Angles (deg) for Intermediates and Transition States in Pathway ITI

Rh-C, Rh-C, C,~C, RhH Rh-B Rh-P,
TS11 2.114 2.514 1.516 2.090 2.043 2.406
Imll 2097 2433 1507 2018 2036 2384
TSI2 2257 2337 1409 1629 2036 2285
Iml2 2451 2422 1375 1§78 2031 2246
TSI3 2147 2963 1556 2943 2076 2202
Im13 2.097 2.480 1.522 2.109 2.039 2.199
TSI4 2248 2293 1417 1616 2043 2345
Iml4 2490 2395 1373 1576 2044 2418
TSIS 2190 2419 1538 2035 2087 2329

Rh—P, Rh-0® C,~H, O°RhB  CRhP, CQRhH, CRhB
2.197 3.426 1.138 88.07 155.71 63.58 111.04
2229 4096 1163 83.08 15569 6550  109.14
2.368 1.738 157.37 8303 11122
2.435 2284 161.13 97.53  109.53
2203 2345 1095 15943 13488 49.42 74.80
2416 2.369 1.135 163.46 93.10 64.00 92.36
2308 2385 1683  167.84 90.41 82.85 90.08
2253 2357 2374 16674 82.14 10108 89.13
2204 4082 1147 9598 15861 64.38 58.96

“RhH, denotes the distance of Rh to Hy; b0 denotes the carbonyl oxygen atom of the substrate.

catalyzed isomerization of the y,0-isomer 1. Two possible
isomerization pathways providing a route to the f-borylated
product (i.e, pathways III-1 and III-2) were identified in our
computational study. Figure 10 shows the structures for all the
intermediates, transition states, and the f,y-unsaturated amide 8
in these potentially competitive pathways.

Figure 5 shows that the Rh, C,, Cg and Hj atoms in
intermediate Im$ all reside approximately in the same plane as
required for B-hydride elimination; however, the calculated
distance between Rh and Hy is too long (2.600 A) for facile -
hydride elimination to proceed directly from ImS. In our
calculations, we find a more favorable mode coupled with
breaking the Rh—O interaction and leading to TS11 (pathway
III-1). It shows an imaginary vibrational mode involving moving
the C=0 moiety away from Rh while simultaneously moving C
and Hy up and closer to Rh. As shown in Tables 2—4, the Rh—O
distance is 2.180 A in Im$,3.426 A in TS11,and 4.096 A in Im11,
respectively. The agostic interaction, Rh—H;Cpin Im11, is very
similar to that observed in Im2 (Rh—Hy distance is 2.018 A;
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Cy—Hjdistance s 1.163 A). C,, C, Hy, and Rh remain nearly on
the same plane in Im11. -Hydride elimination occurs to form
the double bond between C, and Cj (see TS12 and Im12 in
Figure 10). It should be noted that Im11 can also lead directly to
the y-borylated product 2 via a higher energy pathway TS1S
(activation barrier of 17.4 kcal/mol).

We considered another possible pathway (III-2) for the
competing reaction based on intermediate Im2 involving Rh—C,
bond rotation with TS13 as the rotation transition state. As listed
in Table 4, the bond angle C,—Rh—P, is 164.57° in Im2, 134.88°
in TS13, and 93.10° in Im13, respectively. Rh and H;Cy are
brought into close proximity by the Rh—C, bond rotation
forming a Rh—H;4C; agostic interaction trans to a phosphite
ligand (i.e, P1) as seen in intermediate Im13; the calculated
agostic interaction is similar to that found in other intermediates
(Rh—Hﬂ distance is 2.109 A; Cy—Hy distance is 1.135 A). p-
Hydride elimination leads to the coordinated f,y-unsaturated
intermediate Im14 (Figure 10).
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Figure 11 shows a comparison of the free-energy profiles for
ITI-1 and III-2, and geometric parameters for the calculated
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Figure 11. Comparison of the potential energy profiles for pathways III-
1 and III-2.

intermediates and transitions states are summarized in Table 4.
Pathway III-1 is the more favorable pathway to the pJy-
unsaturated intermediate 8 and ultimately the minor f-borylated
product 3. The calculated barrier to Rh—C, bond rotation in
pathway III-2 is approximately 17.9 kcal/mol higher in energy
than breaking the Rh—O interaction in pathway III-1 (Figure
11). The activation barrier from ImS to TS11 is even slightly
lower than that of the reductive elimination step of pathway I-2
(i.e., ImS to TS6), and the barrier to f-hydride elimination (i.e.,
Imll to TS12, the reverse reaction of Rh—H migratory
insertion) is also very low.

Pathway III-1 is very competitive to pathway I-2 in this model
reaction, perhaps accounting for the observed formation of
byproduct 3 in the experimental studies. Although the requisite
calculations have not been carried out as part of this study, once
formed, the Jy-unsaturated intermediate 8 can in principle
undergo rhodium-catalyzed hydroboration to form either of the
regioisomeric - or y-borylated products (Figure 9); the ratio is
expected to vary as a function of the precise reaction conditions,
especially the nature of the ligand and borane employed. In
support of this conjecture, we find that under conditions similar
to those described in Figure 1, an independently prepared f,y-
unsaturated substrate 8 gave a mixture of f-borylated (20%) and
y-borylated (51%) products.

B CONCLUSIONS

Using density functional theory calculations, we studied the
mechanism of the rhodium-catalyzed hydroboration of a cyclic
7,0-unsaturated amide 1 using a cationic rhodium(I) complex
featuring two-point binding of the substrate. Our computational
studies assume that norbornadiene (nbd), which accompanies
the rhodium catalyst precursor used in the experimental work
that motivated this study, is not involved in the active
catalyst.”®”” The main characteristics of the two-point binding
mechanism are as follows. (1) The substrate has two
coordinating groups, the alkene and amide carbonyl oxygen,
that can chelate the substrate to the cationic Rh(I) catalyst
leading to the predicted cis relative configuration for the major y-

771

borylated product (1R*3S*)-2. The computational results are
supported by experimental results obtained for the related
directed CAHB of the same substrate leading to cis-(1R,3S)-2 as
the major product. (2) The overall catalytic cycle for a model
reaction using caged phosphite ligands leading to the major y-
borylated product (1R*,35*)-2 includes the following steps: (i)
chelation of the cyclic y,6-unsaturated amide substrate 1 to the
active catalytic species [Rh(L2),S,]", (ii) oxidative addition of
pinBH to rhodium, (iii) preferred migratory insertion of the
coordinated alkene into the Rh—H, rather than Rh—B, bond to
form C—H and Rh—C bonds, (iv) isomerization (amide
rotation) of the resulting intermediate, and (v) reductive
elimination to form the B—C bond and regenerate the catalyst.
(3) Of the potential pathways to the f-borylated product
considered, the amide rotation pathway (pathway I-2) is
calculated to be the most favorable. (4) The amide rotation
can, however, also divert to an accessible -hydride elimination
pathway accounting for the competing formation of some p-
borylated product 3. (S) Finally, compared to previously
explored one-point binding mechanisms for rhodium-catalyzed
hydroborations, the two-point binding mechanism can better
rationalize experiment observations for the desymmetrization
reactions of cyclic y,0-unsaturated amides and the enantiose-
lective reactions of acyclic di- and trisubstituted f3,y-unsaturated
amides via CAHB.
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