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ABSTRACT: Experimental "3C kinetic isotope effects (KIEs) and density
functional theory (DFT) calculations are used to evaluate the mechanism
and origin of enantioselectivity in the formal C(sp?)—H alkylative
desymmetrization of cyclopentene-1,3-diones using nitroalkanes as the
alkylating agent. An unusual combination of an inverse (~0.980) and a
normal (~1.033) KIE is observed on the bond-forming carbon atoms of
the cyclopentene-1,3-dione and nitroalkane, respectively. These data
provide strong support for a mechanism involving reversible carbon—
carbon bond formation followed by rate- and enantioselectivity-
determining nitro group elimination. The theoretical free-energy profile
and the predicted KIEs indicate that this elimination event occurs via an
ElcB pathway. The origin of remote stereocontrol is evaluated by
distortion—interaction and SAPTO analyses of the E1cB transition states
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B INTRODUCTION

Direct functionalization of a specific C—H bond from a diverse
ensemble of C—H bonds present in an organic molecule is
arguably the most efficient and economic route for generating
molecular complexity." The past decade has witnessed
tremendous growth in the area of transition metal-catalyzed
direct C—H activation,””* mostly with the help of strategically
placed directing groups.”® These approaches have often led to
site selectivities unthinkable using conventional chemistry.”
Despite continuing developments of transition metal-catalyzed
C—H activation reactions, functionalization of olefinic C-
(sp*)—H bonds appears to be far more challenging when
compared to aromatic C(sp*)—H bonds. Moreover, introduc-
tion of an unfunctionalized alkyl group (e.g., methyl) into a
specific C(sp*)—H bond remained elusive.”” An additional
level of difficulty arises when the C—H bond functionalization
in question results in the generation of a stereocenter and the
issue of enantiocontrol comes into the picture.'”""

In 2015, one of our groups developed a simple strategy'” for
formal introduction of unfunctionalized alkyl groups into
olefinic C(sp*)—H bonds not only enantioselectively but also
without using a directing group. This transformation utilizes
air-stable and inexpensive nitroalkanes (2) as the alkyl source
under the influence of a bifunctional tertiary aminourea
derivative (4) as the catalyst (Scheme 1A). More specifically,
prochiral 2,2-disubstituted cyclopentene-1,3-diones (e.g., 1)
were desymmetrized enantioselectively through formal C-
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(sp?)—H alkylation. The generality of this strategy was
subsequently demonstrated for the enantioselective desymmet-
rization of meso-norbornenoquinones'” and recently applied to
the enantioselective total synthesis of [3]-ladderanol.'* These
transformations do not lead to the creation of any stereocenter
at the reaction site but allow for the generation of
stereocenter(s) remote from the reaction site—a phenomenon
often termed as remote stereocontrol.””> While the initial
findings have already led to the development of other
transformations'®'” and applied to the enantioselective
synthesis of complex targets,'* a detailed mechanistic study
of this reaction holds the potential to unearth valuable
information.

As a preliminary hypothesis, an enantioposition-selective
conjugate addition of 2 to 1 was proposed to form the initial
carbon—carbon bond. Elimination of the nitro group from this
ensuing adduct followed by isomerization presumably leads to
formation of the desymmetrized product 3 (Scheme 1B). This
addition—elimination—isomerization sequence likely occurs in
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Scheme 1. (A) Bifunctional Urea-Catalyzed Enantioselective
Desymmetrization via Formal C(sp*)—H Alkylation;'* (B)
Originally Proposed Pathway and Outstanding Mechanistic
Questions Addressed in This Study

(A) Enantioselective formal C(sp?)-H alkylative desymmerization
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Key questions:
= What is the rate- & enantioselectivity-determining step?

= How does the catalyst control remote stereoinduction?

the chiral pocket of the dihydroquinine-derived urea catalyst 4.
However, it is not immediately obvious which of the above
steps is responsible for the origin of enantioselectivity observed
in this reaction. Identification of the first irreversible step in the
catalytic cycle is critical to obtain insights into how this
bifunctional chiral urea orchestrates remote stereocontrol in
this reaction.

B RESULTS AND DISCUSSION

In the modern era, density functional theory (DFT)
calculations are widely employed in elucidating reaction
mechanisms. DFT calculations in combination with the
relevant experimental data have proven to be an even more
powerful tool.'®™*° In the present study, we utilize a
combination of experimental '*C kinetic isotope effects
(KIEs) and DFT calculations to probe the rate- and
enantioselectivity-determining step of the enantioselective
C(sp*)—H alkylation reaction described above. We chose the
reaction of 2-benzyl-2-methylcyclopent-4-ene-1,3-dione 1 with
either nitromethane (2a) or 2-phenylnitroethane (2b)
catalyzed by 4 for the determination of *C KIEs at natural
abundance. The reaction between 1 and 2b was used for the
determination of intermolecular '*C KIEs'® by starting
material analysis. Accordingly, two independent reactions of
1 and 2b were taken to 65 + 2 and 64 + 2% conversion (in
2b), and the unreacted 2b was reisolated for the determination
of *C KIEs. A large normal *C KIE of ~1.033 (Figure 1A)
was observed on the carbon atom of 2b bearing the nitro

group. This is consistent with either C—C bond formation or
the nitro group elimination as the rate-determining step.”'

(A) Intermolecular '3C KIEs for 2b (B) Intramolecular '3C KIEs for 3a
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Figure 1. (A) Intermolecular 3C KIEs'® determined for 2b. (B)
Intramolecular *C KIEs' determined for 3a. Two sets of KIEs
represent independent experiments with six measurements per
experiment. Numbers in parentheses show the uncertainty in the
last digit of each measurement.

Experimental KIEs for enedione 1 were measured using
intramolecular KIE methodology.'””” When a symmetric
molecule with two identical reaction sites is desymmetrized
during a reaction, the ratio of the two isotopomeric products
reflects the KIE for the first step that irreversibly
desymmetrizes the molecule. At natural abundance, this ratio
of isotopomers is obtained by the relative integration of peaks
of the two relevant carbon atoms in the *C NMR spectrum of
the product. In the case of symmetric enedione 1, the
intramolecular KIE for the first step that irreversibly
desymmetrizes 1 in the catalytic cycle is determined by the
relative '3C integration in the NMR spectra of the
desymmetrized product 3a. This intramolecular KIE represents
a ratio of isotope effects at the two positions. Accordingly, we
determined the intramolecular *C KIE by quantitative NMR
analysis of 3a, and we observed a significant inverse '*C KIE of
~0.980 on the bond-forming carbon atom of 1 (Figure 1B).
Qualitatively, these results rule out conjugate addition of 2a to
1 as the first irreversible step in the catalytic cycle since this
would result in a significant normal KIE. Inverse *C KIEs are
typically associated with increased steric crowding at a carbon
center. This suggests that one of the steps after the C—C bond
formation is the first irreversible step in the catalytic cycle for
1. Since KIEs for 1 preclude the irreversible C—C bond
formation, nitro group elimination emerges as the most likely
possibility for the rate- and enantioselectivity-determining step
in the catalytic cycle.

To aid in the quantitative interpretation of the experimental
KIEs, a DFT study was performed. A thorough potential
energy surface scan on all reactants and catalysts was
implemented to map the conformational and configurational
space for this reaction. B3LYP** and B97-D**** (with density
fitting) functionals with a def2-SVP basis set” and polarized
continuum model (IEFPCM)***” were used for geometry
optimization and for locating transition structures (TSs).
Thermal corrections were calculated using Grimme’s quasi-
rigid rotor harmonic oscillator approximation.”® The '*C KIEs
were calculated from the scaled vibrational frequencies using
the method of Bigeleisen and Mayer”” as implemented in
ISOEFF,* and a Wigner tunneling correction®’ was applied.
Single goint energies were calculated at M06-2X/6-311+G-
(d,p)32’ 3 using Gaussian 16.** Interaction energies were
calculated using SAPTO/jun-cc-pVDZ**~** as implemented in
psi4.” This approach has been utilized to evaluate reactivity
and selectivity in similar catalytic systems.””"" The computa-
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Figure 2. (A) Reaction coordinate diagram for the reaction of 1 and 2a catalyzed by 4 calculated at the M06-2X/6-311+G(d,p) level of theory. All
distances are in angstroms (A). All energies are shown in kcal/mol and are calculated relative to separate starting materials. (B) More O’ Ferrall-
Jencks plot indicating the possible pathways for the conversion of Int 2 to Int 3. (Catalyst structures are omitted for clarity.) (C) Comparison of
experimental '*C KIEs and predicted '*C KIEs for each TS along the reaction coordinate. Predictions for C2 and C3 are from TSs shown in Figure
3A, whereas predictions for C1 are from analogous TSs utilizing 2b instead of 2a as the alkylating agent.

tional study of this system involved a thorough search of

several different reaction pathways and binding modes. A

combination of rationally designed transition structures and a

conformational search using Grimme’s CREST program were

utilized to generate 200 unique transition structures which

were evaluated energetically and then against the experimen-
tally measured KIEs to determine the most likely mechanistic
pathway for the title reaction. (A detailed description of this
search is included in the Supporting Information.)

Evaluation of Key Steps in the Reaction Coordinate.
The reaction is initiated by deprotonation of 2a resulting in a

protonated catalyst—nitronate complex. The lowest energy TS
for this step (Figure 2A, TS;epro) is stabilized by strong H-
bonding interactions of the urea NHs with an oxygen of the

nitro group, while the acidic proton of the aci-nitro is
deprotonated by the quinuclidine moiety of 4. The AG* for
TSgeprot 18 12.6 kcal/mol relative to separated starting
materials. Deprotonation is followed by the conjugate addition
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energy barriers. (B) Overlay of the TSy, 5.z (blue) and TSg; ¢ (orange) demonstrating the significant similarities in the catalyst geometry. (C)
Separated reactant fragment of TS, 5. highlighting the 7—7 interaction (yellow) and the antiperiplanar orientation of the phenyl and methyl
groups. (D) Separated reactant fragment of TSg,.p ¢ showing the gauche interaction between the phenyl and methyl groups of the enedione.

Molecular graphics were generated using CYLView."

of this nitronate nucleophile to 1, and the lowest energy TS for
this step (TS,qq.p Figure 2A) leads to the major enantiomer of
the product. In this TS, enedione 1 is bound via a strong H-
bonding interaction to the protonated quinuclidine (1.66 A)
during conjugate addition of the nitronate, which is bound to
the two urea NHs via strong H-bonding interactions (1.88 and
1.80 A). The developing C—C bond distance in TS, g4 is 2.19
A, and this TS has a AG* of 18.5 kcal/mol relative to separated
starting materials (Figure 2A). Following TS,44.p, the
protonated amine of the cinchona catalyst transfers the proton
to the enolate oxygen atom of Int2 (via TSq.pop a low-barrier
proton transfer TS) to form a catalyst-bound enol intermediate
Int2,,;. This intermediate, which was found to be 2.9 kcal/
mol below separated starting materials, is the catalyst resting
state.”

Next, we turned our attention to the mechanism of the
nitro-elimination step, the likely rate- and enantioselectivity-
determining step based on the qualitative interpretation of our
experimental KIEs. A More O’Ferrall Jencks plot (Figure 2B)
outlines the three possible mechanisms for nitro-elimination
from Int 2 following TS,44.- A detailed investigation of the E1
and E2 pathways revealed that these were prohibitively high in
energy (72.1 and 51.7 kcal/mol, respectively) and therefore
not likely involved in the nitro-elimination from Int 2 (See

pathways 2 and 3 in Supporting Information). Therefore, the
most likely mechanism for the nitro-elimination step proceeds
via an ElcB pathway. The ElcB mechanism is initiated by
deprotonation a to the ketone in Int 2, by carbonate to form
the conjugate base of Int 2, that can then undergo rate-
limiting elimination of the nitro group. A thorough
investigation revealed that the lowest energy pathway for this
elimination event occurs via a dienolate intermediate Int 2 g,
which is protonated at the oxygen of the nitro group to make it
a good leaving group. Several pathways involving various
protonation states and binding modes for E1cB were explored
(outlined in pages $23—S39 of the Supporting Information).
The pathway outlined in Figure 2A most closely matches the
qualitative and quantitative interpretation of the experimental
KIEs. Elimination of the protonated nitro group from Int 2.y
(via TSg;cp.z) has a AG* of 22.0 keal/mol (relative to starting
materials),”’ making it the rate- and enantioselectivity-
determining step in the catalytic cycle. The intermediate
resulting from nitro group elimination (Int 3) is protonated via
TS,rorr (AG = 18.3 keal/mol relative to starting materials) to
deliver product 3a and regenerate the catalyst.

Predicted KIEs. The relative free energies of the key
intermediates and the TSs for the formation of the major
product enantiomer (R)-3a from 1 and 2a are presented in the

https://doi.org/10.1021/jacs.2c02941
J. Am. Chem. Soc. 2022, 144, 17399—17406


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02941/suppl_file/ja2c02941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c02941/suppl_file/ja2c02941_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02941?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02941?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02941?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c02941?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

full reaction coordinate (Figure 2A). As conjectured from the
qualitative interpretation of our experimental KIEs, nitro group
elimination is the first irreversible (highest barrier) step in the
catalytic cycle for the reaction between 1 and 2a. To be
consistent with the experiments, all predicted KIEs for 1 are
from calculations involving 1 and 2a, while predicted KIEs for
the nitroalkane are from analogous TSs for 2b (not shown, see
the Supporting Information). Predicted KIEs for the first
irreversible step in the catalytic cycle should be consistent with
the experimental KIE values for both 1 and 2b. To our
satisfaction, excellent agreement between all key experimental
KIE values and the corresponding predicted values for TSg; p.»
validated our mechanistic proposal that nitro-elimination via
an ElcB pathway is indeed the rate- and enantioselectivity-
determining step of the reaction. This conclusion is further
supported by the mismatch of experimental and predicted
KIEs for 1 and 2b for all other steps in the reaction pathway
(Figure 2C), as well as a KIE mismatch for other higher-energy
elimination pathways (see Table S9 in Supporting Informa-
tion).

Origin of Enantioselectivity. Having established nitro
group elimination via TSg; g as the rate- and enantiose-
lectivity-determining step of the reaction, we conducted a
detailed conformational search to locate the analogous lowest
energy TSs leading to the minor enantiomer of the product
[that is, (S)-3a]. Our explorations resulted in the identification
of TSg;p.sy which was found to be 2.1 kcal/mol higher in free
energy (AAGY) than TSy, (Figure 3A). This magnitude of
AAG? corresponds to a predicted er of 98:2 at 263 K, which is
in excellent agreement with the experimental er of 97:3 for 3a.
The extent of C—N bond breaking in both the TSs are almost
identical (1.88 A in TSp g and 1.90 A in TSgp.)-
Additionally, both TSg;;.x and TSgp.g are stabilized by
multiple similar H-bonding interactions: The leaving group
(HONO) is H-bonded to the protonated quinuclidine (1.75
A), while the two thiourea NHs are engaged in stabilization of
one of the enolate oxygen atoms. In order to maintain these
strong stabilizing interactions, the two substituents at the chiral
center (Me and Bn) must switch positions in the two TSs.
Consequently, an obvious difference arises, and a moderately
stabilizing CH:+F interaction (2.65 A) between one of the
aromatic CHs in the benzyl group and one of the CF; groups
in the catalyst is present only in the TS leading to the major
product enantiomer (R)-3a (TSgip.r)- The importance of
CH---F interactions has previously been identified to
contribute to selectivity both experimentally and computa-
tionally in other thiourea systems.****

We performed distortion—interaction/activation-strain anal-
ysis*® (DIAC) to decompose the activation energy into strain
energy and interaction energy, and to better understand the
origin of selectivity. Strain energy is defined as the energy
required to distort the ground-state reactants/catalyst into the
TS. Interaction energy is defined as the interaction between
the distorted catalyst fragment and the reactant fragments in
the TS. DIAC decomposed the computed activation energy
(AAE?) of 2.8 kecal/mol into 1.2 kecal/mol of strain ener%y
(AAE,,,}) and 1.6 kcal/mol of interaction energy (AAE, )
favoring the major enantiomer. Overlaying the catalyst
fragment from both TSs (Figure 3B) demonstrates the
remarkable conformational similarities between the two low-
lying diastereomeric TSs (RMSD 0.01 A, see the Supporting
Information, Figure S42). Careful analysis of the reactant
conformations reveals numerous differences in the reactant
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geometries (Figure 3C,D) that contribute to the observed
difference in AAE,,,,". Looking down the highlighted C—C
bond between the benzylic carbon and the chiral center shows
that the phenyl and methyl groups on these adjacent carbon
atoms are anti to each other in TSy, g (Figure 3C) but are
gauche to each other in TSg,.¢ (Figure 3D). The
antiorientation in TSg;p.r has the added advantage of
stabilizing through CH—7 and 7-stacking interactions between
the phenyl group and the enedione portion of the reactant
(yellow highlights Figure 3C). The sterically bulky chiral
portion of the catalyst precludes this favorable antiorientation
in TSg;cp.s:

Finally, fragmentation analysis identified key CH---F
interactions present only in the major enantiomer (vide
supra). These interactions account for about half of the
difference (0.8 kcal/mol) in interaction energies between the
competing TSs—demonstrating the importance of the
trifluoromethyl groups not only in modulating the acidity of
the urea hydrogens but also in providing a stabilizing
electrostatic environment for the TS leading to the major
enantiomer. The presence of stronger electrostatic interactions
in TSg;cp.r (presumably due to shorter urea NH---O distance)
accounts for the other half of the interaction energy favoring
the major enantiomer. Zeroth-order symmetry-adapted
perturbation theory (SAPTO) calculations performed on the
TSs further support this hypothesis. SAPTO analysis reveals the
presence of strong electrostatic interactions (+2.6 kcal/mol)
between the catalyst monomer fragment and the reactant
monomers favoring TSgi g (A complete breakdown of
SAPTO interaction energy can be found in the Supporting
Information page S45.) The analysis presented herein
identifies all key steric and electronic effects contributing to
the observed enantioselectivity in this reaction.

To validate the importance of CH:--F interactions identified
by the energy decomposition analysis, we synthesized catalyst
S having methyl groups in place of the CF; groups. Catalyst 5
furnished the product (3a) with reduced rate and enantiose-
lectivity (93:7 er) compared to that with catalyst 4 (97:3 er)
(Scheme 2). We then calculated the lowest-energy transition
structures for § leading to the two enantiomers of product 3a.
The calculated AAG* for the reaction catalyzed by § is 1.6
kcal/mol, which is 0.5 kcal/mol lower than the corresponding
AAG? for the reaction with 4. The drop in experimental and
computational selectivity with § relative to 4 provides proof-of-

Scheme 2. Influence of the Trifluoromethyl Groups in the

Catalyst”
[o] [o]
Me Catalyst (10 mol%) Me
SPh + N ———— > S
Na,CO;3 (1.5 equiv.) e
o , ) PhCF3 (0.5 M)
a o
-10°C,48 h
(1.0 equiv.) (10.0 equiv.) 3a
\/w AAGEE
N H I-Ii cat. yield (%) er
’!‘ N R expt. calc.
H \‘I)]/ 4 88 973 18 2.1
MeO. @ 5 53¢ 937 14 16
X R

aEnergies in kcal/mol. Plsolated yield.
°NMR yield.

a s

C
Me

“Boltzmann weighted energies across all TSs.
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principle evidence for the importance of CH--F interactions in
the selectivity-determining transition states for this reaction.

B CONCLUSIONS

We have used a combination of experimental *C KIEs and
DFT calculations to study the mechanism and nature of the
rate/enantioselectivity-determining step of the bifunctional
tertiary aminourea-catalyzed formal C(sp*)—H alkylation of
cyclopentene-1,3-diones using nitroalkanes as the alkylating
agent.”® Since the chiral center is formed remote from the
reaction site, understanding the origin of enantioselectivity is
not straightforward. Our studies provide a clear picture of the
free-energy profile of the reaction and identifies the elimination
of the nitro group as the key step responsible for high
enantioselectivity in this reaction. Our results are consistent
with nitro group elimination via an E1cB mechanism as the
rate- and enantioselectivity-determining step of this reaction.
The crucial information that led to this finding is the unusual
observation of a large inverse KIE and a large normal KIE on
the bond-forming carbon atoms of cyclopentene-1,3-dione and
nitroalkane, respectively. Transition state analysis of the
diastereomeric TSs identified the main stabilizing interactions
as well as conformational effects that dictate the remote
stereocontrol. These computational predictions were further
supported by experimental observations using a suitably
designed catalyst. Accurate evaluation of such complex
reaction coordinates is very challenging due to the large errors
associated with the energies of steps involving proton transfers
relative to the other steps in the catalytic cycle.”’ In this study,
experimental '*C KIEs are essential in the evaluation of the
free-energy surface (e.g., identification of E1cB step as the first
irreversible step) as well as to refine models for explaining
selectivity in asymmetric catalysis. Herein, we have demon-
strated that heavy-atom KIEs provide a highly precise method
for interrogating complex catalytic reaction mechanisms
inaccessible solely via computational approaches.*’
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