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ABSTRACT: The design of stereodivergent transformations
is of great interest to the synthetic community as it allows
funneling of a given reaction pathway toward one stereo-
chemical outcome or another by only minor adjustments of
the reaction setup. Herein, we present a physical organic
approach to invert the sense of induction in diastereoselective
cyclopropanation of alkenes with N-enoxyphthalimides
through rhodium(III) catalysis. Careful parametrization of
catalyst—substrate molecular determinants allowed us to
interrogate linear-free energy relationships and establish an
intuitive and robust statistical model that correlates an
extensive number of data points in high accuracy. Our
multivariate correlations-steered mechanistic investigation
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culminated with a robust and general diastereodivergent cyclopropanation tool where the switch from trans- to cis-
diastereoinduction is attributed to a mechanistic dichotomy. Selectivity might be determined by the flexibility of rhodacyclic
intermediates derived from ring-opened versus -unopened phthalimides, induced by both their respective ring size and the

Sterimol B, parameter of the Cp* ligand on rhodium.

B INTRODUCTION

From the perspective of reaction development and process
efficiency, modulating the stereoselectivity outcome of
synthetic transformations by fine-tuning of the physicochem-
ical properties of the catalyst is highly desirable. Achieving
stereodivergency of a given reaction is a daunting task and is
typically the result of ad hoc adjustments of substrate or
catalyst structure, and/or reaction conditions. Hence, strategies
developed to this end cannot readily be applied to the design
of other stereodivergent reactions." Traditionally, substrate
modifications have been widely utilized to drive the reaction to
the desired stereochemical pathway, but their applications tend
to be limited to specifically engineered precursors.””" In this
context, catalyst design is more challenging but ideal for
developing versatile transformations.’™ Thus, broadly appli-
cable transformations that display catalyst-controllable stereo-
divergency are in much demand, particularly as a means to
accelerate the screening process and structure—activity
relationship studies in drug discovery.”'’

In the context of our program in rhodium(III) catalysis of
C—H activation,'""” we have recently discovered an
unexpected cyclopropanation reaction of electron-deficient
alkenes using N-enoxyphthalimides (Scheme 1)."* Key to
achieving high trans-stereoselectivity is the design of the 7°-
cyclopentadienyl ligand (Cp*) on rhodium. For example, the
prototypical pentamethylcyclopentadienylrhodium(III) cata-
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Scheme 1. Diastereodivergent Rh(III)-Catalyzed
Cyclopropanation Enabled by C—H Bond Activation
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lyst (Cp*Rh(II)) delivers the cyclopropane in a modest 2:1
ratio favoring the trans-diastereoisomer. On the other hand,
the use of a previously unreported monoisopropyl cyclo-
pentadienyl ligand (Cp""™) allows highly trans-diastereoselec-
tive cyclopropanation of activated alkenes."” Cyclopropanes
are reasonably common in natural products,H_w but their
stereoselective synthesis remains challenging. Although the
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! aConditions: 1a (1.0 equiv.), 2a (1.2 equiv.), Rh1 (5 mol%), and CsOAc (2.0 equiv.) in TFE (¢ 0.2 M) at
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Figure 1. Optimization of the reaction conditions. (A) Evaluation of Rh catalysts with N-enoxyphthalimide 1Aa. (B) Probing the impact of N-

enoxyphthalimide electronics with catalyst Rh1.

formation of tri- and tetra-substituted cyclopropanes can be
achieved routinely with very high diastereoselectivities using
metal-catalyzed insertion of diazo realgents,17 accessing 1,2-
disubstituted cyclopropanes is less straightforward. Indeed, the
majority of the developed methods afford their trans-
diastereomers; access to the corresponding cis-congeners has
remained elusive and relies on only a few available synthetic
approaches.'® Consequently, the finding of cis-diastereoselec-
tive reaction conditions would balance the existing method-
ologies and render the overall rhodium(III)-catalyzed cyclo-
propanation technology stereodivergent. Herein, we describe
the implementation of this objective.

B RESULTS AND DISCUSSION

Our efforts toward developing a cis-selective cyclopropanation
reaction began by evaluating the influence of cyclopentadienyl
ligands and N-enoxyphthalimides independently (Figure 1).
First, 15 Cp*-ligated rhodium(IIT) complexes (Rh1—15) were
tested with the unsubstituted N-enoxyphthalimide 1Aa as
substrate and ethyl acrylate 2a as its coupling partner (Figure
1A). Diastereoselectivity inversion occurs with increasingly
encumbered Cp* ligands, plateauing at a rather disappointing
64:36 diastereomer ratio with the bis-phenyl-Cp-ligated
catalyst Rh8 (Figure 1A, entry 8). In parallel, we also
examined the impact of N-enoxyphthalimide electronics
reasoning that while this change involves substrate engineering,
in situ cleavage of the N—O bond renders it a traceless
controller for the reaction. In the event, diastereoselectivity
was modest among the various phthalimide groups tested, all
of which favor the trans-cyclopropane diastereomer when used
with the prototypical Cp*Rh(III) catalyst (Rh1), save the
most electron-deficient 1F which delivers the cis-adduct with a
small preference of 51:49 dr (Figure 1B, entry 6).

We have recently reported a set of parameters for Cp*
ligands on rhodium(III) where the intricacies of steric and
electronic effects are reduced to a collection of easily measured
molecular descriptors.'” These parameters have proven to be

highly correlative in a number of multidimensional regression
models. We envisioned that this approach would translate well
to the development of a diastereodivergent cyclopropanation
reaction, revealing the underlying physical organic parameters
responsible for cis-selectivity, which may in turn be exploited to
deliver a synthetically useful method.

With this idea in mind, we performed Sigman’s multidimen-
sional correlation analysis to gain additional information about
the features of the catalyst that contribute to stereoselectivity
(Figure 2).”° A set of parameters for several Cp*-ligated
rhodium(III) complexes (Rh) was computed using the
molecular models in Figure 2B. This parameter set includes
IR vibrational frequencies (¥g, an electronic descriptor), as well
as Tolman cone angles (@) and Sterimol parameters (B, and
By, steric descriptors) that we previously reported for a large
number of piano-stool Cp*Rh(III) complexes (see the
Supporting Information). Given the preliminary results, N-
enoxyphthalimides provided an additional leverage for
perturbation. In order to describe the stereoelectronic features
of these substrates, methoxyphthalimides were used as
surrogates and their structures were computationally optimized
at the B3LYP/6-311+G** level of theory’"** and the PBF
solvation model for methanol.”’ From the optimized geo-
metries, a number of electronic descriptors such as electro-
philicity indicies, NBO char; es,”t IR frequencies, dipole
moments, and polarizabilities” were enumerated (see Figure
2B and the Supporting Information).

With these descriptors in hand, we turned our attention to
designing a data set in which both the Rh catalyst and
phthalimide substrate are perturbed. To this end, 8 N-
enoxyphthalimides 1A—H and 12 rhodium(III) catalysts
Rh1-12 were selected and all possible permutations were
evaluated under the reaction conditions. The resultant cis/
trans-diastereomer ratios are presented in a color-coded matrix
in Figure 2A. When taking a closer look at the Rh1 column
(prototypical Cp*Rh(III) catalyst), a slight increase in dr

values is observed when moving from electron-rich (1D, ETjs"
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Figure 2. Optimization of reaction conditions by simultaneous
variation of Rh catalyst and phthalimide structures with CsOAc base.
(A) Heat-map of cis/trans-diastereomer ratios. (B) Models used for
parametrization. (C) Correlation plot of normalized molecular
descriptors to diastereomer ratios.

= —1.80 V, 27:73 dr; 1H, EJf* = —1.86 V, 24:76 dr) to
electron-deficient (1F, E}/s* = —1.14 V, 51:49 dr; 1G, ETfst =
—1.52 V, 44:56 dr) phthalimide cores. Contrariwise, highly
trans-diastereoselective reactions are seen (from 13:87 to 6:94
dr, blue color) when examining Rh10, 11, and 12 columns that
correspond to tetra-, tri-, and monosubstituted Cp* rings,
respectively. More synthetically useful cis selectivities are
observed with other Cp*Rh(III)/phthalimide combinations
(yellow-orange color), the two most selective catalyst/
substrate pairs being the bis-phenyl-Cp complex Rh8 with
electron-deficient nitro- (1F) and dichloro-substituted (1G)
phthalimides, delivering product in 88:12 and 86:14 dr,
respectively. In addition to Rh8, a second region of high

selectivity is located around the Rh2/1F and Rh2/1G
coordinates (75:25 and 70:30 dr). Of note, the cyclohexyl-
Cp-ligated complex (Rh2) and Rh8 share comparably large
cone angles (@ = 187 and 191°, respectively), a feature that
we anticipate to be important for high cis-diastereoinduction
(vide infra).

The high variability of dr values across catalyst/substrate
pairs is indicative of the magnitude of steric and electronic
coupling between catalyst and substrate in the selectivity-
imparting transition state (TS). One way to pinpoint such
interactions is by performing a multivariate correlation analysis
of our system.”® Accordingly, when the acquired parameters
are correlated with the measured dr values, expressed as AAGY,
the multidimensional model in Figure 2C is obtained that
encompasses the entire catalyst—substrate data set (96
experimental outcomes). This model presents a good
correlation (R* = 0.93, intercept = —0.02) and is statistically
validated by the leave-one-out cross validation (L10 = 0.92).
Four parameters appear in the equation: one phthalimide-
based electronic descriptor, the redox potential (E}/"), and
three Rh catalyst-bound parameters, namely, the CO
symmetric stretching frec;uency (vg), Sterimol B, and Sterimol
cone angle (@) values.”” As these are normalized models, the
correlation coefficients denote the relative magnitude of each
effect. While the Sterimol cone angle (®g, normalized
coefficient: +0.17) describes the overall isotropic volume of
the Cp* ligand, the larger coefficient (+0.78) of the Sterimol
B, parameter underlines the importance of orientational
effects. Additionally, an interaction cross-term appears between
parameters E}f3" and B,. Although the coefficient is lower
(+0.05), its inclusion improves the overall quality of the fit.**
On the basis of some literature precedence that crossed terms
signal direct noncovalent catalyst-substrate interaction,” we
hypothesize that the electronic susceptibility of the phthali-
mide core to nucleophilic ring-opening (represented by E}/s"
and the accessible orientations of the Cp* ring on the Rh
catalyst (represented by B, and @) dictate the geometry of
catalyst—substrate interaction at the selectivity-imparting TS.
Highest selectivity sits on a saddle point between a sterically
encumbered catalyst like Rh8 (B, = 3.98 A, @4 = 191°) or
Rh2 (B, = 396 A, Og = 187°) and an electron-deficient
substrate like 1F (EY%P = —1.14 V) or 1G (EfP = —1.52 V).

With the hypothesis that phthalimide ring-opening is
required, we further examined the role of Lewis acidic
additives on diastereoselectivity in the form of carboxylate
base counterions. Several alkali metal acetates were surveyed;”’
the most drastic effect is seen when switching from CsOAc to
NaOAc with a more than 2-fold increase in cis-diastereose-
lectivity (from 31:69 to 67:33 dr) for the prototypical Rh1/1A
catalyst—substrate combination. Importantly, dr values rise
significantly for most other catalyst/substrate pairs as well
(color-coded matrix in Figure 3A). In search of a rationale of
this unexpected counterion effect, we turned our efforts to
establishing multivariate correlations for our 96-membered
catalyst-substrate panel using NaOAc in place of CsOAc
(Figure 3C).

It turned out that this new data set is sensibly less
correlatable than the previously described CsOAc set and
requires a minimum of five parameters for statistical robustness
(R* = 0.90, L10 = 0.89). Phthalimides are now best described
by pgsiye (dipole moment) and atypae», (mean polarizability);
while Rh catalysts by v, qg, (electronic) and B;, @ (steric)
(Figure 3B). Closer inspection of the resultant correlation plot
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subgroups, one for each cis- and trans-outcome, followed by
building local correlation models, which displayed improved
statistical performance (R* = 0.96 and 0.98; Q* = 0.93 and
0.95). Of note, while the trans local model is largely
electronically driven (parameters @pjoc,, and qgy), the cis
local model has a large steric contribution (coefficient +0.53 in
front of @). The appearance of correlative subgroups can be
traced to the existence of two mechanistic regimes. While the
mechanistic change is gradual with CsOAc and can be
accounted for by the parameters space, this event is more
abrupt with NaOAc and leads to clustering of correlations. The
best-performing catalyst/substrate pairs are once again Rh2,
Rh8 in combination with 1F, 1G. Despite being slightly
inferior to the Rh8/1F pair in terms of dr value, the
cyclohexyl-Cp-ligated catalyst Rh2 together with dichloro-
substituted phthalimide 1G gives higher isolated yield.
Therefore, it was selected for further investigations.

The generality of our cis-cyclopropanation methodology was
evaluated next with catalyst Rh2, NaOAc base, various 4,5-
dichlorophthalimides 1G, and alkenes 2 (Scheme 2).

Scheme 2. Generality of the cis-Cyclopropanation Reaction:
(A) Optimized Conditions; (B) N-Enoxyphthalimide Scope;
(C) Alkene Scope
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Figure 3. Optimization of reaction conditions by simultaneous
variation of Rh catalyst and phthalimide structures with NaOAc base.
(A) Heat-map of cis/trans-diastereomer ratios. (B) Models used for
parametrization. (C) Correlation plot of normalized molecular
descriptors to diastereoselectivity (in the form of AAG* values).

exposes clustering of catalyst—substrate combinations in two
regions according to their diastereoselectivity outcomes: (i)
penta-substituted Cp* ligands Rh1—8 in combination with
more electron-deficient phthalimides like 1B, 1C, and 1E-G
tend to bias the system toward phthalimide ring-opening
resulting in higher cis-selectivity, whereas (ii) tetra-, tri-, and
monosubstituted ligands Rh10-12 lead to trans-selective
reactions when used with more electron-rich phthalimides
like 1A-E, 1H. The remaining permutations that include
electronically and sterically mismatched catalyst-substrate pairs
form a cluster displaying borderline selectivities that are poorly
predicted by the parameter space (Figure 3C). The clustering
behavior was scrutinized by splitting the entire data set in two
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All reactions smoothly took place under mild conditions to
furnish cis-cyclopropanes 3 in good yields (52—88%) and high
diastereoselectivities (up to >20:1 dr). While electron-
withdrawing substituents on the N-enoxyphthalimide rendered
the cyclopropanation reaction more cis-selective (3ca, 3da, 3fa,
3ha, and 3ia), electron-donating groups provided slightly lower
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dr (3ba and 3ga). The position of the substituents (ortho,
meta, or para) is less critical for the efficiency of this
transformation (3ea, 3ha, and 3ca). The reaction was
compatible with versatile functional groups on the alkene
component as representatively demonstrated by ester (3ab,
3ac, 3ad, 3ae, and 3ag), ketone (3aj and 3ak), nitrile (3ah),
sulfone (3ai), and amide (3al). In addition, the reaction is
chemoselective and engages solely electron-deficient double
bonds (3af).

Next, a series of deuterium labeling experiments were
performed to interrogate the working model (Scheme 3).

Scheme 3. Proposed Mechanism: (A) KIE under trans-
Selective Conditions; (B) KIE under cis-Selective
Conditions; (C) Dichotomous Reaction Pathways
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While a significant kinetic isotope effect (KIE) of 2.0 is seen
under trans-selective cyclopropanation conditions (Scheme
3A)," no KIE is observed for the cis-cyclopropanation reaction
(Scheme 3B), signaling that C—H activation is most probably
not the rate-determining step for the latter. Taken together,
these experimental results highlight the existence of a
mechanistic dichotomy in pathways leading to cis- or trans-
adducts, with a more electron-deficient phthalimide suggestive
of an in situ ring-opening impacting diastereoselectivity.
Additionally, cis—trans-isomerization experiments have shown

that the dr values are under kinetic control under both the
trans-"> and cis-selective reaction conditions.”

Mechanistically, the crucial step is cleavage of the alkenyl
C—H bond in 1 by in situ generated Cp*Rh(III) acetato-
complex I (Scheme 3C). To account for correlations and
isotope labeling studies, we propose the occurrence of two
parallel reaction routes: C—H activation can ensue either when
directed by the intact phthalimide moiety (Route a) such as
proposed for trans-cyclopropanation'**" or through a solvent-
opened phthalimide ring II that acts as a bidentate ligand
(Route b).*” In the former case, C—H cleavage is rate-
determining and consistent with the presence of a KIE, while
in the latter case phthalimide ring-opening is presumably
turnover-limiting and no KIE is expected. Next, the resultant
seven- (III) or five-membered (VII) metalacycles undergo
alkene 2 migratory insertion leading to ring-expanded cyclic
intermediates IV or VIII, respectively, which are poised for a
second (intramolecular) migratory insertion into the enolic
carbon—carbon double bond that is selectivity-determining.
The mechanistic rationale behind this hypothesis evokes rapid
conformational equilibration of rhodacycles IV and VIII prior
to the second migratory insertion step. Equilibrium position
depends on the ring-size of the metalacyclic intermediate as
well as the steric and electronic features of the phthalimide
group and Cp* ligand. In Route a, the small Sterimol B, value
of Cp™™ combined with conformationally flexible puckering of
a 9-membered ring lessens steric clash between the pseudoaxial
EWG group and Cp-ligand in conformer V, allowing formation
of thermodynamically more stable trans-cyclopropane. Contra-
riwise, in Route b, a merger of the large Sterimol B; of
cyclohexyl-Cp with stiff puckering of a 7-membered ring leads
to prohibitive steric interactions with the EWG in IX. In this
case, the kinetic cis product is favored. The susceptibility of
phthalimide to ring-opening and thus to engage in Route b is
controlled by its electrophilicity, explaining the interplay
between parameters E}/s" and B, in the correlation equation.
Finally, the effect of base additive can be tentatively explained
by the higher Lewis acidity of Na* versus Cs* cations leading to
faster phthalimide ring-opening.

We assume that the coordinative interaction of the opened
phthalimide ester group with rhodium(III) in intermediates IV
and VIII is weakened due to presence of electron-withdrawing
substituents on phthalimide that reduce the overall Lewis
basicity of the carbonyl oxygens. While for IV this renders the
9-membered rhodacycle conformationally flexible and thus less
sensitive to steric interaction between Cp* and EWG, for VIII
the remaining X-type ligation from the nitrogen atom of the
opened phthalimide suffers less from the presence of electron-
withdrawing substituents and maintains the stiffness of the 7-
membered rhodacycle. This might explain the higher cis-
selectivities that we observe with electron-deficient N-enoxy-
phthalimides. Additionally, the weakly coordinating ester side
arm is outcompeted by the enolic carbon—carbon double bond
that binds tightly to rhodium(III) in VIII favoring cyclo-
propanation over carboamination.

B CONCLUSIONS

In summary, we have demonstrated that diastereoselectivity in
Cp*Rh(I1I)-catalyzed cyclopropanation of alkenes using N-
enoxyphthalimides can be switched from trans to cis by careful
modulation of the stereoelectronic properties of substrate and
catalyst. Guided by a 96-membered data set that was designed
according to geometric, steric, and electronic criteria and used
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to construct quantitative structure—selectivity relationships, we
promptly recognized that phthalimide ring-opening in
conjunction with appropriate sterics of the Cp* ligand on
rhodium(III) play critical and synergistic roles in the
diastereoselectivity-determining TS. Selectivity might be
determined by the flexibility of rhodacycles VIII and IV
derived from ring-opened versus -unopened phthalimides,
respectively, induced by both their respective ring size (7- or 9-
membered ring) and the Sterimol B; parameter of the Cp*
ligand. The insights gained in the course of this study can be
generalized to countless situations of catalyst-controlled
selectivity, where multivariate regression analysis could supply
a guided walk toward reaction optimization.
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