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ABSTRACT: A proline-squaraine ligand (Pro-SqEB) that demon-
strates high levels of stereoselectivity in olefin cyclopropanations
when anchored to a Rh2II scaffold is introduced. High yields and
enantioselectivities were achieved in the cyclopropanation of
alkenes with diazo compounds in the presence of Rh2(Pro-
SqEB)4. Notably, the unique electronic and steric design of this
catalyst enabled the use of polar solvents that are otherwise
incompatible with most RhII complexes.

The development of enantioselective, transition-metal-
catalyzed transformations inevitably coincides with the

search for new classes of chiral ligand scaffolds. Stability,
modular flexibility, and readily accessible sources of chirality
are among a host of important factors in scaffold design.
Emergence of the 1,2-squaramide motif in Brønsted acid
catalysis has led to an assortment of enantioselective C−C
bond constructions.1 Interestingly, the central cyclobutene-
dione core is often overlooked as a point of modification, and
the exploitation of this scaffold in transition metal catalysis is
significantly underdeveloped.2 In contrast, 1,3-squaraines
represent a fascinating bonding motif of relatively unexplored
synthetic potential.3 Perhaps best known for their chromo-
phoric properties and use in noninvasive imaging of biological
processes, physical and analytical chemistry,4 squaraines are
characterized by a highly electrophilic cyclobutenone core that
frequently presents a hindrance to their broader applicability.5

However, we envisioned that the rigidity and donor−acceptor
charge distribution would present an intriguing opportunity in
catalysis, wherein the cyclobutenedione core serves as a central
motif in order to impart the requisite electronic and structural
features necessary for high levels of stereoinduction.
To the best of our knowledge, the 1,3-squaramide-catalyzed

Reformatsky reaction reported by Heng et al. in 2002
constitutes the only reported example of a chiral 1,3-
squaramide ligand−metal complex in enantioselective C−C
bond construction (Figure 1a).6 We speculated that a proline-
derived 1,3-squaramide would provide a versatile carboxylate
ligand template in transition metal catalysis. The rich history of
chiral RhII carboxylates in enantioselective catalysis, charac-
terized by a high degree of organized symmetry arising from
the paddlewheel orientation around the central Rh−Rh bond,

serves as a basis for evaluating new ligand scaffolds (Figure
1b).7 Pioneered by the seminal contributions of Davies and
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Figure 1. Chiral RhII complexes in catalysis.
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Doyle, the predictable ligation properties of carboxylates and
carboxamides has inspired the design and implementation of
new ligands in enantioselective RhII-catalyzed transforma-
tions.8 Herein, we report the first use of an aminoacid-derived
1,3-squaramide as a core template for the design of new ligands
in RhII catalysis by showcasing the enantioselective cyclo-
propanation of alkenes with diazo compounds in the presence
of Rh2(Pro-SqEB)4 (Figure 1c).
Preparation of the chiral 1,3-squaramide began with the

addition of L-proline to isosquaramide 16 to give Pro-SqEB (2)
in quantitative yield, and 90% over two steps from squaraic
acid (Scheme 1). The relative 1,3-configuration was confirmed

by X-ray crystallography and revealed an anti-orientation of the
amide N-phenyl substituent and proline carboxylic acid across
the central ring. Transligation of Rh2(OAc)4 provided
Rh2(Pro-SqEB)4 in 91% yield.
We next sought to benchmark the efficiency and stereo-

selectivity of Rh2(Pro-SqEB)4 in the cyclopropanation of
alkenes. Thus, addition of diazo ester 3a over 1 h to styrene
(4a) and Rh2(Pro-SqEB)4 in CH2Cl2 at 40 °C led to an 84%
yield of 5a in 54% ee as a single diastereomer (Table 1, entry
1). Encouraged by this initial result, we began the reaction
optimization by lowering the temperature to −20 °C, which
improved the enantioselectivity to 78% ee (entry 2). While
conducting the reaction in MeCN at 40 °C led to comparable
results, performing the reaction at −20 °C improved selectivity
(entries 3 and 4). Decreasing the reaction concentration and

surveying the medium polarity minimized 3a dimerization
leading to 5a in an optimized >99% yield and 99% ee (entries
5−7). Nonpolar solvents (i.e., hexanes) led to a dramatic
decrease in both yield and enantioselectivity (entry 8). This is
notable given the high enantio- and diastereoselectivities
observed with Rh2(S-TBSP)4 and Rh2(S-DOSP)4 in nonpolar,
hydrocarbon solvents.9 This observation is significant in that
an increased solvent polarity range improves the applicability
of this powerful transformation to biologically relevant systems.
To evaluate the efficiency and stereoselectivity of the

cyclopropanation, we compared and contrasted Rh2(Pro-
SqEB)4, Rh2(S-DOSP)4, and Rh2(S-NTTL)4, the latter chosen
for the high levels of enantioselectivity observed across an array
of diazo compounds that includes diazo oxindoles (Table 2).10

For comparison, we employed reaction conditions previously
shown optimal in RhII-catalyzed cyclopropanations (CH2Cl2, 0
°C to rt).10b,11 In general, Rh2(Pro-SqEB)4 provided the
corresponding cyclopropanes in improved or comparable
stereoselectivity with 3a. For example, the cyclopropanation
of styrene and its derivatives 4a−c yielded adducts 5a−c in
63−99% yield and 68−92% ee with Rh2(Pro-SqEB)4. However,
the Rh2(Pro-SqEB)4-catalyzed cyclopropanation of 4d pro-
vided 5d in 77% yield, 43% ee, and >20:1 dr, while Rh2(S-
DOSP)4 proceeded in 78% yield, 72% ee, and >20:1 dr.
Additionally, performing the reaction in MeCN at −20 °C
afforded the cyclopropanes in improved yield and selectivity.
For example, the Rh2(Pro-SqEB)4-catalyzed cyclopropanation
of 4e under our optimized conditions afforded 5e in 99% yield
and 96% ee, while Rh2(S-DOSP)4 led to only recovered
starting material. Under our optimized conditions, Rh2(S-
DOSP)4 afforded 5d in higher enantioselectivity (72% ee)
compared to Rh2(Pro-SqEB)4 (58% ee). Although Rh2(Pro-
SqEB)4 provided 5f in a 3:1 dr (Rh2(S-NTTL)4: dr >20:1), the
enantioselectivities were significantly higher and the yields
were comparable between Rh2(Pro-SqEB)4 and Rh2(S-
DOSP)4. In contrast, 4g gave comparably low yields and
diastereoselectivities with both catalysts, but Rh2(S-NTTL)4
provided 5g with significantly higher enantioselectivity.
Conducting the cyclopropanation with Rh2(Pro-SqEB)4 in
MeCN at −20 °C provided 5g in 99% yield and 80% ee, while
Rh2(S-DOSP)4 did not lead to the formation of the product.
Notably, X-ray crystallographic analysis of 5a confirmed that
Rh2(S-NTTL)4 proceeded with an opposite sense of
enantioinduction to the other catalysts.
Diazo oxindoles represent an intriguing architectural frame-

work, the reactivity of which often differs from that of other
donor−acceptor diazo compounds. The resulting spirooxin-
doles can serve as building blocks in the construction of
biologically active alkaloids, and highly enantioselective
cyclopropanations involving diazo oxindoles are rare.12 We
sought to evaluate the efficacy of Rh2(Pro-SqEB)4 in
cyclopropanations with N-methyl diazo oxindole (6a) (Table
3). In general, Rh2(S-NTTL)4 provided the desired cyclo-
propanes with higher levels of enantio- and diastereoselectivity
than those of Rh2(Pro-SqEB)4 and Rh2(S-DOSP)4. However,
the Rh2(Pro-SqEB)4-catalyzed cyclopropanation of 4g pro-
vided 7g in 89% yield, 55% ee, and >20:1 dr, while Rh2(S-
NTTL)4 proceeded in 67% yield, 7% ee, and >20:1 dr. In
addition, performing the reaction in MeCN at −20 °C with
Rh2(Pro-SqEB)4 afforded 7a in 99% yield, 96% ee, >20:1 dr; 7f
in 86% yield, 54% ee, >20:1 dr; and 7h in 99% yield, 64% ee,
>20:1 dr. In contrast, similar reactions with Rh2(S-DOSP)4 in

Scheme 1. Synthesis of Rh2(Pro-SqEB)4

Table 1. Cyclopropanation Optimization between Methyl
Phenyldiazoacetate (3a) and Styrene (4a)a

entry solvent temp (°C) yield (%) ee (%)

1 CH2Cl2 40 84 54
2 CH2Cl2 −20 77 78
3 MeCN 40 66 78
4 MeCN −20 67 90
5b MeCN −20 >99 90
6c MeCN −20 >99 99
7 MeCN/MeNO2 (2:1) 0 >99 88
8 hexanes rt <5 8

aConditions: Slow addition over 1 h of 3a (0.15 mmol) to 4a (0.45
mmol) and Rh2(Pro-SqEB)4 (1 mol %) at 0.1 M. bReaction
concentration = 0.0167 M. cRelative stoichiometry: 3a (0.1 mmol)
to 4a (0.05 mmol).
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MeCN at −20 °C did not lead to the formation of the desired
product.13

To date, a suitable crystal of Rh2(Pro-SqEB)4 for X-ray
diffraction has remained elusive. We sought to gain insight into
the geometrical configuration of the prolinate-squaraine
ligands around the central Rh−Rh bond using computational

Table 2. Comparative Cyclopropanations with Methyl
Phenyldiazoacetate (3a)a

aMajor enantiomer shown employing Rh2(Pro-SqEB)4.

Table 3. Comparative Cyclopropanations with N-Methyl
Diazooxindole (6a)a

aMajor enantiomer shown employing Rh2(Pro-SqEB)4.
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methods. Overall, there are four possible orientations about the
central Rh−Rh bond that the complex can adopt, namely,
α,α,α,α (C4 symmetrical catalyst), α,α,α,β (C1 asymmetrical
catalyst), α,α,β,β (C2 symmetrical catalyst), or α,β,α,β (D2
symmetrical catalyst). It was shown that by considering the
conformation of the catalyst, simple stereoselectivity models
can be derived that are in good agreement with experimental
observations and explicit computational studies of the relevant
transition states.10b,14 Using multilinear regression, analysis of
the catalyst structure allowed for quantitative predictions of
catalyst performance. However, the reactive conformation of
the catalyst and those factors which determine the conforma-
tional equilibria are unclear. For example, Hashimoto reported
the crystal structure of the phthalimido Rh2(S-PTPA)4 catalyst
to be C2-symmetric,15 while the closely related crystal structure
of naphthylmido Rh2(S-NTTL)4 is C4 symmetric,14 possibly
due to π-stacking of the naphthyl moieties between adjacent
molecules in the crystal.
For Rh2(Pro-SqEB)4, the question of conformational

equilibria is complicated by the zwitterionic nature of the
squaraine core, which could outweigh the π-stacking and
hydrophobic effects that stabilize the C4 conformation. To
investigate the relative energies of the four conformers (C4, C1,
C2, D2), DFT studies of the Rh2(Pro-SqEB)4 and the reference
Rh2(S-NTTL)4 catalyst were performed using G1616 at the
B3LYP+D3/6-31+G*//6311+G**,LanL2DZ + PCM (aceto-
nitrile) level of theory (Table 4). It should be noted that all

calculations were performed without symmetry constraints,
resulting in structures of approximate symmetry. For
consistency with earlier studies, this nomenclature continues
to be used here.
The predicted C4 conformation is significantly more stable

for Rh2(Pro-SqEB)4 than the C1, C2, and D2 conformations.
These results are in good agreement with previous studies,17

and the crystal structure of Rh2(S-NTTL)4,
14 thus validating

the computational approach. Likewise, the predicted C4
conformation for Rh2(Pro-SqEB)4 is substantially more stable,
making the other conformations unlikely. Analysis of the C4
structure, shown in Figure 2 (left), suggests that the 1,3-
squaramide motifs, especially the negatively charged carbonyl
groups, are positioned too far from the polar regions to result

in significant electrostatic repulsion. Instead, edge-to-face
stacking of the aromatic groups dominates, leading to a
crown-like chiral environment similar to other chiral
dirhodium catalysts.
In comparison to Rh2(S-NTTL)4, the C1 conformer of

Rh2(Pro-SqEB)4 is calculated to be 7.2 kcal/mol higher in
energy than C4. The D2 configuration is calculated to be 7.9
kcal/mol higher in energy, which marks a deviation from the
relative trend of the NTTL ligand system. This is due to the
favorable slipped π−π stacking of the phenyl rings shown in
Figure 2 (right), which is not possible in the more rigid Rh2(S-
NTTL)4 framework. The C2 conformer at 17.3 kcal/mol is the
highest in energy, with the differences to the lowest energy C4
structure being even larger than the high-energy conformations
of Rh2(S-NTTL)4.
In conclusion, this work introduces chiral 1,3-squaramides as

a new class of Rh-carboxylate ligands in enantioselective
metallocarbene catalysis. The synthetic accessibility and ability
to diversify the squaraine scaffold provide ample opportunities
for future catalyst and reaction designs. The 1,3-squaramide
ligand enables the execution of enantioselective cyclopropana-
tions under polar reaction conditions, an environment that is
often incompatible with many chiral RhII catalysts. Current
efforts investigating the coordination chemistry of this ligand
scaffold and its use in enantioselective transformations are
ongoing and will be reported in due course.
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