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Abstract
The mechanism and origin of stereoselectivity of Rhodium(Il)-catalyzed
cyclopropanation reactions with diazooxindole and styrene has been studied using

density functional theory calculations. The catalyzed reactions by achiral Rhy(OAc),

and chiral Rhy(S-PTTL)4 as well as the uncatalyzed model were comparatively studied.

The computational results indicate that the cyclopropanation step in both Rhy(OAc),
and Rhy(S-PTTL)s models is a single concerted but asynchronous process. The
nitrogen extrusion step is found to be the rate-limiting step of the catalytic cycle,
whereas the cyclopropanation step is the stereoselectivity-determining step. The
diastereomeric ratios (dr) and the enantiomeric excess (ee) values are successfully
predicted, which are in good agreement with the experimental values. The high
trans-diastereoselectivity might be governed by the m-m interactions between the syn
indole ring in carbenoid ligand and the phenyl group in styrene, whereas the good
enantioselectivity can be ascribed to the steric interaction between the phenyl ring in
styrene and the phthalimido group in catalyst as well as the aromatic interactions (n-7
and CH-n) in transition states. Additionally, the methodological study using different
functionals demonstrated the importance of considering the dispersion interactions in
the current reaction systems. This theoretical study will help in understanding the
mechanism of the asymmetric cyclopropanations of olefins through carbene-transfer

reactions.
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1 Introduction

Spirocyclic oxindole is a privileged structural motif that exists in a large number
of natural and synthetic compounds exhibiting biological and pharmaceutical
activities."™® Therefore, spirocyclic oxindole scaffolds have continued to draw
attention in recent years. Among the spirocyclic oxindoles, 3-spirocyclopropane-
2-oxindoles represent an important class that has shown remarkable biological
activities and emerged recently as potent drug candidates.”” As a result, great efforts
have been directed toward asymmetric construction of these scaffolds.*?

Since the pioneering work of Nozaki and Noyori,"” the transition metal-catalyzed
asymmetric cyclopropanation between diazo compounds and alkenes has emerged as
a powerful strategy for the synthesis of cyclopropane derivatives.'** Among the
various transition-metal catalysts used, Rhodium (II) catalysts bearing carboxylate
ligands are one of the most extensively studied and employed catalysts in
cyclopropanation reactions.'* "%

Among the Rh(II)-carboxylate catalysts, Rhy(S-PTTL), (dirhodium(II)tetrakis[/N-
phthaloyl-(S)-tert-leucinate]) is a distinguished example. Rhy(S-PTTL)4 was firstly
developed by Hashimoto group23 and has proven to be one of the most universally
efficient catalysts for a series of asymmetric reactions, including intramolecular C—H

. . 24, 25
msertions,””

intermolecular 1,3-dipolar cycloadditions via the generation of
ester-carbonyl ylides,”® ?7 2,3-sigmatropic rearrangements,”® amination® as well as

cyclopropanation.”

Recently, Arai and Awata reported the first enantioselective access to spiro-
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cyclopropyloxindoles via Rhy(S-PTTL),4 catalytic asymmetric cyclopropanation using
alkene and diazooxindole (Scheme 1).*° The reaction proceeded smoothly with 1 mol%
catalyst loading to provide a good yield with moderate to good enantioselectivity and

excellent trans-diastereoselectivity.

Rf/,
N, ’
o~ Rhy(S-PTTL)4 (1 mol%) e
o+ R o o
N CHyClp, 0°C, 1h N
H H
up to 97:3dr

up to 74% ee

Scheme 1. Rhy(S-PTTL),4 catalyzed cyclopropanation of styrene and diazooxindole.

As we know, controls of enantioselectivity and/or diastereoselectivity are the key
issues in catalytic asymmetric synthesis. To help improve the catalytic system, many
experimental”” *'* and theoretical studies***” have been carried out to elucidate the
reaction mechanism of Rh(Il)-carboxylate catalyzed asymmetric cyclopropanation.
These mechanistic studies reveal that the Rh(II)-catalytic cycle consists of two main

steps, thodium carbenoid formation and subsequent trapping by olefin (Scheme 2).

R4
N, Rh, L4=C< EEN
R2 R
R
N2=C\ Rh2L4 R2
R2 R1 R

Scheme 2. Proposed catalytic cycle for the asymmetric cyclopropanation.

Although general agreement on the mechanism of metal carbenoid formation is

reached, there are still debates on the details of the conversion of carbenoid to the
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product. Davies et al. initially proposed a [2+1] pathway initiated by a “side on”
approach of alkene to the metal carbene to explain the stereochemical outcome.™
Subsequently, Singleton et al. suggested an “end on” approaching mode.*' In addition,

48, 49
Corey and co-workers™

suggested a [2 + 2] cycloaddition of alkene with a
tribridged metal carbenoid, which now has been largely disregarded in dirhodium (II)
catalysis.”

Most previous mechanistic studies employed simplified, achiral catalyst model,
such as dirhodium(Il) tetraformate Rhy(O,CH)s or dirhodium(Il) tetraacetate
Rhy(OAc)s.*****> % Although results from these models do provide some preliminary
insights into the catalyst selectivity, chiral catalyst models based on the “real-world”
catalysts are required to better understand the role of the chiral catalysts and the detail
reaction process. Indeed, recent studies have demonstrated the importance of
considering interactions between the Rh-complex and carbene, as well as the
conformational mobility of the ligand in these systems.*”>!

In recent years, computational chemistry, especially density functional theory
(DFT) methods have been successfully applied to the mechanistic studies on the
transition-metal mediated cyclopropanation reactions.’>® However, to the best of our
knowledge, no theoretical study on the Rhy(S-PTTL)4-catalyzed cyclopropanation of
diazooxindoles has ever been reported. Thus, we conducted a computational study on
the cyclopropanation between diazooxindoles and styrene to shed light on the

catalytic mechanism and the origin of the stereoselectivity. To reveal the catalytic

mechanism better, comparative calculations on uncatalyzed and achiral
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catalyst-catalyzed cyclopropanation reactions have also been performed.
2 Computational details

All calculations have been performed with Gaussian 09 software package.”
Molecular geometries were optimized without constraints at the B3LYP"'"* level of
theory in gas phase. The effective core potential (ECP) of LanL2DZ™*” was used to
describe Rh, whereas the 6-31G(d) basis set’® was used for all the other atoms. The
harmonic vibrational frequency calculations at the same level have been carried out to
confirm all the stationary points as minima or transition states. The combination of the
functional and the basis sets was shown to give reliable results for other rhodium(IIl)
carbenoids.” ***** The connectivity between the transition structures and the related
reactants and products was confirmed by intrinsic reaction coordinate (IRC)"’
calculations.

To improve energetic properties, single-point calculations were conducted using
larger basis sets 6-311+G(d,p) for H, C, N, and O atoms. The solvent effects (CH,Cl,)
were considered by using the SMD™® solvation model, with single-point calculations
based on the gas-phase optimized geometries. The energies discussed in the text are
Gibbs free energies calculated at 298.15 K unless otherwise stated.

Recently, there was increasing awareness of the importance of dispersion
interactions in organometal mediated homogeneous catalysis.” ™ In order to
investigate the influence of dispersive forces, the empirical dispersion correction of
Grimme® was used in single-point calculations (denoted as D3-B3LYP). For

comparison, the MO06" and wB97XD™® functionals with empirical correction of
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dispersion interactions were also evaluated (Table S1 in ESIYT). Our results showed
that D3-B3LYP, M06 and wB97XD methods with dispersion correction gave the
qualitatively similar results with each other, while the B3LYP method without
dispersion correction presented quite different energy values from them. The
dispersion correction has little influence on the barrier energy of the N, extrusion step,
while significant effect on the cyclopropanation step was observed. More importantly,
it is somewhat surprising to find that the B3LYP method was not able to predict the
correct, even qualitatively, results regarding the rate-determining step in the catalytic
cycle. This indicates that dispersion-including methods are needed to describe the
styrene addition step more correctly. Considering the consistency and efficiency, the
D3-B3LYP method was chosen for following study and the corresponding results
were discussed.

Natural bond orbital (NBO)*®*" analysis was performed at the same level as the
one used for geometry optimization. All charge distribution analysis discussed in this
article are made on the basis of the natural population analysis (NPA) in solvent. 3D
representations of the most significant structures have been created by using
CYLView.”

3 Results and discussion
3.1 Uncatalyzed model

We first study the uncatalyzed reaction for comparison. The cyclopropanation

between diazooxindole (1) and styrene (2) in the absence of catalysts is a single

concerted step, in which the cyclopropanation and the extrusion of a N, molecule
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from diazo take place simultaneously, affording the 3-spirocyclopropane-2-oxindole
product. The reaction proceeds through nucleophilic attack from the olefinic carbons
(C* and C°) of styrene on the carbon atom (C") attached to dinitrogen of
diazooxindole (Fig. 1). The distances of C'-C* and C'-C’ are not equal in the
transition state (TS), indicating that this process is nonsynchronous. Since
diazooxindole is planar, two faces (Re and Si) are available for styrene to approach.
For each face, styrene can attack along two different approaching trajectories (trans or
cis), which lead to four isomeric products including (S,R)-trans, (R,S)-trans, (S,S)-cis,
and (R,R)-cis. Correspondingly there are four isomeric TSs which are pairs of trans-
or cis-adducts, each being, in turn, a pair of enantiomers. As expected, no notable
difference in either barrier or geometry was found between two trans or cis isomeric
transition states. Here we only discuss the Si-face results. The Re-face results were
given in Fig. S1 in ESIf. The calculated Gibbs free energy barriers are 41.7 and 42.4
kcal/mol for the frans and cis pathways, respectively (Fig. 1). Clearly, the trans
pathway is favored by 0.7 kcal/mol over the cis pathway, which accounts for the
higher trans selectivity than that of cis isomer. As shown in Fig. 1, there is little

difference in the structural parameters between the trans- and cis-isomeric TSs.
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Fig.1. Energy profile for the uncatalyed cyclopropanation of diazooxindole and

styrene for the Si-face pathway.

3.2 Achiral Rh(OAc)4 model

Rhy(OAc)s (3), the parent compound of the dirhodium carboxylates, is a
simplified and reasonable model used in mechanistic study to mimic rhodium
carboxylates. Previously, Rhy(OAc)s was also used as catalyst in the racemic version
of the cyclopropanation reaction reported by Arai and Awaata.® Therefore, we
investigate the Rhy(OAc), catalyzed cyclopropanation reaction of diazooxindole and
styrene.

Rhy(OAc)s has D4, symmetry, which is the highest obtainable symmetry for
dirhodium paddlewheel complexes.”' Our calculated structural parameters are in nice
accordance with those of X-ray (see Fig. S2 in ESIT).¥ This further indicates that the
method employed in this study is suitable for the studied systems.

3.2.1 Formation of Rh(Il) carbenoid

The first step in the catalytic cycle is complexation of diazooxindole 1 to the
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catalyst 3. Rhy(OAc)s has two facile axial coordinate sites, both or either of which can
be occupied by substrate molecules. Previous experimental studies’ *! have proved
that carbene bonding occurs only at one coordinate site at a time. Therefore, we only
considered the case in which only one site is occupied. Three possible coordination
modes of 1 to 3 are conceivable, depending on the atom bonding to the catalyst, via
the carbene carbon atom (4, Fig. S3 in ESIf), the terminal diazo nitrogen (5) or the
carbonyl oxygen (6).*"*-*! Besides diazooxindole, styrene may also coordinate with
the catalyst. Fig. S3 displays the located complexes via different coordination site
between Rhy(OAc), and styrene, 7 and 8.

As can be seen from Fig. S3, complex 6 is most stable, indicating that 1 tends to
bond to 3 through its O atom. Complex 4 is less favorable than 6 by 4.0 kcal/mol. For
the two complexes of 3 with styrene 2, 7 and 8, both of them are energetically
unfavorable with respect to the isolated 2 and 3 by more than 2.8 kcal/mol, though 7
in which styrene is coordinated via the alkene moiety is slightly more stable than 8.
These data suggest that catalyst 3 prefers to coordinate with diazooxindole 1 via the
carbonyl oxygen to afford complex 6. Although complex 6 is the most favorable one
among the possible complexes, only complex 4 is presumed to be the product-forming
complex.*" *+# Thus, 6 is expected to first isomerize to 4 with a 4.0 kcal/mol free
energy increase before it reacts with 2. A similar process is shown likely by Houk et
al.”

Fig. 2 presents the potential energy profile for the Rhy(OAc)s catalyzed
cyclopropanation of diazooxindole starting from the complex 4 whose formation from

10
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1 and 3 is predicted to be weak endergonic by 3.4 kcal/mol. Subsequently, the
rhodium-diazooxindole complex 4 has to overcome a potential free energy barrier of
15.5 kcal/mol (TS9) for nitrogen extrusion to form the rhodium carbenoid
intermediate 10. This process is exergonic by 7.7 kcal/mol relative to the free
reactants (1, 2, and 3). The calculated activation enthalpy (AHizgg) for N, extrusion
(15.3 keal/mol) is close to the experimental value (AH*=15.0 kcal/mol) for carbenoid
generation from 3 and ethyl diazoacetate.”® Similar values were also found in previous
theoretical studies on the reaction models of methyl diazoacetate (AH* = 15.3
keal/mol*'; AEF=11.9 kcal/mol*?) or ethyl diazoacetate (AHI = 14.8 kcal/mol)* with

Rhy(0,CH),.

AGso
(kcal/mol)

“Iﬁ (S,S)-cyclopropane

(S,R)-cyclopropane

-43.2

Fig. 2. Free energy profile for the Rh,(OAc)4 catalyed cyclopropanation of

diazooxindole and styrene.

11
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Fig. 3. Calculated structures (side view) of the stationary points involved in the

Rhy(OAc), catalyed cyclopropanation. Values in parentheses are bond orders.
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Pirrung et al.”' demonstrated that the reversible formation of some alternative
complexes between the substrate and the catalyst, even if they are nonproductive
bystanders, will affect the reaction rate by lowering the overall initial energy of the
system. In this sense, the free energy barrier for extrusion of N, would be 19.5
kcal/mol, the energy difference between the most stable complex 6 and TS9.

As can be seen from Fig. 3, the C'-N bond is lengthened from 1.30 in 1to 1.33 A
in 4 upon the complexation between 1 and 3. Concomitantly the Rh'-Rh’ distance
extends from 2.39 to 2.41 A, implying weakening of Rh-Rh bonding. With the
strengthening of Rh'-C' bonding, as shown by significant shortening of Rh'-C' bond
from 2.48 in 4 to 2.10 A in TS9, C'-N bond is further elongated from 1.33 to 1.80 A
in TSY, and Rh'-Rh? stretches to 2.45 A (TS9). In N, extrusion product 10 the
Rh'-C' bond further decreases to 1.97 A while Rh'-Rh? extends slightly to 2.46 A.
The variation of Rh'-C' and Rh'-Rh? bond lengths shows that TS9 possesses more
character of the carbenoid complex 10. As shown in Fig. 3 and Fig. S4t, the
carbenoid would preferentially line up staggered to the carboxylate ligands of the
catalyst to avoid steric repulsion between the bulky phenyl group in diazooxindole
and the carboxylate ligand. Moreover, a staggered arrangement is required for
stabilization of the carbenoid ligand by metal back-bonding. *> **

3.2.2 Cyclopropanation

The following step in the catalytic cycle is the cyclopropanation reaction between

the formed carbenoid 10 and styrene 2. This reaction takes place in a single step, as

verified by our intrinsic reaction coordinate (IRC) calculations. Since Rhy(OAc)4

13
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catalyst is symmetric, the two faces of metal carbene are homotopic, and therefore
styrene can equally attack metal carbene through either Re or Si face. Herein only
Si-face results are given and discussed below.

Styrene can access the carbenoid complex through either an end-on trajectory (the
alkene parallel to the Rh-C bond), or a side-on trajectory (the alkene perpendicular to
the Rh-C bond). For each trajectory, styrene may approach in four different
orientations depending on the position of the phenyl group in styrene with respected
to the carbonyl group (cis or trans) and the catalyst (endo or exo). Four transition
states end-on/trans/exo (TS11-a), end-on/cis/exo (TS11-b), side-on/cis/exo (TS11-c),
and side-on/trans/endo (TS11-d) were successfully located (Fig. 3). The predicted
Rh-C-C=C dihedral angles are -174.4°, 173.4°, 96.8° and -97.3° for the four transition
states, respectively. All our efforts to locate the endo transition structures for TS11-a,
TS11-b and TS11-¢ were unsuccessful, due to the styrene rotation upon optimization
around the C'-C? bond to afford an exo orientation (For more details, see ESIt).
Similar phenomenon has also been observed in previous study on Au-catalyzed
cyclopropanation.®'

Among the four located TSs, only TS11-d adopts the endo-mode, the others
adopt the exo-mode. The minority of endo-mode is not unexpected because it is
unfavored relative to the exo-mode due to the steric hindrance between the phenyl
group in styrene and the ligands in catalyst, especially for the end-on trajectory.
Indeed, the TS11-d was too high in energy to be of importance as discussed in
following text.

14
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As shown in Fig. 2, the end-on transition state TS11-a and the side-on transition
states TS11-c and TS11-d, leading to the tramns-substituted cyclopropane (12a), are
calculated to have free energy barriers of 7.1 (a), 10.7(¢) and 15.5(d) kcal/mol;
whereas the end-on transition state TS11-b leading to the cis-substituted cyclopropane
(12b), represents a barrier of 8.9 kcal/mol. Among these four TSs, the side-on TS11-d
is not of importance because of its significantly high barrier (15.5 kcal/mol). Clearly,
the end-on approaching of the styrene is favored over the side-on trajectory. Taking
the three favored transition states into account and using the Boltzmann equation, we
calculated the frans/cis ratio to be 95.4:4.6, which is in very good agreement with the
experimental value (95:5).*

The whole process is highly exergonic, with predicted energy lowering of 41.3
and 43.2 kcal/mol respectively with respect to the free reactants (Fig. 2). The final
product is more than 30 kcal/mol more stable than the carbenoid complex 10. Clearly,
the nitrogen extrusion from complex 4 is the rate-limiting step of the catalytic cycle.

Of the two end-on transition states TS11-a and TS11-b, the former that produces
trans-product is the more favorable. It can be seen from the NBO results (Table S3 in
ESI{) that the interactions between carbene complex and styrene in both TS11-a and
TS11-b are mainly from n(C46 - C48) — LP*C39 and LP*C39 — n*(C46 - C48).
The corresponding second order perturbation stabilization energy E(2) of TS11a are
larger than that of TS11b. In addition, the aromatic interactions (n-m) between syn
indole ring in carbenoid ligand and styrene are also contribute to the stabilization of
the TSs, especially for the trans one (TS11a). These differences may be responsible

15
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for the favorability of TS1la than TS11b, resulting in an excess of the
trans-diastereomeric cyclopropane. Our further calculations shown that when the
phenyl group in styrene was substituted by n-C3;H>, the value of AAG* decreased from
1.8 to 1.4 kcal/mol, and as a result, the diastereoselectivity (dr) decreased due to the
disappearance of the m-m interactions. This is in agreement with the experimental
observations,”® which further confirmed the important role of the dispersion
interactions in stereocontrol.®!- 7% ¥ %4

Contrary to D3-B3LYP, the B3LYP computations provided a smaller difference in
free-energy barriers AAG* (only 0.5 kcal/mol) and predict a lower frans/cis ratio
(72:28) for styrene, in poor agreement with experimental result (95:5). It is
understandable if we take into account that the noncovalent interactions involved in
cyclopropanation step influence the diastereoselectivity and that the B3LYP functional
is incapable of providing an accurate and reliable description of noncovalent
(especially dispersion) interactions. Clearly, the incorporation of nonlocal dispersion
effects is crucial to achieve a reasonable agreement between theory and experiment.

As can be seen from Fig. 3, upon styrene approach, the carbene will bend (the
two Rh atoms are no longer co-planar with the carbenoid) and ok possesses more
sp>-hybridiztion character. In TS11, there are no significant changes in the length of
Rh'-Rh? bonds with respect to 10. However, and Rh'-C' is lengthened by more than
0.08 A. The geometrical parameters of the core structure of the four TS11 are very
similar with each other. Like the un-catalyzed reaction, the cyclopropanation step in

Rh,(OAc)s model is also concerted but asynchronous as evidenced by the large

16
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difference between the distances of C'-C* and C'-C. C'-C? bond forms slightly ahead
of C'-C’bond. The C'-C* and C'-C’ bond orders in all four transition states are less
than 0.4, indicative of early, reactant-like transition states for the cyclopropanation
step. In addition, the two end-on transition states (TS11-a and TS11-b) show more
early transition state character than the two side-on TSs (TS11-c and TS11-d).

The natural population analysis (NPA, Table S4 in ESIT) shows that the carbenoid
moiety in the carbenoid complex 10 has a positive charge of +0.33, indicating that
complex 10 is an electrophilic carbenoid, and this is further confirmed by the analysis
of the LUMO orbital of the complex 10 (Fig. S5 in ESIt). As depicted in Fig. S5,
LUMO of complex 10 was composed mainly of the carbene carbon 2p, orbital, which
accepts rather small back-donation from the Rh' 4d,. orbital to form an extended
n*-system that possesses a strongly electrophilic carbene carbon. The carboxylate
groups in 10 are less negatively charged (-1.31) as compared to that of catalyst 3
(-1.42), which is likely induced by the back-donation from the Rh' atom to the
carbenoid moiety. By comparison, the charge on the Rh' atom changes little during
the carbene complex formation (+0.51 — +0.47).

3.3 Chiral Rh,(S-PTTL)4 model

The above results obtained with the achiral Rhy(OAc)s model present valuable
information about the general mechanism of the Rh(Il)-carboxylate catalyzed
cyclopropanation reaction of diazooxindoles. However, the simplicity of the model
precludes a detailed insight into the origin of the stereoselectivity, especially the
enantioselectivity. Therefore, to further probe the reaction mechanism and the effect

17
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of the ligand in catalysts on the stereoselectivity, the chiral Rh,(S-PTTL)4 model was
employed.

Recently, Fox and co-workers reported the X-ray crystal structure of the
ha(S—PTTL)4.29 Their results revealed that Rh,(S-PTTL)4 adopts a C4-symmetry-like
“chiral crown” conformation, in which all four N-phthalimide groups are located on
one face, and the four tert-butyl groups are oriented on the opposite face. This chiral
crown structure was supported by themselves and other research groups in subsequent
investigations on other phthalimido-derived catalysts.””® According to this model,
the reactive chiral face consisting of the chiral crown-like ligands in Rhy(S-PTTL),
guides the facial selectivity and the four bulky tert-butyl groups limit the reactivity of

the achiral face of the catalyst.

TS15 16

18
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l

2.31 290

©. 26: E; (o oe)

TS17-e (si/cis/side-on)

Fig. 4. Optimized structures of the stationary points involved in the

Rh,(S-PTTL),4 catalyzed cyclopropanation.

Based on the X-ray structure of Rhy(S-PTTL)4, the cavity formed by four
N-phthalimide groups has a wide (~15A) and narrow dimension (~11 A). This unique

structure will affect the alignment of carbene in the cavity of the catalyst and the

19
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catalytical behavior as shown in Fox’s study.”’ Recent investigations by other groups
supported the importance of the steric environment within the catalyst.ﬂ’97 As such,
we first explored the coordination of diazooxindole with Rhy(S-PTTL)4. All together,
we have located twelve distinct minima on the potential energy surfaces
corresponding to different conformations of the diazooxindole with Rhy(S-PTTL)4
(see ESIf). The lowest energy conformation is depicted in Fig. S6 in ESIf. Our
calculations indicate that the oxindole group orients itself away to avoid the steric
repulsion with the phthalimido walls. Thus diazooxindole is preferentially aligned
with the wide dimension of the chiral cavity (14, Fig. S67). Similar to the Rhy(OAc)4
model, the carbenoid would preferentially line up staggered to the carboxylate ligands
and aligned with the wide dimension of the chiral cavity (16, Fig. S6F). This is similar
with the Fox’s results using a-alkyl-a-diazoester as carbene precursor.29

Similar to the Rhy(OAc)s model, in Rhy(S-PTTL)4 system, styrene can also attack
carbenoid 16 through either Re or Si faces; and in each face, two trajectories (end-on
and side-on) are possible. However, in this case, the two faces (Re and Si) are no
longer equivalent due to the chiral environment of the Rh,(S-PTTL), catalyst. As can
be seen from Fig. 4, three transition states including two end-on (TS17-a and TS17-d)
and one side-on (TS17-e) were located for the Si-face, while two end-on transition
state (TS17-b and TS17-¢) was found for Re-face. TS17-a, TS17-d and TS17-e
correspond to the TS11-a, TS11-b and TS11-c, respectively. The side-on transition
state, congener of TS11-d that adopts the endo-mode, was not located due to the
severe steric repulsion between the phenyl group in styrene and the catalyst.

20
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Considering that TS11-d does not contribute much in the Rhy(OAc)s-catalyzed
process, the absence of the congener in Rhy(S-PTTL)4 catalyzed cyclopropanation
should not exert noticeable influence either. For the case of Re-face, we were not able
the side-on transition state similar to TS17-e due to the large steric repulsion between
the phenyl group and the phthalimido ligand.

By comparison, it was found that the key geometrical parameters of the structures
in the reaction pathway for Rhy(S-PTTL)4 are very similar to the analogous structures
for Rhy(OAc)s. As shown in Fig. 4, the cyclopropanation step in the Rhy(S-PTTL),4
system 1is also concerted but highly asynchronous as evidenced by the distances and
bond orders of C!-C? and C!-C’. Moreover, the end-on transition states (TS17-a,
TS17-b, TS17-¢ and TS17-d) are slightly early than the side-on TS (TS17-e).

Fig. 5 shows the potential energy profile for the Rhy(S-PTTL)s catalyzed
cyclopropanation of diazooxindole and styrene. The initial complexation of
diazooxindole 1 with the catalyst 13 is predicted to be exergonic by 5.6 kcal/mol.
Then loss of the N, from 14 via TS15 has a free energy barrier of 13.9 kcal/mol. The
generated carbenoid intermediate 16 is stabilized relative to the free reactants (1, 2,
and 13) by -14.8 kcal/mol. Compared to the Rhy(OAc)s model, the calculated
activation enthalpy of N, extrusion (AHizgg =14.6 kcal/mol) decreases slightly and is

also close to the experimental value (AHIZIS .0 kcal/mol).”
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(kcal/mol)

N

e (S,S)-cis /(R,R)-cis
\ 413

-43.2

(R,S)-trans /(S,R)-trans

Fig. 5. Free energy profile for the Rhy(S-PTTL), catalyzed cyclopropanation of

diazooxindole and styrene.

In the case of Si-face, the end-on transition state TS17-a yielding the trans
product is 2.2 kcal/mol lower in energy than the end-on transition state TS17-d that
leads to the cis product. This difference is 0.4 kcal/mol larger than that of Rhy(OAc)s
model (1.8 kcal/mol). Thus Rhy(S-PTTL)4 exhibits higher diastercoselectivity than
achiral Rhy(OAc)s. With the four main TSs, we calculated a trans/cis ratio of 97.3:2.7,
which is in very good agreement with the experimental value (97:3). The side-on
transition state TS17-e producing the trans isomer is predicted to have a barrier of 5.3
kcal/mol, significantly higher than those of the others, and thus its contribution is
trivial.

It was observed that the barrier of Re-trans path (TS17-b) is 2.0 kcal/mol, higher
than that of Si-frans path (TS17-a) by 0.6 kcal/mol. This means Si-face attack is
favored over the Re-face, which accounts for the enantioselectivity of the reaction.

With the barriers, the ee value was predicted to be of 50.3%, which is reasonably
22
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close to the experimental value of 66%.

It can be observed from Fig. 5 that formation of carbenoid 16 presents the highest
barrier in the catalytic cycle and therefore is the rate-determining step. This is in line
with the case of Rhy(OAc)s. In addition, the cyclopropanation process is
thermodynamically very favorable (-41.3 ~ -43.2 kcal/mol), in agreement with the
irreversible character of cyclopropanation reactions.

In an effort to gain some insights into the origin of the stereoselectivity observed,
we examined the calculated TS structures (Fig. 6). As shown in Fig. 6a, ©-m
interaction between the syn indole ring in carbenoid ligand and the phenyl group
might happen in styrene in TS17-a, while this interaction is lacking in TS17-d (Fig.
6¢). The stabilising n-m interaction would stabilize TS17-a, resulting in an excess of
the trans-diastereomeric cyclopropane.

As far as the enantioselectivity is concerned, the unfavorability of Re-face attack
might due to the steric repulsion between the phenyl group in styrene and the
phthalimido ligand in catalyst (Fig. 6b). Meanwhile, the n-n interaction might happen
in the Si-face attack mode between the carbenoid ligand and the phthalimido group in
the catalyst, which will promote the stability of Si-face TS (TS17-a, Fig. 6a).
Moreover, TS17-a also possesses relatively strong CH-m interactions between phenyl
hydrogen and the phthalimido group (interaction distances of 3.28-3.48 A), which
further stabilize TS17-a. On the contrary, the n-n interaction between the carbenoid
ligand and the phthalimido group is lacking in the Re-face attack model (TS17-b).
Although the CH-r interactions are still present in TS17-b, they are very weak due to
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the large distances and the less ideal alignment. To sum up, the two factors, steric
repulsion and aromatic interactions (m-m and CH-m), are responsible for the good

enantioselectivity.

Strong CH-pi interaction (b)

Lack of pi—pi interaction

o

I Lack of pi—pi interaction

Fig. 6. Factors control the stereoselectivity in the Rhy(S-PTTL)s catalyzed
cyclopropanation of diazooxindole. Three key transition states TS17-a (a), TS17-b (b)
and TS17-d (c) are presented and the key nonbonding interactions (in A) are

indicated.

Compared with the Rhy(OAc)s model, Rhy(S-PTTL)4 reduces the barriers of the
cyclopropanation step significantly, as shown by the barriers of 1.4 (TS17-a), 3.6

(TS17-d) and 5.4 (TS17-e) kcal/mol which are more than 5 kcal/mol lower than the
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corresponding barriers with the Rhy(OAc)s-system, 7.1, 8.9 and 10.7 kcal/mol. This
may be explained by the enhancement of the eletrophilicity of carbenoid complex 16.
According to the NPA analysis (Table S5 in ESIY), the carbenoid moiety in carbenoid
complex 16 has a positive charge of +0.36, suggesting an electrophilic carbenoid as
supported by the LUMO orbital diagram (Fig. 7). By comparison, the charge on the
carbenoid moiety in 16 is larger than that of complex 10. On the other hand, the
energy of LUMO of 16 (-3.83 eV) is lower than that of 10 (-3.77 eV), indicating that
carbenoid complex 16 has stronger eletrophilicity than 10. This might account for the

decrease of the barriers of cyclopropanation step in the Rhy(S-PTTL), system.

Fig. 7. Diagram of LUMO of carbenoid complex 16

4 Conclusions

In this paper, we have presented a detail computational study on the mechanism
of Rh(II)-catalyzed cyclopropanation reactions between diazooxindole and styrene to
gain insight into the origin of the stereoselectivity. Density functional theory at the
SMD-(D3) B3LYP/6-311+G**-Lanl2DZ //B3LYP/6-31G*- Lanl2DZ level was used
for the investigations. In the absence of the catalyst, the cyclopropanation between
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diazooxindole and styrene is a single concerted step, with very high barrier of 42.4
and 41.7 kcal/mol for the cis and trans pathway, respectively. The catalyzed reaction

proceeds through a stepwise process including the formation of carbene species and a

cyclopropanation step to provide the cyclopropane product and regenerate the catalyst.

The rate-determining step of the catalytic cycle was found to be the formation of a
Rh(II) carbenoid, representing a barrier of 15.5 and 13.9 kcal/mol for Rhy(OAc)s and
Rhy(S-PTTL)4, respectively. The computational results show that styrene can
approach to the carbenoid complex through the end-on or side-on trajectory, and the
former is more favorable than the latter. The predicted diastereomeric ratio (trans/cis)
and the enantiomeric excess (ee) values are in good agreement with the experimental
values. The present calculations indicate that the nonbonding interactions play an
important role in determining the stereoselectivity. The origin of the high
trans-diastereoselectivity lies in the m-m interactions between the syn indole ring in
carbenoid ligand and the phenyl group in styrene, whereas the good enantioselectivity
can be ascribed to steric interaction between the phenyl ring in styrene and the
phthalimido ligand in catalyst as well as the stabilizing n-nm and CH-=n interactions in
transition states. In addition, the methodological studies using different functionals
demonstrated the importance of inclusion of dispersion correction to correctly
elucidate the reaction mechanism. These results provide valuable information about
the origin of the stereoselectivity, which might be useful in further developments of
the Rh(II)-catalyzed cyclopropanations.

tElectronic Supplementary Information (ESI) available:
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Comparison of different DFT methods (Table S1), calculated relative free energies
with and without BSSE correction (Table S2), NBO analysis of TS11a and TS11b
(Table S3), natural charge analysis (Tables S4 and S5), energy profile for the
uncatalyed cyclopropanation in Re-face pathway (Fig. S1), comparison between the
DFT and x-ray structure of Rhy(OAc)4 (Fig. S2), and other Figures and Tables, and
xyz file giving the Cartesian coordinates for all structures. See DOI: 10.1039/
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TOC
A density functional theory study was performed to understand the detailed mechanisms and
stereoselectivity of the Rhodium(II)-catalyzed cyclopropanation reactions with diazooxindole

and styrene.
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