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Multidimensional Correlations in Asymmetric Catalysis through
Parameterization of Uncatalyzed Transition States
Manuel Orlandi, F. Dean Toste, and Matthew S. Sigman*

Abstract: The study of the oxidative amination of tetrahy-
droisoquinolines under chiral-anion phase-transfer (CAPT)
catalysis by multidimensional correlation analysis (MCA) is
revisited. The parameterization of the transition states (TSs)
for the uncatalyzed reaction, the introduction of conforma-
tional descriptors, and the use of computed interaction energies
and distances as parameters allowed access to a considerably
simplified mathematical correlation of substrate and catalyst
structure to enantioselectivity. The equation obtained is
suggestive of key interactions occurring at the TS. Specifically,
the CAPT catalyst is proposed to coordinate the intermediate
iminium cation by P=0-+-H—0O hydrogen-bonding and N-~-H—
C electrostatic interactions. The conformational freedom of the
benzyl substituent of the substrate was also found to be
important in providing an efficient mode of molecular
recognition.

R ecently, multidimensional correlation analysis (MCA) has
emerged as a mechanistic tool for transition-state (TS)
interrogation in asymmetric catalysis.'! By this technique,
a polynomial equation that correlates the reaction outcome
with the chemical descriptors of a catalyst and/or substrate set
can be derived. The resultant mathematical model can be
used to extrapolate better catalysts through virtual screening,
thus improving the reaction performance.”) Additionally,
analysis of the parameters included in the equation provides
information about the reaction mechanism.*% Historically,
limited parameters, including Hammett o,*) Tolman cone
angle,” and Charton® and Taft parameters,”! were available
to probe such mechanistic considerations. However, modern
physical organic descriptors reported more recently® have
ultimately led to the rationalization of reactions of enhanced
complexity.®™*! Even with these advances and the ability to
perform multivariate analysis of intricate processes for
predictive purposes, in some cases the sophistication of the
reaction does not lend itself to straightforward analysis. As an
example, we reported the correlation of both substrate and
catalyst descriptors to enantioselectivity in the oxidative
amination of tetrahydroisoquinolines under chiral-anion
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phase-transfer (CAPT)!' catalysis (Figure 1A). In that
study, a data-intensive approach was used to obtain a complex
mathematical model that allowed extrapolation of the
improved catalyst 1a (Figure 1B,C). In this model, several
IRP intensity and frequency parameters for the triazole
moiety suggested the presence of noncovalent interactions
(NClIs) between the ring and the substrate in the TS (Fig-
ure 1 C), yet it was not possible to build a descriptive picture
of the interactions at the heart of the asymmetric catalysis.
Thus, we came up with a unique strategy to develop
a parameter set suited to this complex problem. Specifically,
we envisioned applying our recently introduced computed
interaction energies Em and distances Dm,” which could
provide specific insight into the influential NCIs. Of greater
importance, we hypothesized that the readily computed
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Figure 1. A) Case study: Oxidative amination of tetrahydroisoquino-
lines. B) CAPT catalysts considered in the present study. C) Multi-
variate model previously reported and interaction hypothesized
between the substrate benzyl (Bn) group and the catalyst triazole ring.
Ad =adamantyl, Cy = cyclohexyl.
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transition state of the corresponding uncatalyzed cyclization
would represent an optimal platform for parameter acquis-
ition owing to its resemblance to the TS of the catalyzed
reaction. We posited that this effort would deepen our
mechanistic understanding regarding the stereodefining step
and the specific molecular-recognition events required for
high enantioselectivity.”*!!l Herein, we describe the applica-
tion of this approach to significantly simplify the equation
describing enantioselectivity and provide a detailed overview
of how asymmetric catalysis is effectively achieved.

Owing to the influence that the triazole moieties of the
catalyst and the benzyl group of the substrate have on the
reaction stereochemical outcome, the generic interaction in
Figure 1C was previously hypothesized. However, other
portions of cation 3 may be recognition elements for the
catalyst. Hence, interaction energies and distances® were
computed at the B97D/def2TZVP level of theory!' by using
three different probes: benzene PhH (E/Dpyy), iminium
cation ImC (E/Dy,¢), and anilinium cation AnC (E/D,,c,
Figure 2 A). These probes describe the possible interaction of
one of the triazole rings with three different moieties of
intermediate iminium cation 3 (Figure 2A). Specifically,
E/Dypyyy, E/Dyye, and E/Dg,c, respectively, account for the
possible interactions with the neutral benzyl group, with the
alkyl portion next to the charged N atom, and with the two
electron-poor aryl groups. Other parameters for catalysts 1a—
m were also acquired according to a DFT molecular model
that we recently introduced for chiral phosphate catalysts
(Figure 2C).P41°1 TR frequencies and intensities (v/i), the
dihedral angle e, and Sterimol parameters (B1, B5,and L) for
this molecular model were calculated at the MO06-2X/
def2TZVP level of theory.™!

The dependence of the reaction enantioselectivity on the
CAPT catalyst was investigated by correlation of the selec-
tivities (expressed as AAG* in kcalmol™') measured for the
cyclization of substrate 2a (Figure 2B). Among all the
parameters collected, sen(e) (sine of the dihedral angle & in
the catalyst, Figure 2C) was the only single parameter that
provided a qualitative trend (R*=0.66; see the Supporting
Information), thus suggesting the importance of geometric
and/or steric requirements for high enantioselectivity to be
attained. When a multidimensional correlation was deter-
mined, the mathematical model in Figure 2C was obtained
(R*=0.87, L10=0.74, L10 =leave-one-out cross-valida-
tion). This equation is composed of three terms: sen(e),
which accounts for geometrical/steric requirements; Vposy,
which describes the coordination ability (or Lewis basicity) of
the phosphate; and the cross-term Eyy,cDy,c, Which suggests
the presence of a NCI between the triazole ring and the
substrate alkyl portion.

Hence, based on the inclusion of these parameters in the
multivariate model (Figure 2C), we hypothesized that the
catalyst coordinates intermediate 3 through a dual binding
mode. Specifically, the phosphate and the triazole ring could
engage the amide group and the electron-poor alkyl chain by
H-bonding and electrostatic interactions (vpgsy, and
Eyc'Dy.c)- The presence of bulky groups in a specific
region of space (sem(a)) would then ensure discrimination
of one of the enantiotopic faces in the TS. The computational
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Figure 2. A) Interaction energies and distances calculated in the pres-
ent study (E/Dpp, E/Dimc, and E/Dy,c). B) Selectivities observed in the
oxidative cyclization of substrate 2a with CAPT catalysts 1a-m.

C) Parameters calculated for catalysts 1a—m and multivariate model
obtained.

study of the uncatalyzed reaction provided additional evi-
dence for the hypothesized coordination mode. Transition
states TS-A and TS-B were calculated at the MO06-2X/
def2TZVP level of theory. They differ in the tautomeric
form in which the amide group acts as a nucleophile. In TS-A,
the amide is in the iminol form and presents a free OH group
available for coordination. In TS-B, the amide reacts in its
most stable tautomeric form, yet shows distortion of the
functional group out of planarity (Figure 3 A). Thus, TS-A is
favored by 5.9 kcalmol ™!, which suggests that intermediate 3
most likely reacts in its iminol form (Figure 3 A).

Evaluation of the electron-density map for TS-A high-
lights the OH proton and the alkyl chain next to the iminium
cation as the most electron-poor regions of the structure
(Figure 3B). Thus, for these regions to participate in NCls, it
is likely that they will be matched with electron-rich regions
of the catalyst. Calculation of the optimized geometry and
electron-density map for catalyst 1b emphasized two impor-
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Figure 3. A) Relative energy of tautomeric TS-A and TS-B. B) Electron-
density maps for TS-A and 1b. C) Hypothesized TS for the reaction.
D) Distance between electron-poor regions in TS-A and electron-rich
regions in catalyst 1b.

tant points: i) the chiral pocket of the catalyst is not accessible
owing to steric hindrance, and ii) the most electron rich
regions of the catalyst are the phosphate and the triazole
groups (Figure 3B). Hence, on the basis of this simple
computational analysis and the equation in Figure 2C, we
posited the presence of two main interactions that govern the
coordination of the reactive intermediate by the catalyst in
the transition state. The P=0--H—O hydrogen bond provides
coordination and activation of the nucleophilic amide, as the
catalyst acts as a Brgnsted base (Figure 3 A), and the electro-
static interaction between the triazole and the alkyl portion
ensure optimal orientation for high stereoselectivity (Fig-
ure 3C)."l Indeed, when such a dual coordination mode is
not allowed owing to the substitution of the triazole with
a pyrazole or imidazole ring, the selectivity decreases
(compare 1m and 11, 1k, Figure 2B). In other words, the
catalyst interacts with intermediate 3 through bidentate
binding. Consistent with this hypothesis, the distance between
the two electron-poor regions in the substrate and the two
electron-rich regions in the catalyst are relatively matched
(5.0-6.6 and 4.9-6.8 A, Figure 3D).
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After assessing the role of the catalyst in this trans-
formation, we turned our attention to the dependence of the
product ee value on the substrate. Although the reaction was
found to proceed mainly under catalyst control, the pertur-
bation of the benzyl group of the substrate (especially in the
2,6-positions) resulted in a AAG™ variation of up to 1.5 kcal
mol~!. Since phosphate 1 presumably coordinates iminium
cation 3 through NClIs, the reagent geometry in the TS of the
catalyzed and the uncatalyzed reaction is similar, and the
stereoselectivity is due to enhanced structural matching of the
catalyst with one of the two enantiomers of such TSs. Thus,
the TS of the uncatalyzed reaction represents an optimal
structure for substrate parameterization. Additionally, it has
fewer conformers than the relative reagent structure, as the
presence of the forming C—N bond reduces the molecular
degrees of freedom. Hence, descriptors for substrates 2a-k
(Figure 4 A) were calculated from the uncatalyzed TSs at the
MO06-2X/def2TZVP level of theory. The computed parame-
ters include IR frequencies and intensities (v/i, including the
imaginary frequency associated with C—N bond formation),
Sterimol parameters (B, B5, and L), and NBO charges.

As molecular recognition depends on the substrate
geometry, the selectivity is due to the ability of the catalyst
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Figure 4. A) Substrates 2a—k included in the present study. B) Con-
formational freedom of substrate 2a. C) Full multidimensional model
obtained from 103 data points, and parameters included in the model.
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to match with one of the two enantiomeric forms of the
uncatalyzed TS in a specific conformation. Hence, we
reasoned that the conformational freedom of the benzyl
group could be important for optimal interactions. Thus, the
energy difference E,y between the two main conformers of
the computed uncatalyzed TSs (structures A and B, Fig-
ure 4B) was included as a parameter in addition to IR,
Sterimol, and NBO charge descriptors. Interestingly, E,g
provided good single-parameter correlations (Figure 4B)
with AAG™ for both catalyst 1b and 1j, which present
different steric environments. However, whereas such corre-
lation for substrates 2 e—k shows the same trend for different
catalysts, substrates 2a—d are outliers for bulky catalysts 1a—c
(Figure 4B).

Having determined the new set of parameters, we
identified a multidimensional model from the combination
of catalysts 1a—j and substrates 2a-k (see the Supporting
Information for the full list). This model includes 103 data
points (70 for the training set and 33 for the external
validation set) and includes only six terms (Figure 4C). A 13-
term equation (Figure 1C) was previously required for the
description of this complex reaction system.* The parame-
ters included in the equation are as follows: sen(a), Vpos,, and
Ey,c for the catalyst, which also appeared in the equation in
Figure 2B; E,3 and E,gsen(a), which account for the
conformational freedom of the substrate (E,g) and for the
ability of the catalyst to recognize the substrate conformation
on the basis of its geometry (E g-sen(e)); and vy (stretching
frequency of the C=N bond in the uncatalyzed TS), which
may describe the substrate nucleophilicity. The multivariate
model presents R*=0.83 and both external and cross-
validations (LKO, leave-K-out tests) assess its robustness.
Hence, the parameters involved in the full model suggest the
coordination mode depicted in Figure 3 C. Since the reaction
proceeds mainly under catalyst control,”™ parameters for the
catalysts have larger coefficients. Specifically, the ability of
the catalyst to coordinate iminium 3 through H-bonding
(Vposy) and N-+H—C electrostatic interactions (Ey,c), and the
steric/geometric properties of the catalyst substituents (sen-
(@)) play the most important role in the success of the
reaction. Additionally, the presence of E,y suggests a specific
molecular recognition, in which the catalyst typically prefers
to react with substrates in conformation A.

In conclusion, the mechanism of the CAPT-catalyzed
oxidative amination of tetrahydroisoquinolines has been
revisited. The mathematical model previously developed by
our groups provided improvement of the reaction perfor-
mance by extrapolation of a better-performing catalyst (1a).
In this previous study, mechanistic elucidation with respect to
the role of the triazole group was possible, yet the complex
equation (13 terms with 9 parameters) did not allow a clear
understanding of the mode of coordination between the
catalyst and the reactive intermediate 3.**! The strategy
presented herein applies computed interaction energies and
corresponding distances to access more detailed mechanistic
information. The use of the uncatalyzed reaction TSs has been
introduced as a new general strategy to compute parameters
for intramolecular processes. Similarly, conformational rela-
tive energies have also been introduced to describe the

Angew. Chem. Int. Ed. 2017, 56, 1408014084
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conformational freedom of substrate 2. This new set of
parameters allowed us to obtain a significantly simplified
multidimensional model, which clearly suggests the role of
the catalyst triazole ring in the TS. In particular, it was
hypothesized to be involved in the coordination of the
substrate through electrostatic interaction with the alkyl
portion next to the charged N atom of intermediate 3.
Additionally, the conformational freedom of the substrate
was proposed to be important for optimal molecular recog-
nition by the catalyst. We foresee the new parameters and
parameterization strategy reported herein to form a useful
tool in MCA, as they allow access to detailed mechanistic
information even for complex catalytic systems.
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