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from a hydrogen bond donor and chiral phosphoric acid

Enantioselective additions to oxocarbenium ions are high-value
synthetic transformations but have proven challenging to achieve.
In particular, the oxa-Pictet-Spengler reaction has only recently
been rendered enantioselective. This work reports experimental
and computational studies on the mechanism of this unusual
transformation, revealing a self-assembled ternary hydrogen
bonding complex. The computed transition state reveals
C2-symmetric grooves in the chiral phosphate catalyst; occupation
of these grooves by the urea co-catalyst and substrate tunes the
available reactive volume and enhances the stereoselectivity of
the chiral phosphate catalyst.
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Mechanism and origins of selectivity in the
enantioselective oxa-Pictet—Spengler reaction:

a cooperative catalytic complex from a hydrogen
bond donor and chiral phosphoric acid+t

Mark A. Maskeri, © 12 Alexander C. Brueckner, & ° Taisiia Feoktistova,®
Matthew J. O'Connor,? Daniel M. Walden,” Paul Ha-Yeon Cheong@*b
and Karl A. Scheidt @ *2

Enantioselective additions to oxocarbenium ions are high-value synthetic transformations but have proven
challenging to achieve. In particular, the oxa-Pictet—Spengler reaction has only recently been rendered
enantioselective. We report experimental and computational studies on the mechanism of this unusual
transformation. Herein we reveal that this reaction is hypothesized to proceed through a self-assembled
ternary hydrogen bonding complex involving the substrate, chiral phosphate ion, and a urea hydrogen-
bond donor. The computed transition state reveals C2-symmetric grooves in the chiral phosphate that
are occupied by the urea and substrate. Occupation of one of these grooves by the urea co-catalyst

rsc.li/chemical-science

Introduction

Considerable recent advances in stereoselective synthesis allow
great control over the processes that effect carbon-carbon bond
formations from high-energy carbocation species. Unlike many
other reactions proceeding through the oxocarbenium ion, the
oxa-Pictet-Spengler reaction has been curiously resistant to
enantioselective catalysis."> This reaction, which has the
potential for broad applicability to pharmaceutical and material
sciences,® has only recently been rendered enantioselective,*
with excellent contributions from Seidel,>® List,” and our own
laboratory® (Fig. 1A). Reports from the Seidel group furnish
chiral polysubstituted tetrahydropyranoindoles (THPIs)
through cooperative amine (NH,)/hydrogen bond donor®™*?
(HBD) and bifunctional Brensted acid (BA)/HBD chiral catal-
ysis. Similarly, the List group utilized sterically-congested imi-
dodiphosphate (IDP) catalysts to produce substituted
isochromanes with high stereochemical fidelity.

Our enantioselective oxa-Pictet-Spengler reaction (Fig. 1A)
furnishes tetrahydropyranoindoles (THPIs) through cooperative
chiral phosphoric acid (CPA)/hydrogen bond donor catalysis.? This
reaction demonstrates high levels of enantioselectivity and good-
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tunes the available reactive volume and enhances the stereoselectivity of the chiral phosphate catalyst.
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to-excellent yields for electronically-diverse substrates, with reac-
tion rates substantially higher than previously published enantio-
selective oxa-Pictet-Spengler reactions (Table 1). Notably, the
enhancements to reactivity and selectivity observed in this process
were only observed in the presence of a hydrogen-bonding urea.
These surprising observations compelled us to further examine the
mechanism of this unusual transformation through experiments
and computations.”

Catalyst control approaches to the synthesis of organic
frameworks play a critical role in modern organic synthesis.™ In
order to furnish sufficiently stable coordination between an
enantioenriched catalyst and prochiral substrate, such catalytic
systems rely on a variety of intermolecular interactions.* These
interactions vary wildly in strength depending on substrate and
catalyst functional groups and play significant roles in the
overall enantioenrichment of the product. Catalysts capable of
supplementing primary interactions with hydrogen bonds,
anion binding, or electrostatic interactions demonstrate
particularly high levels of enantioinduction.'® This principle has
been demonstrated to great effect in the context of nucleophilic
additions to iminium ions (e.g., Jacobsen's asymmetric Strecker
and Pictet-Spengler reactions) and for cyclic or stabilized oxo-
carbenium ions."”® Particularly prominent among organo-
catalysts are the CPAs.” Since the seminal reports of Akiyama®®
and Terada,” CPAs have been successfully applied to a diverse
range of reactions. In the context of oxocarbenium ions, CPAs
have seen application in enantioselective ¢rans/spiroacetaliza-

tions®**** and Prins reactions,**** among others.

Results and discussion

Our initial hypothesis for the cooperative interaction between
the three reaction components—chiral phosphoric acid, urea,

Table 1 Substrate scope of our previously published enantioselective
oxa-Pictet—Spengler reaction®
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and indole substrate—was that the substrate aryl carboxamide
moiety served to recruit and self-assemble the catalysts through
hydrogen bonding.**** Such an interaction would be expected to
influence substrate-catalyst interactions. This proposal was
constructed based on evidence of the importance of hydrogen
bonding and the rate, yield, and selectivity enhancements
observed in the HBD-co-catalyzed reactions (Fig. 2A). Subse-
quent DOSY studies using an unreactive substrate analogue
indicate that the three reaction components diffuse together
(see ESIt),*® suggesting the likelihood of a ternary complex.
Additionally, diffusion constants extracted from the DOSY data
using the spherical Stokes model suggest that all three
components are packed into space approximately equal to the
volume of a chiral phosphoric acid (~5.5 A in radius, see ESIY).
Further evidence supporting interactions between the CPA and
urea was garnered from a *'P NMR spectrographic analysis: the
phosphorus resonance of the CPA is observed to shift in the
presence of hydrogen bond donors, with larger shifts in the
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Fig. 2 (A) Representative plots of *H NMR reaction kinetics with initial
rates analysis (see ESIt). Kinetic dependencies were found to be first
order in substrate, first order in urea, and half order in CPA. ?Parent
reaction conditions: 3,3'-(3,5-(CFs),CgHs) CPA (10 mol%), 3,5-
(CF3),CgH3 urea (10 mol%), toluene-dg (0.02 M), —40 °C. PRatios are:
equiv. substrate: mol% CPA: mol% urea. (B) Cartoon representation of
pre-equilibrium CPA dimer.
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presence of unreactive substrate analogues and reaction prod-
ucts (see ESIT). As CPAs are known to engage in both Lewis acid
and base interactions at the phosphate, the shifts support
a model in which the three components are closely hydrogen-
bonded in a ternary complex.§

An NMR reaction kinetics study of this reaction was per-
formed with analysis by initial rates due to changes in reaction
homogeneity® (Fig. 2A; see ESIt). This analysis suggests that the
reaction is first order in urea, first order in substrate, and half
order in CPA. The fractional order in CPA is likely representative
of a pre-equilibrium hydrogen-bonded CPA dimer (e.g,
Fig. 2B).*>"* These kinetic dependencies lend further support to
a hydrogen-bonded ternary complex as the catalytically-active
species. With these data in hand, we engaged in computa-
tional analysis of the cooperative catalytic system.

Computational exploration of the CPA-mediated process in
the absence of the urea co-catalyst is shown in Fig. 3. We
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CPA Phosphate
(o}

[Urear=*CPAs**Major-TS]
AAGH# = 0.0

Fig. 4 Computed transition structures of the CPA-mediated TS (middle)

[CPA--Major-TS]

discovered a low-energy “phosphate-acetal” complex ((R)-
phosphate-acetal), analogous to other CPA-type acetals
observed in the literature.” In addition, this investigation found
that the annulation proceeds through a stepwise process where
a spirocyclization at the indole C3 is followed by a subsequent
1,2-shift and rearomatization. Such a sequence operates in
gratifying agreement with prior computational studies on the
Pictet-Spengler reaction mechanism.***’

With the aforementioned experimental observations and
preliminary computational investigation established, we sought
to computationally investigate the key C-C bond forming
transition state. Due to the high energy/short lifetime of the
oxocarbenium ion preceding the transition state, we hypothe-
sized that the spirocyclization transition state conformation
may be closely related to that of the phosphate-acetal. We
therefore performed a manual conformational search of both
the (R)- and (S)-phosphate-acetal intermediates (see ESIt) and

Urea H-Bond to
Substrate
Carbonyl©

[CPA<-<Major-TS++Urea]
ANG*=5.6

and urea + CPA mediated TS (left and right). Hydrogen bonding of the

urea to the CPA is favored over urea coordination to the substrate carboxamide carbonyl by 5.6 kcal mol™.
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computed the key C-C bond forming transition structures that
would lead directly from them.

In order to deduce the binding motif of the urea to the CPA-
mediated spirocyclization transition state, we computed several
model systems to identify critical interactions for the assembly
of the catalyst/co-catalyst and catalyst/substrate complexes (see
ESIY). Key to this analysis was a study of the coordination of the
urea to two possible hydrogen bond acceptors—the CPA and the
substrate carboxamide. The computations suggest that the
urea-substrate interaction is weak compared to the urea-CPA
interaction (AG = 24.9 and —2.1 kcal mol ', respectively). In
addition to the hydrogen bonding, ®-m interactions between
the CPA, urea, and substrate produced interactions consistently
favored by 3-4 kcal mol ™" over non-m-7 interaction models.

These observations from the model systems were confirmed
in the full substrate/CPA/urea system (Fig. 4). Coordination of
the urea to the CPA phosphate oxygen (Urea:--CPA---Major-TS)
in the spirocyclization transition state was the most energeti-
cally favorable. Alternative coordination of urea to the substrate
carboxamide carbonyl was higher in energy by 5.6 kcal mol™".q

Fusing these analyses into a cohesive whole, we located
a pair of major and minor transition structures (Major-TS and
Minor-TS, Fig. 5) that account for the critical stabilizing inter-
actions observed in these model systems. The computed
enantioselectivity of 1.8 kcal mol " agrees well with experi-
mental selectivity of 1.6 keal mol™". All of the hydrogen bonding
arrangements between the CPA, urea, and the substrate are
consistent in both structures. The critical difference between
the major and minor transition states and the origins of ster-
eoselectivity arise from two factors.

Factor 1 substrate-CPA interactions

One key feature that differentiates the Major-TS from the Minor-
TS is encapsulated in -7 stacking interactions between the
substrate and the CPA (pink inset, Fig. 5). In the Major-TS, the
substrate aryl carboxamide group is capable of adopting
a stabilizing m-stacking arrangement with the CPA naphthyl
backbone, a feature absent in the Minor-TS. The stabilizing
capacity of this interaction was confirmed with a computed
truncated model system of these aromatic groups, with which
we found the arrangement in the Major-TS to be favored by
4.6 kcal mol !, compared to that of the Minor-TS.
Experimental observations from our original report demon-
strate that the absence of the substrate aryl carboxamide group
leads to no enantioselectivity.® Selectivity is restored when the
substrate contains groups that can engage in the requisite w—m
arrangements. These observations underscore the importance
of this interaction. Additionally, the Major-TS and Minor-TS
reveal why the reaction synthetic scope is accommodating of
substitution patterns on the indole and the intramolecular
tether, as these groups do not sterically or electronically interact
with the CPA but rather protrude into solvent-occupied space.

Factor 2 substrate-urea interactions

Analysis of the packing of the urea and substrate around the
CPA unveils a pair of binding “grooves”, analogous to enzyme

This journal is © The Royal Society of Chemistry 2020
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TS and Minor-TS. Capping hydrogen atoms were quantum mechan-
ically optimized. Energies are in kcal mol™* and distances in A.
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Fig. 6 Visualization of CPA groove model. Trifluoromethyl groups omitted from substrate aryl ring to increase clarity in chemical diagrams. (A)
CPA binding “grooves” along naphthyl backbone. (B) CPA with two ureas bound to the “"grooves” along naphthyl backbone. (C) “Groove model”
representation of Major-TS. (D) “Groove model” representation of Minor-TS.
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binding clefts (Fig. 6A and B). In both the Major- and Minor-
TS, the urea and the substrate each occupy one groove (Fig. 6C
and D, respectively), producing a pseudo-C2-symmetric
complex where the urea and substrate are linked via
hydrogen bonding contacts to the CPA. In the Minor-TS, the
substrate fully occupies one groove and extends into the
second groove occupied by the urea, resulting in steric repul-
sion. This is in contrast to the Major-TS, where the substrate
does not extend into the second groove and therefore mini-
mizes contact with the urea. This occupancy of the urea co-
catalyst in the second groove effectively tunes the available
reactive volume and is critical for the observed enhanced
selectivity induced by the urea co-catalyst. This “occupancy-
induced” enhancement of selectivity model appears to be
a new aspect of cooperative catalysis, since based on the
available data, the urea co-catalyst alters the available reaction
volume to induce selectivity. In this work, we hypothesize that
a co-catalyst is also important in inducing selectivity. This
aspect is similar to allosteric modulation of protein/enzyme
substrate binding and catalysis. Moreover, this approach is
potentially tunable and modular, as the electronic and steric
parameters of the co-catalyst and the catalyst can be combined
without the need for the resource-intensive syntheses of a new,
singular, catalysts.
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Fig. 7 Proposed catalytic cycle. Major-TS has been visualized with
a surface covering the CPA to illustrate the grooves identified in Fig. 6;
hydrogen atoms omitted for clarity.
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As a result of our computational studies and experimental
observations, we propose the following as a revision to our
initially proposed catalytic cycle (Fig. 7). The substrate recruits
the urea and CPA by hydrogen bonding to form the proto-
assembled complex. Subsequently, the CPA protonates the
substrate enol ether, producing an oxocarbenium ion that is
rapidly trapped by the chiral phosphate to form the transient
phosphate-ketal 1.7**** This reversible phosphate-ketal forma-
tion is followed by reionization to form the key reactive oxo-
carbenium ion. Subsequent C-C bond-formation (Major-TS)
rapidly funnels into spirocyclic intermediate II, which then
undergoes a cationic 1,2-shift to produce the final connectivity
at the indole C2 position. Deprotonation of the resulting tricycle
restores aromaticity to the indole and furnishes the complete
tetrahydropyranoindole product.

Our computational models and proposed mechanism also
demonstrate possible origins for the other two enhancements—
yield and reaction rate—engendered by the urea co-catalyst. The
rate enhancement can be attributed to hydrogen bonding
between the urea and the CPA phosphate oxygen. Our compu-
tations, kinetics experiments, and literature precedence’
suggests that the spirocyclization step is rate-determining.
Hydrogen bonding between the urea and phosphate oxygen
likely lowers the barrier to ionization and spirocyclization,
thereby increasing reaction rate. The positioning of the urea in
the groove surrounding the intramolecular tether arm is also
posed to shield the transient oxocarbenium from exogenous
water, preventing decomposition of the key intermediate and
boosting yield.

Conclusions

This new CPA-urea co-catalyst system here demonstrates that
high levels of control can be achieved with high energy oxo-
carbenium ions. Despite the existing difficulty in controlling
selectivity on such reactive functional groups, we demonstrate
the applicability of this cooperative catalysis hydrogen
bonding mode to induce selectivity on non-stabilized oxo-
carbenium ions. By accessing a self-assembled multi-catalyst/
substrate complex, the overarching structure of the system is
created in situ without extensive catalyst synthesis/
engineering. The resulting interactions necessary for the
reaction to function—and the inherent occupancy of the
reactive volume of the catalyst—are nuanced and provide
a window into the transient world of dynamic hydrogen
bonding apart from canonical empirical evidence. This
“occupancy-induced” selectivity model could be enabling for
cooperative catalysis and holds potential for new and selective
oxocarbenium ion-driven transformations.
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