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ABSTRACT: Enantioselective oxa-Pictet-Spengler reactions
of tryptophol with aldehydes proceed under weakly acidic
conditions utilizing a combination of two catalysts, an indo-
line HCl salt and a bisthiourea compound. Mechanistic inves-
tigations revealed the roles of both catalysts and confirmed
the involvement of oxocarbenium ion intermediates, ruling
out alternative scenarios. A stereochemical model was de-
rived from DFT calculations, which provided the basis for the
development of a highly enantioselective stereodivergent var-
iant with racemic tryptophol derivatives.

Keywords: oxa-Pictet-Spengler reaction, asymmetric
catalysis, dual catalysis, anion-binding  catalysis,
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Oxa-Pictet-Spengler reactions represent an attractive method
for accessing various cyclic ethers including isochromans and
tetrahydropyrano[3,4-blindoles, compounds of significant
interest in synthetic and medicinal chemistry.! Although the
first oxa-Pictet-Spengler reaction was published already in
1935,> progress in developing catalytic enantioselective
variants has been slow and remains limited to relatively few
examples.3 In contrast, many variants of catalytic
enantioselective  Pictet-Spengler reactions have been
developed.# This disparity reflects the difficulty in controlling
enantioselectivity in reactions involving oxocarbenium ions,
in particular when these reactive intermediates are generated
via the direct condensation of an alcohol with an aldehyde. In
fact, the vast majority of catalytic enantioselective reactions
reported to date which involve oxocarbenium ions generate
these intermediates from acetals and enol ethers.5¢ The first
publications on highly enantioselective oxa-Pictet-Spengler
reactions did not appear until 2016. At that time, some of us
reported enantioselective oxa-Pictet-Spengler reactions of
tryptophol with aldehydes, utilizing a combination of chiral
bisthiourea catalyst 1a and (S)-indoline-2-carboxylic acid
methyl ester hydrochloride (2a*HCI) (Scheme 1a).3d
Simultaneously, the List group disclosed related reactions
with B-phenylethanols and aldehydes, employing a highly

acidic imidodiphosphoric acid (IDP) catalyst (Scheme 1b).3¢

Scheidt and coworkers later reported catalytic
enantioselective oxa-Pictet-
Scheme 1. Catalytic enantioselective oxa-Pictet-

Spengler reactions.
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Spengler cyclizations of tryptophol derivatives containing an
enol ether moiety 33" Their cooperative catalysis approach is
based on a chiral phosphoric acid catalyst and an achiral urea
cocatalyst (Scheme 1c). More recently, our group reported
Bronsted acid catalyzed enantioselective oxa-Pictet-Spengler
reactions of



Figure 1. Plausible mechanistic scenarios.
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tryptophol and ketals, providing dihydropyran products
containing a tetrasubstituted stereogenic center (Scheme
1d).38 Of these approaches, our original dual catalysis method
(Scheme 1a) stands out as it operates under relatively weakly
acidic conditions. Here we report a mechanistic analysis of
this process, along with a stereochemical model. In addition,
we present a stereodivergent variant with racemic tryptophol
derivatives, the development of which was informed by
insights gained from our computational studies.

The originally envisioned catalytic cycle for our dual catalysis
approach? to the oxa-Pictet Spengler reaction is outlined in
Figure 1a. When used in equimolar amounts, catalysts 1a and
2a*HC], at least to some extent, likely exist as the ion pair L.
Addition of an aldehyde to the catalyst mixture enables the
formation of iminium ion pair II with concomitant loss of
water. Nucleophilic 1,2-attack of the iminium ion by the
hydroxyl group of tryptophol then generates protonated N,O-
acetal ion pair III. Subsequent proton transfer (presumably
stepwise) leads to the formation of ion pair IV. This is
followed by the elimination of the neutral amine catalyst,
furnishing the key oxocarbenium ion pair V. The latter
undergoes  cyclization  followed by  deprotonative
rearomatization to provide the final product while
regenerating ion pair I. An alternative mechanism is provided
in Figure 1b. Here, iminium ion pair II is formed in identical
fashion but then engages tryptophol via C-C bond formation
involving the 2-position of the indole ring. Resulting ion pair
VI undergoes proton transfer to form ion pair VII which then
suffers loss of the neutral amine catalyst to form azafulvenium
ion pair VIII. Subsequent cyclization and then deprotonation
generates the final product and ion pair I. In either
mechanistic scenario, the amine catalyst®9 fulfills the same
roles. First, the amine acts as a nucleophile in the generation
of iminium ion II, the electrophilicity of which is strongly
dependent on the structure of the amine. Following 1,2-attack
of II by tryptophol and subsequent proton transfer, the amine
catalyst then acts as a leaving group. Notably, there are
relatively few examples of asymmetric iminium catalysis in
which catalyst turnover is achieved by elimination of the
amine.” While the amine HCl salt is critically important, our
data indicate that the enantiodetermining step is controlled
exclusively by the bisthiourea catalyst,3d which primarily
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functions as a chiral anion receptor.™*> In addition, binding of
the bisthiourea catalyst to the chloride anion likely enhances
the electrophilicity of the iminium ion in ion pair II relative to
the unbound iminium chloride, and increases the leaving
group aptitude of the amine in ion pair III or VII. Based on
our studies discussed below, the bisthiourea-chloride complex
engages in critical interactions with the cationic condensation
product derived from tryptophol and the aldehyde
(oxocarbenium ion in V or azafulvenium ion in VIII).

Scheme 2.
relationships.
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In the initial development of the title reaction, we found that
(S)-indoline-2-carboxylic acid methyl ester hydrochloride
(2a*HCI) is a uniquely effective cocatalyst (Scheme 2).3¢ No
reaction was observed with pyrrolidine hydrochloride
(2b*HC(l), (S)-proline methyl ester hydrochloride (2¢*HCl), or
widely used catalysts 2d*HCI3d and 2e:HCL4 While iminium
ions derived from catalysts 2b-e likely lack sufficient
electrophilicity to engage tryptophol, the lack of reactivity of
the latter two catalysts may further be due to the fact that they
were specifically designed to minimize 1,2-addition.
Interestingly, (+)-2za*HCl performs nearly identically to the
enantiopure catalyst, suggesting that the amine catalyst is not
involved in the enantiodetermining step of the reaction.
While maintaining the same level of enantioselectivity
observed with 2a*HCI, an extremely sluggish reaction was
observed with 2f+HCl. Since this amine is incapable of
forming iminium ions, this observation seemingly rules out
the possibility of the amine salt simply acting as a buffered
source of HCL. The importance of an electron-rich thiourea
moiety in the anion-binding catalyst becomes apparent when
comparing the performance of catalysts 1b and 1c. While
bisthiourea 1b (an early variant of 1a) performs reasonably
well in the oxa-Pictet-Spengler reaction, the corresponding
urea-thiourea 1c exhibits a dramatically reduced activity (low
conversion after 24 h vs. full conversion in 2 h). In addition,
the opposite enantiomer of 3a is obtained in low ee. In
contrast, thiourea-urea 1d is equally active as bisthiourea 1b,
only leading to a slight drop in product ee. These findings
suggest that the sulfur atom of the electron-rich thiourea is
involved in an important interaction with the substrate in the
enantiodetermining step of the reaction. The effect of the
counteranion was also evaluated, firmly establishing the role
of 1a as an anion receptor (Scheme 2). While other halides
and triflate all provided active catalyst systems, chloride
furnished the highest ee, with iodide exhibiting the fastest
reaction rate. A low level of reactivity was observed with
trifluoroacetate. Finally, N-methyl tryptophol (5) reacted
sluggishly, even though N-methyl indole is a more potent
nucleophile than indole itself. Furthermore, product 3b was
obtained in racemic form. These findings illustrate the
importance of a free indole N-H moiety which is almost
certainly involved in critical interactions in the
enantiodetermining step of the reaction.’s

Scheme 3. Studies probing the intermediacy of
oxocarbenium and azafulvenium ions.
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As outlined in Scheme 3, we conducted several experiments to
probe the potential involvement of oxocarbenium and
azafulvenium ions. Mixed acetal 4, when exposed to catalytic
amounts of HCl and bisthiourea 1a, provided product 3a in a
fast reaction. Under otherwise identical conditions, 3a was
obtained in a significantly slower reaction when 4 was
replaced by a mixture of tryptophol and benzaldehyde
dimethyl acetal. Interestingly, conducting the reaction of
tryptophol and benzaldehyde dimethyl acetal in the presence
of 5 A molecular sieves instead of 4 A molecular sieves led to
a dramatic increase in the rate of the reaction, presumably due
to an improved capture of the methanol byproduct.’® While
not entirely eliminating the possibility of an azafulvenium
pathway, taken in concert, these results provide strong
support for the involvement of an oxocarbenium ion pair akin
to V (Figure 1). Strong evidence against the involvement of an
azafulvenium intermediate (i.e., ion pair VIII in Figure 1) was
obtained by exposing 6 to the reaction conditions. While 6
converted to product 3a in a rather fast reaction, the latter was
isolated in nearly racemic form.

Table 1. Optimization of the stereodivergent variant.
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catalyst  time [h] yield (%) dr2 ee (%)
1 1b 3 95 151 59/74
2 1e 3 95 1.511 63/80
3 1if 2.5 95 151 62/81
4 18 2.5 95 151 58/79
5 1a 3 90 1.2:1 73/76
6 1h 3 90 1.211 77/83
b 1a 48 80 11 93/93
8b 1h 48 70 11 93/93

a The first number corresponds to the trans-diastereomer.
Reaction was run at 0.05 M concentration at -30 °C.

Based on our development of the asymmetric oxa-Pictet-
Spengler reaction with achiral tryptophols and informed by
our computational model for stereoinduction (vide infra), we
sought to develop a stereodivergent variant of this reaction.
Inspection of enantioselectivity-determining transition state
TSccr for the asymmetric oxa-Pictet-Spengler reaction
reveals that the methylene group that is directly attached to



the indole ring is sufficiently far removed from the catalyst to
allow for the introduction of a substituent, regardless of the
configuration (Figure 2). Either enantiomer of a tryptophol
such as 7a should perform equally well, with the catalyst
retaining control over the

Scheme 4. Scope of the stereodivergent reaction.
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newly formed stereogenic center. In essence, this would
amount to a stereodivergent process in which each
enantiomer of the racemic starting material forms a different
product diastereomer in enantioenriched form. This scenario
is distinct from a classic kinetic resolution in which one
enantiomer reacts significantly faster than the other.”7 While
examples of such processes have been reported, they remain
relatively rare despite of their significant potential utility.’819
The possibility of developing a stereodivergent oxa-Pictet-
Spengler reaction with racemic tryptophols was evaluated
with (£)-7a, a material that can be readily prepared in one step
from indole and the appropriate epoxide (Table1).20 Catalyst
1b provided a promising result, with both diastereomers of
product 8a being obtained with significant ee (entry 1). As we
have recently shown that a catalyst with an electron-rich
selenourea functionality can outperform the corresponding
thiourea catalyst in certain transformations,> we were curious
to learn whether this exchange could lead to improvements
here. Indeed, selenourea-thiourea catalyst 1e provided an

increase in ee for both product diastereomers, without
affecting the dr (entry 2). Related catalysts 1f and 1g provided
no further improvements (entries 3 and 4). Encouragingly,
catalyst 1a led to an improvement in diastereoselectivity
(entry 5). Under identical conditions at room temperature,
selenourea-thiourea catalyst 1h outperformed 1a (entry 6). It
should be noted that for an ideal stereodivergent process of a
racemic mixture, the product dr must be 1:1, with each product
diastereomer being formed with identical ee. Since this is not
the case in entries 1-6, a kinetic resolution process is operating
to some extent, leading to less-than-ideal results.
Remarkably, upon conducting the reaction at lower
concentration at —30 °C, catalyst 1a enabled a stereodivergent
reaction with a 11 dr. Both diastereomers of 8a were isolated
with identical, excellent ee (entry 7). Under these conditions,
in contrast to the room temperature experiments, catalyst 1th
provided no further improvements (entry 8).

The scope of the reaction was explored with catalyst 1a
(Scheme 4). A range of aromatic aldehydes with variable
substituents readily underwent stereospecific oxa-Pictet
Spengler reactions with tryptophol (z)-7a. Tryptophols
substituted on the indole ring also provided products in good
yields and enantioselectivities. In addition, exchange of the
phenyl group in (x)-7a with other substituents was tolerated.
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Our next focus was to elucidate the mechanistic details of the
title reaction including identifying the origins of



enantioselectivity. ~ Our initial mechanistic experiments
(Scheme 3) point towards an oxocarbenium ion mechanism
for the asymmetric oxa-Pictet Spengler reaction catalyzed by
1a and 2a'HCl. We sought to probe the rate- and
enantioselectivity-determining step within this mechanism
using 3C and 2H kinetic isotope effect (KIE) experiments and
computational studies. Two independent reactions of
tryptophol and benzaldehyde dimethyl acetal in the presence
of 5 A molecular sieves and catalyst 1a + HCl were taken to
7242% and 80+2% conversion (in tryptophol) and the
unreacted tryptophol was re-isolated from the reaction
mixture in order to determine 3C KIEs at natural abundance.
The 3C KIE at the key bond-forming aromatic carbon (C2) of
tryptophol is 1.004(3) (Scheme 5). The absence of a significant
normal KIE at C2 suggests that C-C bond-formation is not the
first irreversible step in the catalytic cycle for tryptophol. To
probe whether the first irreversible step occurs before
(oxocarbenium ion formation) or after (rearomatization) C-C
bond-formation, we conducted competitive ku/kp using a
50:50 mixture of 2-d-tryptophol:tryptophol and measured a
ku/kp of 1.0x0.1 (Scheme 5). This unity ku/kp value excludes
rearomatization as the first irreversible step in the catalytic
cycle for tryptophol. Taken together, the 3C and 2H KIE
experiments provide strong support for oxocarbenium ion
formation as the first irreversible step in the catalytic cycle for
tryptophol.

Next, we turned to DFT calculations to identify which of the
two steps following oxocarbenium ion formation - C-C bond-
formation or rearomatization - is the enantioselectivity-
determining step (has the higher barrier) in the catalytic cycle.
Accordingly, we identified the lowest energy transition state
for C-C bond-formation leading to the major enantiomer (R)
of product (TScc.r). Following C-C bond-formation, we
modeled the rearomatization of indole ring via deprotonation
using one of the sulfur atoms of the catalyst (TSdepi-r) Or the
bound chloride ion (TSqeps-r) as well as potential bases (not
shown, See SI). The key findings from these calculations were
(@) TSdeps-r is the preferred pathway for rearomatization since
it was found to be 3.6 kcal/mol lower in energy than TSdep.-r,>
and (b) TScc-r is 3.2 kcal/mol higher in energy (AG=7.3
kcal/mol relative to the pre-reactive complex, Scheme 5) than
TSdeprr (AG¥=4.1 kcal/mol relative to the pre-reactive
complex, Scheme 5). Therefore, our computational studies
suggest that C-C bond-formation is the enantioselectivity-
determining step in the catalytic cycle.

Origin of enantioselectivity: Having identified C-C bond-
formation as the enantioselectivity-determining step in the
catalytic cycle, we conducted a thorough examination?* of the
C-C bond-forming transition state leading to both
enantiomers of product 3a (Figure 2A). As mentioned earlier,
TScc-ris the lowest-energy TS leading to the R-enantiomer of
3a - this TS was found to be 2.6 kcal/mol lower in energy than
the lowest-energy TS leading to the S-enantiomer of 3a (TScc-
s), which is in reasonable agreement with the experimental
01% ee (AAG=1.6 kcal/mol). A visual analysis of the two
transition structures (Figure 2) shows that these TSs are
stabilized by near-identical stabilizing interactions, namely
(a) a strong H-bonding interaction between the indole NH
and the thiourea-bound chloride anion (2.1 A in both TSs) and
(b) a non-conventional H-bonding interaction between the
oxocarbenium C-H and the sulfur atom in the catalyst arm
with the dicyclooctyl amine moieties (2.61 A in TScc.g and 2.68

Ain TScc.s). The origin of the energy difference between TScc-
rand TScc.sis not immediately obvious from this analysis and
so we turned to a more detailed energy decomposition
analysis as described below.

To understand the origin of enantioselectivity, we chose to
decompose the lowest-lying TS energies leading to the major
and minor enantiomers using distortion-
interaction/activation-strain approach.»-2¢ Decomposing the
TS energy revealed that the catalyst fragments suffer from
identical distortions (as shown in figure 2C) in both the TSs
(only slightly favoring the major enantiomeric TS by 0.3
kcal/mol). Evaluating the electrostatic component of the
interaction energy revealed only a minor electrostatic
stabilization of the TS leading to the major enantiomer (0.5
kcal/mol) compared to the minor enantiomeric TS -
suggesting that increasing the electrostatic stabilization will
likely erode selectivity.>>?728  Furthermore, as dispersion
interactions are known to play a key role in these systems, we
employed Grimme’s DFTD3 code>93° coupled with Becke-
Johnson corrections, to evaluate the dispersion component of
the interaction energy. This analysis revealed that TScc.r
enjoys favorable dispersion interactions compared to TScc.s by
1.9 kcal/mol. Independent gradient model with Hirschfeld
partitioning (IGMH)3' was employed to visualize the non-
covalent interactions at play in the enantiomeric TSs.
Comparison of the green surfaces in Figure 2B, which
represent weak Van der Waal’s interactions at play in these
systems, shows that TScc.r enjoys more favorable Van der
Waal’s interactions compared to TScc.s - further supporting
the results from D3 computations. These results provide
strong support for dispersion interactions being the main
origin of enantioselectivity in these systems.



A DFT calculations accurately predict enantioselectivity of asymmetric OPS reaction
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Figure 2. (A)Transition state geometries for C-C bond-
formation leading to the major (R) and minor (S) enantiomer
of 3a. All distances are in angstroms (A) and energies are in
kcal/mol. Most hydrogen atoms have been removed for
clarity. (B) Independent gradient model with Hirschfeld
partitioning to visualize the numerous non-covalent
interactions present in these systems. Green surfaces
correspond to weak Van der Waal’s interactions present in the
system. (C) An overlay of the catalysts fragments from TS
leading to major and minor enantiomers.

Finally using the TS models in Figure 2A as template for
predicting enantioselectivity, we modeled transition
structures leading to all possible diastereomers in the
stereodivergent reaction forming product 8a. As expected,
the presence of a phenyl group at the benzylic position of
tryptophol does not impact stereocontrol at the newly-formed
stereogenic center and the high enantioselectivity is faithfully
translated to both diastereomers (AAG¥=2.9 kcal/mol for
TScc-rr versus TScc.s,s and AAG*=3.3 kcal/mol for TScc-rs
versus TScc.s,r). Moreover, the relative energies of the TSs
leading to the major enantiomer of each diastereomer
(Figure3, TScc-rr versus TSccrs) is only o.5 kcal/mol -
consistent with the 1:1 d.r. observed in the reaction.

Figure 3. (A)Transition state geometries for C-C bond-
formation leading all four diastereomers of 8a. All distances
are in angstroms (A) and energies are in kcal/mol. Most
hydrogen atoms have been removed for clarity.

In conclusion, we have conducted a detailed mechanistic
analysis of a catalytic enantioselective oxa-Pictet Spengler
reaction. In addition to confirming the intermediacy of
oxocarbenium ions and ruling out an alternative azafulvenium
pathway, 3C and 2H KIE experiments revealed oxocarbenium
ion formation as the first irreversible step in the catalytic
cycle. DFT calculations established C-C bond-formation as
the enantioselectivity-determining step, in addition to
providing important insights into the role of the key
bisthiourea catalysts and its interactions with the
oxocarbenium ion and the chloride counter anion. Favorable
dispersion interactions, which are less pronounced in the TS
leading to the minor enantiomer, were found to be the main
origin of enantioselectivity. Our findings were applied to the
development of a stereodivergent variant of the oxa-Pictet
Spengler reaction with racemic tryptophol derivatives,
providing rapid access to stereochemically rich
tetrahydropyrano[3,4-blindoles in highly enantioenriched
form.
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