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Abstract

Methods for rapid preparation of densely functionalized and stereochemically complex A-
heterocyclic scaffolds are in demand for exploring potential bioactive chemical space. This
work describes experimental and computational studies to better understand the features of
aziridinium ylides as intermediates for the synthesis of highly substituted dehydromorpholines.
The development of this chemistry has enabled the extension of aziridinium ylide chemistry

to the concomitant formation of both a C—N and a C-O bond in a manner that preserves the
stereochemical information embedded in the substrate. Additionally, we have uncovered several
key insights that describe the importance of steric effects, rotational barriers around the C-N
bond of the aziridinium ylide, and non-covalent interactions (NCIs) on the ultimate reaction
outcome. These critical insights will assist in the further development of this chemistry to generate
N-heterocycles that will further expand complex amine chemical space.
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INTRODUCTION

Onium ylides=5, including sulfur®®d oxonium? and ammonium,8P are common
intermediates employed in the syntheses of complex molecules. They are typically generated
from the reaction of a heteroatom with a metal-supported carbene to furnish reactive
zwitterionic intermediates that engage in a diverse set of reaction pathways, including 1,2-
Stevens rearrangements,8° 2 3-sigmatropic rearrangements,® and N-H insertion reactions
(Scheme 1A).3 The aziridinium ylides!® represent a unique subclass of ammonium ylides
whose reactivity is both poorly understood and underexplored, despite the potential for these
reactive species to serve as key intermediates in the transformation of simple precursors to
densely functionalized, stereochemically rich A-heterocycles. We are interested in applying
the ability to shuttle aziridinium ylides along divergent pathways to explore diverse new
amine chemical space, particularly in the context of using our new methods for the
preparation of DNA-encoded libraries (DEL) to explore their potential bioactivity. 112

Manipulating the reactivity of aziridinium ylides to achieve a desired reaction outcome can
be challenging as compared to their acyclic ammonium counterparts. Aziridinium ylides
are embedded in a highly strained ring, where the bonding constraints of the aziridine
increase the energy required for pyramidal inversion of the nitrogen; often this rate is

slow enough to measure using variable temperature (VT) or dynamic NMR spectroscopy.
12a-¢ The presence of two invertomers hinders the ability to selectively form and engage
aziridinium ylides in secondary reactions and has limited their applications in the synthesis
of complex A-heterocycles. For example, in 2001 and 2004 respectively, Clark!2 and
Rowlands!4 observed intramolecular [2,3]-Stevens rearrangements of aziridinium ylides to
deliver dehydropiperidines in low 21-24% yields (Scheme 1B). In the former case, the

low yield was attributed to the instability of the starting material which decomposed in

one day when stored under argon at —30 °C.13 In Rowlands’ work, the alky! aziridine
substrate existed as two A-invertomers a and b in a ratio of 3:4, with an estimated barrier
to A-inversion at room temperature of ~16-20 kcal/mol. Only a possessed the required
geometry for the desired rearrangement; as a result, the major invertomer b underwent an
unproductive 1,5-hydride shift at a faster rate than A-inversion to generate the invertomer
required for the desired reactivity.14 In addition to the formation of invertomers of the
aziridinium ylide, competitive cheletropic extrusion renders the use of these intermediates in
selective transformations particularly challenging.1®

We used rigid bicyclic aziridines (Scheme 1C), generated by silver-catalyzed nitrene transfer
of homoallenic and homoallylic carbamates, as precursors to aziridinium ylides.163-C The
nitrogen of the carbamate tether in the bicyclic aziridine possesses a hybridization of

~sp3, where the nitrogen lone pair is unable to engage in effective orbital overlap with

the mt-system of the carbonyl group. As a result, the carbamate behaves as a o-electron-
withdrawing group and raises the barrier to A-pyramidal inversion.1” The geometric

ACS Catal. Author manuscript; available in PMC 2022 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Nicastri et al.

Page 3

constraint imposed by the bicyclic nature of the tether also raises the nitrogen inversion
barrier;17 a similar effect is observed in rigid cyclic amines such as sparteine and Troger’s
base.18ab.19ab Both of these unique structural characteristics can be exploited to generate
diastereomerically enriched aziridinium ylides that ultimately furnish highly substituted
methyleneazetidines2%2P and dehydropiperidines?! in excellent yield and dr (Scheme 1C).
This strategy effectively circumvents competing pathways that have been proposed in
previous attempts to leverage the reactivity of aziridinium ylides. However, despite this
progress, the future development of productive chemistry of aziridinium ylides requires

a more detailed understanding of how the identity of the carbene precursor, potential
dynamic behavior in the ylide intermediate and non-covalent interactions influence the
ultimate outcome of the reaction. In this work, we describe our mechanistic findings

to explain divergent reaction pathways from aziridinium ylides generated by leveraging
ketone-containing carbenes, derived from Rh catalysis, to furnish fully substituted
dehydromorpholines (Scheme 1D).22-24 Both experimental and computational studies are
presented that will inform future efforts of our and other groups’ work on these fascinating
and versatile reactive species.

Results and discussion

Initial explorations of diverse carbene precursors.

We first investigated whether the carbonyl oxygen of a donor-acceptor diazoketone, such
as 2a, could serve as a competent nucleophile to open the aziridinium ylide en route

to a dehydromorpholine (Scheme 2A). Only one nucleophilic ketone group is present in
2a; thus, we expected reaction of 2a with 1 to furnish 4a in good yield via conformer
INT 1. Surprisingly, treatment of 1 with 2a under Rhy(OAc), catalysis gave an unusual [3,9]-
aziridine product 3a in 78% yield. Presumably, the 7 kcal/mol barrier to interconversion
of aziridinium ylide INT1 to INT2 by rotation around the C—N bond (Scheme 2) enables
nucleophilic attack of the ketone oxygen on the electrophilic carbonyl of the carbamate
tether to furnish 3a. This result was unexpected, as nucleophilic addition to the carbamate
tether was not observed in previous syntheses of azetidines or dehydropiperidines from
bicyclic aziridines.20ab.21

We were curious as to the origin of 3a and hypothesized that the aryl group may be
important in biasing the reaction towards this unexpected product. However, exchanging
the Ph group of 2a to a Me group in 2b still furnished 3b in an excellent 98% yield
(Scheme 2B). Altering the electronics of R2 had no effect on product selectivity. Both
electron-withdrawing and donating substituents (e.g. CN in 2c, Me in 2d) furnished the
[3,9]-aziridine in 75% (3d) and 68% (3c) yields, respectively (Scheme 2B). The consistent
product outcome suggested that neither R nor R2 influences the preferred formation of the
[3,9]-aziridine product.

To gain more insight into the formation of 3a at the expense of the expected 4a,

Density Functional Theory (DFT) calculations were carried out at the dispersion-corrected
SMD(CH,Cl5)-B3LYP-D3/def2-SVP level (see computational details in the Supporting
Information). Figure 1A shows the computed reaction profiles leading to the formation
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of the 3a or 4a from the corresponding free aziridinium ylides, which according to our
previous calculations on related systems,290:21 derives from the nucleophilic addition of

the aziridine 2a to the Rh,-carbenoid intermediate (formed upon reaction of the diazo-
compound and Rhy(OAc),4). From the data in Figure 1A, it becomes apparent that metal-
free ylide INT2 involved in the [3,9]-pathway is lower in energy than its analogous
intermediate INT1 involved in the alternative [6,6]-pathway (AAG = —4.2 kcal/mol). A
similar finding was observed in their metal-ylide counterparts (AAG = 5.7 kcal/mol).
According to the NCIPLOT method, this is in part ascribed to the occurrence of a stabilizing
NCI involving the nucleophilic C—O lone pair of the ketone moiety and the electrophilic
nt*(C=0) molecular orbital of the carbamate, as confirmed for INT2 (Figure 1B; see also
Figure S-14 in the Supporting Information for the metal-ylide intermediate INT2-Rh).

The presence of this stabilizing NCI is also supported by the computed short O...C(=0)
distance in INT2 of 2.530 A, which is markedly shorter than the sum of the van der

Waals radii (3.22 A); this was also confirmed by the associated stabilization energy (AE()

= —6.63 kcal/mol) computed for the lone pair (LP)(O)—n*(C=0) interaction using the
Second-Order Perturbation Theory (SOPT) of the NBO method (Figure 1B). Furthermore,
the barrier associated with the formation of 3a from INT 2 is 5.3 kcal/mol lower than that
associated with the formation of 4a from INT 1 (Figure 1A). This noticeable difference in
the calculated activation energies for the two potential reaction pathways and the occurrence
of the NCls, which show significant stabilization of the key ylide intermediate, leading to
the preferred formation of 3a over 4a, despite the fact that the latter species is significantly
favored thermodynamically. The barrier to interconversion between INT1 and INT2 (7.6
kcal/mol, Figure 1A) is reinforced by the lower barrier (AGG” = 1.5 kcal/mol) computed for
the generation of the observed product 3a.

Controlling product outcomes with temperature.

Changing the carbene precursor to the CN-containing diazoketone 2c provided the first
example of divergence between dehydromorpholine 4c and the [3,9]-aziridine 3c. Standard
reaction conditions furnished 3c in 68% yield (by NMR), accompanied by 19% of the
dehydromorpholine 4c (Scheme 3A, right). The 3.6:1 ratio of 3c:4c led us to employ
computations to probe whether an NCI was also present in the corresponding aziridinium
ylide and to estimate the barrier to C—N bond rotation. Computational analysis confirmed
the presence of an NCI, where the O...C(=0) distance of INT4 is predicted to be 2.619 A
(Scheme 3B compared to 2.530 A, Figure 1B), with a stabilizing interaction energy of AE()
= —4.44 kcal/mol. The balance between the computed barrier to C—N bond rotation between
INT3and INT4 of 12.5 kcal/mol and the presence of an NCI leads to a divergent reaction
where both 3c and 4c are accessible. These computational observations are reflected in the
calculated reaction profile (Scheme 3B), where both the activation energy barriers leading
to 3c and 4c are accessible (AG* ~8.5 kcal/mol), but slightly higher than that of 3a (Figure
1, see above). The higher barrier to C—N bond rotation (compared to the analogous ylide
INT2) is likely a result of charge delocalization across the CN group (as compared to the
ketone in INT2); nonetheless, it is still low enough to ultimately give rise to the product
distribution based on temperature.
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The computed reaction profile depicted in Scheme 3C also shows that the NCI-stabilized
ylide INT4 can undergo a cheletropic extrusion reaction to form the alkene 5c. We
hypothesized running the reaction at higher temperatures would: (i) enable facile bond
rotation and lead to a greater preference for 4c over the [3,9]-aziridine product 3c and (ii)
allow access to the cheletropic extrusion product. To our delight, repeating this reaction

at 83 °C in 1,2-dichloroethane (Scheme 3A, left) favored dehydromorpholine 4c formation
in 50% yield by TH-NMR (47% isolated), with the remaining mass balance (45% yield)
accounted for by formation of 5c; no [3,9]-aziridine 3c formation was observed. Although
full selectivity for 4c would be optimal, this reaction represents the first example where the
fate of the aziridinium ylide can be controlled by the reaction conditions and not just the
identity of the carbene precursor.

Employing higher temperatures with other cyano-derived diazoketones also proved fruitful
(Scheme 3C). Ketones bearing ortho-, meta- and para-chlorosubstituted benzenes yielded
dehydromorpholines 6¢-8c in moderate yields and excellent drof >20:1.. Ketones with
meta- and para-methoxysubstituted benzenes were tolerated to furnish dehydromorpholines
10c and 11c in 43% and 29% vyield, respectively. The ortho-substituted 9c was not observed
under these conditions, possibly due to steric congestion around the reactive site that
prevents effective ylide formation.

Based on our computational analysis of [3,9]-aziridine formation in Figure 1A, strategies to
prohibit NCI formation in the key ylide intermediate were envisaged to promote formation
of the desired dehydromorpholines. We hypothesized that raising the barrier to C-N

bond rotation in the aziridinium ylide intermediate could ‘trap’ the kinetically formed
conformer(s) and prevent formation of the NCI, potentially favoring a conformer similar to
INT1 (Scheme 1A). To this end, the barriers for C-N bond rotation in aziridinium ylides
generated from reaction of 1 with donor-acceptor and acceptor-acceptor carbene precursors
2aand 2d-f were calculated and compared (Figure 2). The results suggest that aziridinium
ylides arising from reaction of 1 with 2a (which experimentally gave [3,9]-aziridines 3a,
Scheme 1B) display a low barrier of ca. 7 kcal/mol to rotation about the C—N bond (black
line). The reaction of 1 with 2d revealed a higher barrier of 12 kcal/mol (green line) for C-
N bond rotation. In contrast, aziridinium ylides formed from reaction of 1 with dicarbonyl-
containing diazo compounds 2e and 2f show significantly higher barriers to rotation around
the C—N bond at ~23 kcal/mol (red line), and 20 kcal/mol (blue line), respectively. The
increased rotational barrier may be attributed to the ability of the enolate of the ylide to

be delocalized over both carbonyl-containing groups, providing additional structural rigidity
and steric bulk that hinders C—N bond rotation.

To test this hypothesis, aziridine 1 was treated with methylacetoacetate-derived 2e and
catalytic Rhy(OAc), under optimized conditions (Scheme 4A, see Supporting Information
for details). The dehydromorpholine 4e was obtained in 38% yield (48% by NMR),
accompanied by the corresponding cheletropic extrusion product 5e (42% by NMR).
Interestingly, no competing [3,9]-aziridine 3e was observed in the crude mixture.
Computational analysis of this reaction (Scheme 4B and 4D) revealed the O...C(=0)
distance is much longer for INT6 (3.085 A) than for INT1 (2.530 A), a distance close to
the limit of the sum of the van der Waals radii (3.22 A). The longer distance is presumably
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required to accommodate the second C=0 from the acceptor-acceptor carbene. This is
reflected in the low computed stabilization energy (AE@ (LP(O)—r*(C=0)) = -0.50
kcal/mol) which can be considered negligible. This effectively prevents formation of the
undesired NCI; as a result, INT6 and INTS5 are nearly degenerate (AAG ~ 1 kcal/mol), a
markedly different scenario from that involving INT/INT2 ylides (Figure 1A, see above).
Although this computational data presents a reasonable scenario for the 1:1 product mixture,
we were puzzled why no 3e was observed, considering the predicted energy barrier is

only 5.3 kcal/mol compared to 15.6 kcal/mol for 5e (Scheme 4D). A variety of potential
pathways were considered. One possibility invoked a retro-hetero-Diels-Alder reaction of
4e to give 5e; however, re-exposing 4e under the standard reaction conditions (Scheme 4C)
gave only recovered 4e. Alternatively, 5e might arise from a retro-hetero-Diels-Alder of a
product formed by attack of the ester carbonyl on the aziridinium ylide by delocalization
of the negative charge in INT6. However, computational analysis argues against this
pathway, as it shows an energy barrier of 18.9 kcal/mol (see Figure S-15 in the Supporting
Information).

To experimentally interrogate the origin of 5, NMR time-course data was collected to
identify long-lived reaction intermediates or other products not observed in the final crude
mixture. The data (Figure 3) showed a consistent increase in product 4e over the 4 h reaction
period. Interestingly, a small amount of 3e was noted, which increased from 1-2 h, then
decreased from 2-4 h, at which time the cheletropic extrusion product 5e was observed.

The 2 h reaction aliquot was further analyzed by 1D TOCSY (see Figure S-9 in the
Supporting Information), which revealed a unique spin system corresponding to 3e. These
data are the first experimental evidence supporting the conclusion that the reaction is under
thermodynamic control (see above), where the [3,9]-aziridine 3e gives rise to 5e. This result
is further supported by the computational data, which show that the formation of 3e from
INT-6 is reversible in view of the low computed reaction and barrier energies (1.6 and 8.0
kcal/mol, respectively, see Scheme 4D).

Our combined computational and experimental evidence suggests that divergent reactivity
to give a ~1:1 mixture of 4e and 5e is due to the non-Curtin-Hammett kinetic formation

of aziridinium ylide conformers INT5 and INT6 (Scheme 4A). INT5 contains a syr-
relationship between the enolate of the methyl ketone and the external aziridine C—N bond,
which represents the correct geometry for dehydromorpholine formation. The other potential
aziridinium ylide INT6 does not display the correct orientation, and thus initially forms 3e,
which is ultimately converted to 5e.

Our attempts to use non-symmetric acceptor-acceptor diazo carbene precursors to form
dehydromorpholines highlighted the importance of steric effects, rotational barriers around
the C—N bond of the aziridinium ylide and NClIs in determining the reaction outcome.
Symmetric diketone-containing carbene precursors, such as 2f (Scheme 5A), mitigated these
complications by yielding only a single ylide intermediate that engages in nucleophilic ring-
opening of the aziridinium ylide to form the dehydromorpholine. A series of c/s-substituted
aziridines bearing linear alkyl chains, including a primary alkyl chloride, furnished 4f and
12f-14f as the sole products in moderate yields and high drof >20:1. Isopropyl-substituted
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aziridine 14 was tolerated to furnish 14f, albeit in moderate yield, indicating the sensitivity
of the reaction to steric effects. Small amounts of cheletropic extrusion product (~8%)

were also observed in reactions of branched aziridines. Enantioenriched benzyl-substituted
aziridine (S,R)-15, obtained in 94% ee, was subjected to the reaction conditions; the product
15f was obtained in 39% yield and an excellent >20:1 dr. Importantly, the 97% ee of 15f
(Scheme 5B) highlighted our ability to effectively transfer stereochemical information from
the aziridine into the products to furnish enantioenriched A-heterocycles. This experimental
result also excludes the possibility of a [4+2] hetero-Diels-Alder reaction being the operative
mechanism that leads to the dehydromorpholine products 4f and 12f-15f (Schemes 5A-B).

This chemistry was not restricted to aziridines bearing a 6-membered bicyclic tether; a
[3,5]-bicyclic aziridine 17 was capable of yielding the substituted dehydromorpholine 18
(Scheme 5C). A nice feature of this chemistry was the ability to carry out the reaction in a
telescoped fashion directly from the pre-oxidized nitrene precursor 16 to deliver 18 in 47%
yield and >20:1 drover both the aziridination and the ring expansion steps. Expansion of
the telescoped reaction to more sterically demanding symmetric and unsymmetric carbene
precursors with 1 proved challenging, highlighting the sensitivity of this transformation to
sterics (see the Supporting Information for further details). Efforts are ongoing to address
this limitation.

CONCLUSION

In conclusion, we have demonstrated a new method for the synthesis of highly substituted
dehydromorpholines through the intermediacy of aziridinium ylides. The development of
this chemistry has enabled the extension of aziridinium ylide chemistry to the concomitant
formation of both a C—N and a C-O bond in a manner that preserves the stereochemical
information embedded in the substrate aziridine. In addition, we have uncovered several

key insights that describe the importance of steric effects, rotational barriers around the
C-N bond of the aziridinium ylide, and NCIs on the ultimate reaction outcome. These
critical insights will assist in the further development of this chemistry to generate novel and
complex A-heterocycles that will further expand complex amine chemical space.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
dr diastereomeric ratio
ee enantiomeric excess
INT intermediate
NCI non-covalent interaction
DFT density functional theory
VT variable temperature
LP lone pair
SOPT second order perturbation theory
NBO natural bond orbital
TOCSY total correlation spectroscopy
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Figure 1.
A. Computed reaction energy profiles for formation of 3a and 4a. Relative free energies

(AGogg, at 298 K) and bond distances are given in kcal/mol and angstroms, respectively.

B. Contour plots (left) of the reduced density gradient isosurfaces (density cutoff of 0.04
a.u.) for intermediate INT 2. The green surfaces indicate attractive noncovalent interactions.
Associated SOPT-NBO stabilizing energy (right). All data have been computed at the
SMD(CH,CI,)B3LYP-D3/def2-SVP level of theory.
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Figure 2.
Computed barriers for C-N bond rotation in aziridinium ylides from diverse carbene
precursors.
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Figure 3.
1H NMR time course data for the reaction of 1 and 2e.
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A. Control over the intermediate aziridinium ylide
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B. Proposed NCI in INT4 and reaction energy profile
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A. Controlling product distribution using temperature. B. C. Computed reaction profile
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level at 25 °C and 83 °C (values within parentheses) and contour plots of the reduced density
gradient isosurfaces (density cutoff of 0.04 a.u.) for intermediate INT4. D. Scope of the
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A. Reaction discovery: competitive cheletropic extrusion and cyclization
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Competing cheletropic extrusion/ring expansion to dehydromorpholines. See caption to
Figure 1 for computational details.
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Scheme 5.
Dehydromorpholine formation from symmetric carbene precursors.
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