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ABSTRACT: It has been previous demonstrated
that nanovessels can be highly competent catalysts
providing large rate accelerations and unique
selectivity to the organic transformations which they
mediate. However, for supramolecular assemblies to
be considered a standard reagent in organic
synthesis they must first demonstrate the ability to
catalyze increasingly complex transformations.
Herein we report a three component Aza-Darzens
reaction that generates N-phenylaziridines,
catalyzed by a supramolecular host, that provides
the stereocisomer opposite to the one generated in
bulk solution (trans vs. cis). This transformation
constitutes a rare catalytic three component
coupling within  a supramolecular assembly,
providing a supramolecular solution to a
synthetically challenging transformation.

Control of reactions at the macroscopic level can
be achieved through the manipulation of standard
parameters such as temperature, solvent, and
exclusion of deleterious components such as oxygen
or water. Alternatively, container molecules and
supramolecular assemblies (“nanovessels”) provide
the opportunity for microscopic control of reactions
beyond the bounds of the flask. This possibility has
inspired the preparation of a variety of self-
assembled nanovessels,’® that provide disparate
selectivity from bulk reactions, often in a
stoichiometric sense, but increasingly catalytically.®
6 The reactivity of such container molecules has
been attributed to the unique environment within
their cores, which are often compared to the active
sites of enzymes."*°* Within this internal space, the
supramolecular host provides a reaction
environment, distinct from that of bulk solvent, that
enables recognition and energetic stabilization of
molecules and transition states.

The Raymond tetrahedron (1) has been
investigated as a catalyst for a number of organic
and organometallic transformations, due to the
unigue microenvironment generated by its internal
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cavity. This host contains a hydrophobic binding site
while its overall dodecanionic charge enables
solubility in polar solvents, such as water.?® The
hydrophobic interior allows recognition and binding
of lipophilic substrates in water, and the overall
anionic charge permits strong binding of cationic
species.?!??2 In  addition, nitrogenous  and
phosphorous bases experience a pKa shift of up to
4-5 units, due to stabilization of their protonated
form within the host.?® Also solvent exclusion and
charge stabilization by the cavity of 1 enables the
encapsulation and stabilization of hydrolytically
unstable iminium ions within the host, despite water
as solvent.?

The properties imposed by the cavity of 1 on its
guests have led to the discovery of a variety of
catalytic transformation that occur within its binding
site.?>?® For example, we have previously shown that
host 1 «catalyzes the Aza-Prins reaction via
stabilization of an in situ generated iminium ion, that
cyclizes upon encapsulation. This reaction, and the
prevalence of iminium intermediates in
multicomponent reactions and in supramolecular
catalysis,?**° inspired us to investigate whether the
iminium-stabilizing property of 1 could enable
multicomponent reactions involving that species
within  the nanovessel cavity. While
multicomponent reaction present inherent
challenges, catalysis of these transformations by
supramolecular assemblies raises the unique
question of whether multiple guests can be
accommodated in their constrained environment; if
so, will the reactivity and selectivity differ from the
coupling in bulk solvent. More specifically, we
wondered whether the Aza-Darzens synthesis of N-
substituted aziridines from imines, which is typically
Bronsted or Lewis acidic catalyzed,***would be
amenable to supramolecular catalysis. Herein, we
report the development of a diastereoselective
three-component Aza-Darzens reaction of anilines,
aldehydes, and o-diazo esters catalyzed by
supramolecular assembly 1. Three component
coupling of this type have been seldom promoted by



supramolecular hosts,**3® and are an exceedingly
rare within a self-assembled container molecule.

Scheme 1: General reactivity for three-

component Aza-Darzens reaction within the
Raymond Tetrahedron
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Given our previous results employing iminium
intermediates in reactions catalyzed by 1, we first
sought to identify a nucleophile that would be
compatible with the host and the reaction
conditions, and which could be employed in a
multicomponent reaction. These efforts identified
ethyl-diazoacetate (EDA) as a nucleophile that met
these requirements and showed a propensity to
bind to host 1. Next, we examined the amine
component required for formation of the
electrophilic iminium component with formaldehyde,
in the presence of 1 and EDA. While basic amines
(BnNH, and IPrNH;) and amides (AcNH,) did not
afford any desired azirdine, we found that aniline
and aqueous formaldehyde (37 wt. %) coupled with
EDA to form to N-phenylaziridine 2a in an aza-
Darzens reaction, promoted by catalytic amounts of
host 1, (Scheme 2a). Building on this initial result,
we sought to find optimal reaction conditions and
explore the scope of this reaction. While poor
solubility of the reaction components precluded
reactivity in water, and pure methanol gave poor
reactivity due to the lack of a hydrophobic driving
force for the encapsulation of reagents within the
host, using a 50% (v/v) methanol/pH 8 water
mixture, N-phenylaziridine (2a) was isolated in
good yield and at low catalyst loading (82%, Scheme
2b). Substitution on the aniline ring was tolerated for
both electron-withdrawing and -donating groups at
both the para (2b,c) and meta positions (2d,e),
providing the corresponding N-phenylaziridines in
moderate yield. As a control experiment, the cavity
of 1 was blocked with an equivalent of
tetraethylammonium chloride, a strongly binding
guest, which lowered the yield of the reaction to
10% after 24 hours. This result demonstrates the
necessity of the host cavity for the reaction to
proceed efficiently (Scheme 2c).

Scheme 2: (a) |Initial screening for
multicomponent Aza-Darzens reaction, (b)
scope of monosubstituted aziridines
(reported as isolated yields) and (c) blocked
host control (reported as NMR yield).

2

——
50%MeOHINnpH8 H,0
16hr

“roL 4 ReNH + ¢ OE
N

plun
Ry

Ry R H,0:MeOH aziridineonversion
-H -Ph 16:84 20%
-H -Ph 33:67 64%
-H -Ph 50:50 99%
-H Ph 67:33 heterogeneous
-H -Bn 50:50 <5%
-H -iPr 50:50 <5%
-H -COMe 50:50 <5%
NH 2mo\% "
b) @ O H(i W
R—'\ + f
L N, H8 H,0,100mM KsPOy '}‘)—CQEt
509MeOH 16hr
(2a- é
: F:\< :<< :<<
N N N N N
|>—COFEt |>—COFt |>—COFEt |>—COFEt >—COEt
(2382% (2b33% (2¢29% (2d68% (2€39%

C) o H?‘ 2m0'°{ADNEa
+ PO+ Oft ————————»
[
@ f N, pHBH,0,100mM K3PO, ’i‘)—cqa
509MeOH 16hr
10%

These initial results encouraged us to explore the
generation of more complex products where
diastereomeric selectivity could be investigated.
Acetaldehyde was first selected as a coupling
partner, which could undergo the reaction with
aniline and EDA to provide disubstituted N-
phenylaziridines where the formation of both cis-
and trans-aziridines would be possible (Scheme 3a).
The presence of 5 mol% 1 with aniline,
acetaldehyde, and EDA gave the N-phenyl trans-
aziridine (3) as the major diastereomer (20:1, 'H
NMR) in 68% yield. This selectivity for the trans
diastereomer was maintained for propanal (4) and
butanal (5); however, yields and selectivity for the
trans product diminished when pentanal (6) was
employed. Lack of reactivity with pentanal was
attributed to the increased size of this substrate
preventing  co-encapsulation  within 1 and
subsequent reactivity. The high selectivity (20:1) for
the trans-aziridine in this Aza-Darzens reaction
catalyzed by 1 was surprising as literature examples
for this reaction typically provide the cis-aziridine as
the major isomer when a-diazo esters are employed
as nucleophiles.®!

In contrast, when the reaction was performed with
Et;N*-blocked 1, only minor background conversion
(ca 7%) to the aziridine product was observed
(Scheme 3b). Further investigation of the product
revealed that the cis-aziridine was formed in the
uncatalyzed process as opposed to the trans-
aziridine generated when the host cavity was not
blocked. This reversal in selectivity between the
host-catalyzed and background reactions
demonstrates that the confined interior of the host
not only accelerates the reaction but also overrides



the inherent diastereoselectivity of the uncatalyzed
process.

Scheme 3: (a) Effect of n-aldehyde
substituent on reactivity and (b) blocked
host control (reported as NMR yields)
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Several substitutions on the aniline ring were
tolerated at the meta and para positions, all of
which were selective for the disubstituted N-phenyl
trans-aziridine (Scheme 4). Both electron-rich and -
deficient rings were reactive and there was no major
effect on selectivity. As previously observed when
pentanal was used as a coupling partner, size
exclusion also appears to play a role in the aniline
component. For example, the formation of 3-
methylaniline-derived trans-aziridine occurred in
53% vyield in 24:1 trans selectivity (4b), while
minimal reactivity was observed in the host-
catalyzed reaction of 3,5-dimethylaniline (4f).

Scheme 4: Effect of aryl substitution on
disubstituted aziridine synthesis (reported
as NMR vyields)
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The experiments with 3,5 dimethylaniline (Scheme
4, 4f) and pentanal (Scheme 3b, 6) are consistent
with the hypothesis that the iminium must be small
enough to fit within the host for the reaction to
proceed efficiently. Therefore, the size limitation of
the third component, the o-diazo ester, was
examined using a larger t-butyl ester as the
nucleophilic component of the Aza-Darzens reaction.
(Scheme 5a). This larger a-diazo ester gave only
11% yield of the disubstituted N-phenylaziridine (7);
moreover, in the presence of a stoichiometric
amount of tetraethylammonium as an inhibitor, 7%
yield of the aziridine was obtained (Scheme 5b).
Taken together, these observations suggest that for
the reaction to proceed efficiently, and with high
selectivity for the trans-aziridine, all three
components of this transformation must fit within
the cavity of the supramolecular host.

Scheme 5: (a) Effect of bulky ester on Aza-
Darzens reaction and (b) blocked host
control (reported as NMR vyields)
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To further explore the synthetic applications of
this transformation, the formation of trisubstituted
aziridines from substituted a-diazo esters was
investigated. The reaction of a-ethyl substituted a-
diazo ester, acetaldehyde, and aniline, catalyzed by
1 gave the trisubstituted N-phenylaziridine in 70%
yield, with excellent selectivity for the trans-
diastereomer as determined by 1D NOE correlation
(Scheme 6, 8b). Further substitution of the a-diazo
ester was tolerated to some degree; however, yields
diminished when the longer a-propyl substituted a-
diazo ester was employed (8e), again demonstrating
the impact of the nucleophile’s size on this
transformation.

Scheme 6: Trisubstituted aziridine synthesis
(reported as NMR yleld
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In order to gain insight into the mechanism of the
three-component coupling, a series of in situ NMR
experiments were conducted. First, we examined



the binding of the separate components with the
supramolecular host 1. Thus, a mixture of aniline,
aldehyde and 1 showed only an equilibrium between
the aniline/aldehyde and the corresponding
hemiaminal, without observable signals for imine
either in solution or within the cavity of the host.
While it might be anticipated that encapsulation of a
cationic protonated imine/aniline might be favorable
in the dodecanionic host, the low basicity of the
aniline and the unfavorable equilibrium for imine
formation in water are apparently not overcome by
this association. In contrast, a mixture of 1 and a-
diazo ester resulted in noticeable broadening of the
signals associated with the a-diazo ester, consistent
with a rapid and reversible, on the NMR time scale,
binding of this guest. Second, kinetic analysis was
performed to examine the kinetic profile of the
components (see supporting information). The
reaction showed first order kinetics in aldehyde and
saturation kinetics in o-diazo ester. Saturation
kinetics in a-diazo ester is consistent with a
preequilibrium host-guest complex, while the first
order kinetics in aldehyde suggests that
preequilibrium for iminium ion encapsulation is not
relevant to the functioning catalytic processes. On
the basis of these experiments, we propose that the
Aza-Darzens reaction catalyzed by 1 proceeds via
initial encapsulation of the a-diazo ester within the
cavity of 1 (Scheme 7). This initial binding
equilibrium is followed by rate determining
encapsulation of an equivalent of in situ generated
iminium ion, driven by the anionic charge of 1, to
provide intermediate Ill. Inside the assembly the a-
diazo ester undergoes nucleophilic addition to the
iminium ion, followed by intramolecular nucleophilic
displacement of an equivalent of nitrogen, to yield
the protonated aziridine V. It is then proposed that
the aziridine leaves the host, and is deprotonated in
the bulk pH 8 solution, regenerating the catalyst.

Scheme 7: Proposed mechanism for Aza-

Darzen reaction within the Raymond
tetrahedron
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In conclusion, a rare example of a three-
component reaction within a supramolecular host is
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reported. This Aza-Darzens reaction within 1
displays divergent reactivity from the uncatalyzed
background reaction, giving the trans isomer of the
disubstituted  N-phenylaziridine. The reaction
proceeds with low yield when the host cavity is
blocked, and larger substrates proceed with minimal
conversion, providing evidence that the cavity of
this supramolecular assembly is essential for the
multicomponent reaction observed. We envision
that this reaction could inspire the development of
more complex reactions with supramolecular
assemblies to enable the unique secondary
environment of these hosts to dictate selectivity as
well as take advantage of chemistry in aqueous
media.

ASSOCIATED CONTENT

Supporting Information

General synthetic procedures and characterization
of new compounds are available in the Supporting
Information. This material is available free of charge
via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author
*rbergman@berkeley.edu
*raymond@socrates.berkeley.edu
*fdtoste@berkeley.edu

Notes

The authors declare no competing financial
interests.

ACKNOWLEDGMENT

This research was supported by the Director, Office
of Science, Office of Basic Energy Sciences, and the
Division of Chemical Sciences, Geosciences, and
Bioscience of the U.S. Department of Energy at
Lawrence Berkeley National Laboratory (Grant DE-
AC02-05CH1123). We thank the LBNL Catalysis
Facility supported by DOE Basic Energy Sciences
(BES) program for access to ESI MS. We thank
College of Chemistry’s NMR facility for resources
provided and the staff for their assistance.
Instruments in CoC-NMR are supported in part by
NIH S100D024998.

REFERENCES

(1) Rizzuto, F. J.; von Krbek, L. K. S.; Nitschke, J. R.
Strategies for Binding Multiple Guests in Metal-
Organic Cages. Nat. Rev. Chem. 2019, 3, 204-222.

(2) Zhang, D.; Ronson, T. K.; Nitschke, J. R. Functional
Capsules via Subcomponent Self-Assembly. Acc.
Chem. Res. 2018, 51, 2423-2436.

(3) Cook, T. R.; Stang, P. J. Recent Developments in
the Preparation and Chemistry of Metallacycles and
Metallacages via Coordination. Chem. Rev. 2015,
115, 7001-7045.

(4) Wiester, M. J.; Ulmann, P. A.; Mirkin, C. A. Enzyme
Mimics Based Upon Supramolecular Coordination
Chemistry. Angew. Chem. Int. Ed. 2011, 50, 114-
137.


mailto:*rbergman@berkeley.edu
mailto:*fdtoste@berkeley.edu
mailto:*raymond@socrates.berkeley.edu

(5)

(8)

(11)

(17)

(18)

(20)

Mastalerz, M. Porous Shape-Persistent Organic
Cage Compounds of Different Size, Geometry, and
Function. Acc. Chem. Res 2018, 51, 2411-2422.
Taylor, L. L. K.; Riddell, I. A.; Smulders, M. M. J. Self-
Assembly of Functional Discrete Three-Dimensional
Architectures in Water. Angew. Chem. Int. Ed.
2019, 58, 1280-1307.

Yazaki, K.; Sei, Y.; Akita, M.; Yoshizawa, M.
Polycationic-Shelled Capsular and Tubular
Nanostructures and Their Anionic-Guest Binding
Properties. Chem. - A Eur. J. 2016, 22, 17557-
17561.

Sun, Q.-F.; Sato, S.; Fujita, M.AnM 1, (LY) 12 (L?) 12
Cantellated Tetrahedron: A Case Study on Mixed-
Ligand Self-Assembly. Angew. Chemie Int. Ed.
2014, 53, 13510-13513.

Hong, C. M.; Bergman, R. G.; Raymond, K. N,;
Toste, F. D. Self-Assembled Tetrahedral Hosts as
Supramolecular Catalysts. Acc. Chem. Res. 2018,
51, 2447-2455.

Brown, C. J.; Toste, F. D.; Bergman, R. G.;
Raymond, K. N. Supramolecular Catalysis in Metal-
Ligand Cluster Hosts. Chem. Rev. 2015, 115,
3012-3035.

Jongkind, L. J.; Caumes, X.; Hartendorp, A. P. T,;
Reek, J. N. H. Ligand Template Strategies for
Catalyst Encapsulation. Acc. Chem. Res. 2018, 51,
2115-2128.

Ward, M. D.; Hunter, C. A, Williams, N. H.
Coordination Cages Based on Bis(Pyrazolylpyridine)
Ligands: Structures, Dynamic Behavior, Guest
Binding, and Catalysis. Acc. Chem. Res. 2018, 51,
2073-2082.

Takezawa, H.; Kanda, T.; Nanjo, H.; Fujita, M. Site-
Selective Functionalization of Linear Diterpenoids
through U-Shaped Folding in a Confined Artificial
Cavity. J. Am. Chem. Soc. 2019, 141, 5112-5115.
Yu, Y.; Rebek, J. Reactions of Folded Molecules in
Water. Acc. Chem. Res. 2018, 51, 3031-3040.
Zhang, Q.; Catti, L.; Tiefenbacher, K. Catalysis
inside the Hexameric Resorcinarene Capsule. Acc.
Chem. Res. 2018, 51, 2107-2114.

Jiao, J.; Li, Z.; Qiao, Z.; Li, X.; Liu, Y.; Dong, J.; Jiang,
J.; Cui, Y. Design and Self-Assembly of Hexahedral
Coordination Cages for Cascade Reactions. Nat.
Commun. 2018, 9, 4423.

Cullen, W.; Misuraca, M. C.; Hunter, C. A.; Williams,
N. H.; Ward, M. D. Highly Efficient Catalysis of the
Kemp Elimination in the Cavity of a Cubic
Coordination Cage. Nat. Chem. 2016, 8, 231-236.
Zhang, Q.; Tiefenbacher, K. Sesquiterpene
Cyclizations inside the Hexameric Resorcinarene
Capsule: Total Synthesis of 6-Selinene and
Mechanistic Studies. Angew. Chem. Int. Ed. 2019,
58, 12688-12695.

Hong, C. M.; Morimoto, M.; Kapustin, E. A,
Alzakhem, N.; Bergman, R. G.; Raymond, K. N.;
Toste, F. D. Deconvoluting the Role of Charge in a
Supramolecular Catalyst. . Am. Chem. Soc. 2018,
140, 6591-6595.

Caulder, D. L.; Powers,
Raymond, K. N. The Self-Assembly of a
Predesigned Tetrahedral MA4L6 Supramolecular
Cluster. Angew. Chem. Int. Ed. 1998, 37, 1840-
1843.

Parac, T. N.; Caulder, D. L.; Raymond, K. N.
Selective Encapsulation of Aqueous Cationic
Guests into a Supramolecular Tetrahedral
[M4L6]112- Anionic Hostl. J. Am. Chem. Soc 1998,
120, 8003-8004.

Hastings, C. ).; Pluth, M. D.; Biros, S. M.; Bergman,
R. G.; Raymond, K. N. Simultaneously Bound
Guests and Chiral Recognition: A Chiral Self-

R. E.; Parac, T. N.;

(24)

(25)

(26)

(27)

(30)

Assembled Supramolecular Host Encapsulates
Hydrophobic Guests. Tetrahedron 2008, 64, 8362-
8367.

Pluth, M. D.; Bergman, R. G.; Raymond, K. N.
Making Amines Strong Bases: Thermodynamic
Stabilization of Protonated Guests in a Highly-
Charged Supramolecular Host. /. Am. Chem. Soc
2007, 129, 11459-11467.

Dong, V. M.; Fiedler, D.; Carl, B.; Bergman, R. G.;
Raymond, K. N. Molecular Recognition and
Stabilization of Iminium lons in Water. J. Am. Chem.
Soc 2006, 128, 14464-14465.

Hart-Cooper, W. M.; Clary, K. N.; Toste, F. D,;
Bergman, R. G.; Raymond, K. N. Selective
Monoterpene-like Cyclization Reactions Achieved
by Water Exclusion from Reactive Intermediates in
a Supramolecular Catalyst. J. Am. Chem. Soc 2012,
134, 17873-17876.

Pluth, M. D.; Bergman, R. G.; Raymond, K. N. Acid
Catalysis in Basic Solution: A Supramolecular Host
Promotes Orthoformate Hydrolysis. Science. 2007,
316, 85-88.

Hastings, C. ).; Pluth, M. D.; Bergman, R. G.;
Raymond, K. N. Enzymelike Catalysis of the
Nazarov Cyclization by Supramolecular
Encapsulation. J. Am. Chem. Soc. 2010, 132, 6938-
6940.

Kaphan, D. M.; Toste, F. D.; Bergman, R. G,;
Raymond, K. N. Enabling New Modes of Reactivity
via Constrictive Binding in a Supramolecular-
Assembly-Catalyzed Aza-Prins Cyclization. J. Am.
Chem. Soc. 2015, 137, 9202-9205.

Brauer, T. M.; Zhang, Q.; Tiefenbacher, K. Iminium
Catalysis inside a Self-Assembled Supramolecular
Capsule: Scope and Mechanistic Studies. J. Am.
Chem. Soc. 2017, 13917500-17507.

La Manna, P.; De Rosa, M.; Talotta, C.; Gaeta, C.;
Soriente, A.; Floresta, G.; Rescifina, A.; Neri, P. The
Hexameric Resorcinarane Capsule as an Artificial
Enzyme: Ruling the Regio and Stereiochemistry of
a 1,3-Dipolar cycloaddition between nitrones and
unsaturated aldehydes. Org. Chem. Front. 2018, 5,
827-837.
Hashimoto, T.; Nakatsu, H.; Yamamoto, K.
Maruoka, K. Chiral Brgnsted Acid-Catalyzed
Asymmetric Trisubstituted Aziridine Synthesis
Using a-Diazoacyl Oxazolidinones. J. Am. Chem.
Soc. 2011, 133, 9730-9733.

Degennaro, L.; Trinchera, P.; Luisi, R. Recent
Advances in the Stereoselective Synthesis of
Aziridines. Chem. Rev. 2014, 114, 7881-7929.
Huang, L.; Wulff, W. D. Catalytic Asymmetric
Synthesis of Trisubstituted Aziridines. /. Am. Chem.
Soc. 2011, 133, 8892-8895.

Gupta, A. K.; Mukherjee, M.; Hu, G.; Wulff, W. D.
BOROX Catalysis: Self-Assembled Amino -BOROX
and Imino -BOROX Chiral Brgnsted Acids in a Five
Component Catalyst Assembly/Catalytic
Asymmetric Aziridination. J. Org. Chem. 2012, 77,
7932-7944.

Casarrubios, L; Pérez, J. A.; Brookhart, M.
Templeton, J. L. Lewis Acid-Catalyzed Synthesis of
Aziridines. J. Org. Chem. 1996, 61, 8358-8359.
Konkala, K.; Chowrasia, R.; Manjari, P. S,
Domingues, N. L. C.; Katla, R. B-Cyclodextrin as a
Recyclable Catalyst: Aqueous Phase One-Pot Four-
Component  Synthesis of  Polyfunctionalized
Pyrroles. RSC Adv. 2016, 6, 43339-43344.

Sayin, S.; Yilmaz, M. The Synthesis of New
Calix[n]Arene Quaternary Ammonium Salts and
Investigation of Their Catalytic Affinities for Three
Component Mannich-Type Reactions in Water. RSC
Adv. 2014, 4, 2219-2225.



(38) Yoshizawa, M.; Kusukawa, T.; Fujita, M. Self-Assembled Coordination Cage. J. Am. Chem.
Yamaguchi, K. Ship-in-a-Bottle Synthesis of Soc. 2000, 122, 6311-6312.
Otherwise Labile Cyclic Trimers of Siloxanes in a



Table of Contents artwork

INanovesseatalyzemulticomponemactior® Orthogonaklectivitpbackground
B -Mono-di,andtrisubstiteaziridinesccessible






