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Catalytic Enantioselective Synthesis of Lactams through Formal [4+-2]
Cycloaddition of Imines with Homophthalic Anhydride

Claire L. Jarvis, Jennifer S. Hirschi, Mathew J. Vetticatt,* and Daniel Seidel*

Abstract: An amide-thiourea compound, operating through
a novel ion pairing mechanism, is an efficient organocatalyst
for the asymmetric reaction of homophthalic anhydride with
imines. N-aryl and N-alkyl imines readily undergo formal
[4+2] cycloaddition to provide lactams with high levels of
enantio- and diastereoselectivity. The nature of the key chiral
ion pair intermediate was elucidated by DFT calculations.

F ormal [442] cycloadditions of enolizable anhydrides and

imines, first disclosed by Castagnoli, provide a powerful
platform for the preparation of valuable lactams (Figure 1).1"
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Figure 1. Access to pharmacophores through the reaction of enolizable
anhydrides and imines.

While early reports focused on succinic anhydride and acyclic
imines, this chemistry was later expanded by Cushman and
Haimova to include homophthalic anhydrides (e.g., 1) and
dihydroisoquinolines,” thereby enabling the synthesis of
a number of tetrahydroprotoberberine alkaloids such as
(+)-canadine.”! Small molecules with the same structural
motif have been investigated as antimalarials (e.g.,
(+)-S3733)11 and as anti-cancer agents, among others."”!
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Owing to the utility of the lactam products, numerous
combinations and variations of the imine and anhydride
structures have been explored." Significant efforts have been
devoted to rendering these reactions asymmetric.”) However,
a catalytic enantioselective variant has remained elusive.®”
Here we present an asymmetric ion pairing approach that
provides the first solution to this long-standing challenge.
Different mechanisms have been proposed for the title
reaction, including an iminolysis pathway and a concerted
[442] cycloaddition.[*!”! The perhaps most plausible mecha-
nism for the reaction of homophthalic anhydride 1 with
simple imines is shown in Figure 2. Imine and homophthalic
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Figure 2. Proposed mechanism and ion pairing concept for enantiose-
lective catalysis.

anhydride 1 are thought to form the hydrogen-bonded
ion pair 2 in equilibrium. Ion pair 2, which depending on
the degree of proton transfer may also be considered as
a complex of the imine with the enol form of the anhydride,
undergoes a stereodetermining Mannich addition. The result-
ing intermediate 3 then engages in intramolecular aminolysis
of the anhydride to form the lactam product. This scenario
is supported by recent computational studies on closely
related reactions of imines with a-cyanosuccinic anhydride,™
and is consistent with the relatively high acidity of 1
(pK, =8.15)."

Since classic modes of substrate activation appeared
unsuitable, we conceived of a new anion binding/ion pairing
approach in order to render this reaction catalytic enantio-
selective (Figure 2).*"*) Our concept is based on the notion
that a hydrogen-bonding (HB)! catalyst, which itself
remains neutral throughout the reaction, can confer enantio-
selectivity by simultaneously interacting with an anionic
nucleophile and a cationic electrophile. Specifically, we
envisioned that the interaction of a chiral thiourea catalyst
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with homophthalic anhydride 1 would result in increased
substrate acidity via complex 4. This in turn would lower the
barrier for ion pair formation, thereby enabling the gener-
ation of chiral ion pair 5. Viewed from a different perspective,
the presence of an anion receptor is expected to increase the
equilibrium concentration of any ion pair intermediate.
Interaction of the iminium ion in 5 with a secondary hydro-
gen-bonding acceptor site on the catalyst would contribute to
the creation of a well-defined ion pair that is set up for an
enantioselective Mannich addition step.

We initiated our survey with benzaldehyde-derived N-
PMP imine and 1 (Table 1). In the absence of any catalyst,
product 6a was formed in 33% yield after 18 h (entry 1,
reaction incomplete). The Nagasawa catalyst 7a,'” previously
shown to be an efficient anion-binding catalyst,!*! provided
product 6a in good yield, excellent d.r., and moderate ee
(entry 2). Amide-thiourea catalyst 7b**’! provided significant

Table 1: Optimization of the reaction conditions.?

9 catalyst 7 (20 mol%) Q
PMP jé@ 4A MS, MTBE (0.025M), rt PMP\®
Ph)'\H ¥ o then TMSCHN,, MeOH PR
CO,Me
0.2 mmol 1 (1.1 equiv) 6a
s ) s o ) s o N S
SNH HN—4 NH HN—{ NH HN—
Ar—NH HN-Ar HN-Ar HN-Ar
7a FsC COOR
I 7c R=H)
CF3 7d (R = Me)
s 7e (R=Bn)
Nt AN 7f (R = CH,CF3)
HN-Ar
R o S 0 Q S
/" 79(R=CF3, R =H) NH HN FiC NH HN
R mRr=R=cRy _§N—Ar : _§N—Ar
Ti(R=R'=NOy) FsC CFs CF4
7j (R = CF3, R = NOy) 7k 7
S s Ar=
Me,N  HN—4 "S—NH HN—4{ ' £Fs
HN-Ar e} HN-Ar 4
m FiC
n CFy
CF3
Entry Catalyst t [h] Yield [%)] d.r. ee [%)]
1 - 18 33 >19:1 -
2 7a 15 72 >19:1 35
3 7b 21 87 >19:1 70
4 7c 22 70 >19:1 74
5 7d 29 73 >19:1 73
6 7e 42 78 >19:1 81
7 7f 20 87 >19:1 81
8 7¢g 3 69 10:1 80
9 7h 1 94 >19:1 88
10 7i 16 81 >19:1 70
11 7j 20 84 10:1 71
12 7k 20 84 >19:1 82
13 71 18 58 >19:1 64
14 7m 120 46 6:1 17
15 7n 19 48 >19:1 59
160 7h 41 85 >19:1 90

[a] Yields are given for chromatographically purified compounds. The ee
values were determined by HPLC analysis; see the Supporting Infor-
mation for details. [b] The reaction was performed at —40°C.
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improvements with regard to ee (entry3). Unexpectedly,
application of Brgnsted acid catalyst 7 ¢! resulted in further
improvements (entry 4). However, the carboxylic acid func-
tionality of 7¢ apparently plays no role in the catalytic
process, since the corresponding esters performed equally
well or better (entries 5-7). The most electron-deficient ester
catalyst 7f gave the most favorable result (entry 7). This
prompted us to evaluate other electron-withdrawing groups
ortho to the amide group, in the absence or presence of other
electron-withdrawing groups (entries 8-13). Amide-thiourea
7h emerged as the superior catalyst with regard to selectivity
and activity, providing product 6a in excellent yield and d.r.,
and 88% ee following a reaction time of just one hour
(entry 9). Interestingly, all three regioisomeric catalysts (7b,
7k and 71) were significantly less active and selective. As
anticipated, bifunctional catalysts containing basic sites
capable of deprotonating 1, as exemplified by the Takemoto
catalyst (7m),'® provided poor results (entry 14). Replace-
ment of the catalyst amide moiety for sulfonamide proved
unfruitful (compare catalysts 7b and 7n, entries 3 and 15).
Finally, product 6a was obtained with 90% ee in a reaction
conducted at —40°C (entry 16). A range of other solvents and
parameters were evaluated but did not result in any further
improvements.[")

The scope of the reaction was found to be relatively broad
(Scheme 1). Different N-aryl groups on the imine were well-
tolerated (products 6b-6e). However, an N-benzylimine
provided lower ee values and poor diastereoselectivity (6 f).
On the other hand, product 6g, which has an N-rBu group,
was formed with excellent ee. Imines derived from a range of
aromatic aldehydes, bearing electronically diverse substitu-
ents in different ring positions, were readily accommodated.
Imines derived from heterocyclic aldehydes also performed
well, although a slight reduction in ee was noted for furan-
containing product 6 0. An improved result could be obtained
upon switching the PMP group to tBu (product 6p). An a,f3-
unsaturated imine species was also tested under these
reaction conditions to provide product 6q in excellent ee.
Product 6 q was formed in competition with the correspond-
ing 3,4-cycloaddition product® (not shown), which was
obtained in racemic form."” Imines derived from aliphatic
aldehydes also participated in the title reaction. With the
exception of N-benzyl product 6f, all of the lactams were
obtained predominantly as the kinetic cis products. While the
diastereoselectivity was often found to be high, lower d.r.
values may be due to epimerization of the initially formed
products to their corresponding trans isomers, which is a well-
known process.®]

The lactam products could be readily modified. Removal
of the N-rBu group in 6 g resulted in the formation of product
8 with excellent ee [Eq. (1)].?Y Importantly, no epimerization
was noted under these conditions. Epimerization of 8 to 9 was

[e] [¢]

tBu\’\éQ CH,ClL/TFA (2:1) H® "
@ ome © CO,Me

69 8, 76%
d.r.>19:1 d.r.>19:1, 95% ee

reflux, 8 h
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catalyst 7h (20 mol%) o To obtain insight into the mechanism of the reaction, we
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Scheme 1. Substrate scope.
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achieved in good yield upon exposure to DBU, albeit with

some loss in ee [Eq.(2), unoptimized].

Under similar

conditions, epimerization of 6a provided 10 [Eq. (3)].
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studied the dependence of product ee on catalyst ee. No
nonlinear effects were noted, which is suggestive of a rate-
limiting step that involves only one catalyst unit.'”! The
organization of the proposed rate- and stereo-determining
Mannich addition transition state (Figure 2) for the reaction
of 1 and N-phenyl benzimine catalyzed by 7h was investigated
using B3LYP-GD3P%/6-311 + G** PCM™ (diethyl ether)//
B3LYP/6-31G* calculations as implemented by Gaus-
sian09.?* Consistent with our hypothesis, the reacting ion
pair benefits from bifunctional stabilization through H-
bonding interactions with the catalyst structure. Analysis of
the lowest-energy transition structure leading to the major
(S5,S) enantiomer of product 6d (SS-TSymia Figure 3)

% )

@’i
R-TSyannich
AAG* = 2.0 kcal/mol

B3LYP-GD3/6-311+G** PCM (diethylether)//B3LYP/6-31G*

SS-TSyannich
AAG* = 0.0 kcal/mol

Figure 3. Lowest-energy transition structures leading to the major and
minor enantiomers of product 6d. All distances are in A and some
hydrogen atoms have been removed for clarity. C gray, O red, N blue,
S yellow, F green, H cyan.

reveals the following key characteristics: 1) C-C bond
formation is relatively early (2.30 A); 2) the enolate of 1 is
bound to the catalyst through two strong H-bonding inter-
actions with the thiourea NH groups (1.88 A and 2.20 A); and
3) protonated imine is directed to the re face of this catalyst-
bound enolate through a strong H-bonding interaction with
the carbonyl oxygen of the amide moiety of the catalyst
(1.91 A). The corresponding transition structure leading to
the minor (R,R) enantiomer (RR-TSygumicn, Figure 3) benefits
from very similar H-bonding interactions but is higher in
energy (AAG* =2.0 kcalmol ™) than SS-TSypumice- This energy
difference is consistent with the 90% experimental ee
obtained for this reaction. We are currently investigating
the complete free-energy profile and exact origin of the
enantio- and diastereoselectivity of this reaction using
experimental and computational approaches. The results of
these investigations will be reported in due course.

In summary, we have developed the first catalytic
enantioselective reactions of an enolizable anhydride with
a range of simple imines. This formal [4+2] cycloaddition
reaction represents a rare case of asymmetric ion pairing
catalysis in which a neutral catalyst simultaneously interacts
with an anionic nucleophile and a cationic electrophile that
subsequently combine without generating byproducts.
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) catalyst (20 mol%)
nPMP g 4AMS, MTBE, ~40 % EMPy
P U NH HN—-’(
Ph H o) then TMSCHN,, MeOH
COQMe
CF
84% yield 8

d.r.>19:1, ee = 90% FeG catalyst

Get it together: An amide-thiourea com-  the formal [4+2] cycloaddition to provide
pound, operating through a novel ion lactams with high levels of enantio- and
pairing mechanism, is an efficient orga- diastereoselectivity. The nature of the key
nocatalyst for the asymmetric reaction of  chiral ion pair intermediate was eluci-
homophthalic anhydride with imines. N-  dated by DFT calculations.

aryl and N-alkyl imines readily undergo
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