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Homophthalic anhydride (HPA) typically reacts rapidly with benzalimines to afford the formal
[4+2] adduct, a 1,2,3,4-tetrahydroisoquinolin-1-one-4-carboxylic acid. The stereochemical
outcome of this reaction is consistent with an open transition state comprising an iminium
species and enolized HPA, leading to a short-lived amino-anhydride intermediate. In the case of
N-tert-butylbenzalimine, this Mannich-type intermediate, which would normally cyclize at low
temperature to a single isomer of the delta-lactam, is intercepted by base treatment to afford

beta-lactam products. A pathway- featuring ketene formation followed by ring closure is
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implicated.
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1. Introduction

The reaction of imines with cyclic carboxylic anhydrides
generally,**® and homophthalic acid (HPA, 1) in particular,** has
become an important method for the efficient assembly of
lactams with useful biological activity. Such compounds have
seen application toward potential anticancer treatments,®”®° and
include a new group of antimalarials from which a clinical
candidate has recently emerged.'®****" Synthetic*® and
computational*** aspects of the-HPA-imine reaction, formally a
[4+2] cycloaddition of the enolized form of HPA (2, Scheme 1),
have been investigated extensively. A wide variety of solvents
and additives have been shown to accommodate or modify the
tranformation, which  nonetheless occurs rapidly at modest
temperatures even  in the absence of added acid or base
promoters. Under certain conditions, stereoselective, or even
enantioselective,”®'® formation of the 3,4-cis- or 3,4-trans
1,2,3,4-tetrahydroisoquinolin-1-one-4-carboxylic acid product (4,
a “THIQ”). can be achieved, and for most THIQ products
treatment of cis-4 with acid, base, or heat promotes complete
isomerization to the more stable trans-4. While examples of non-
aromatic imines are known,"*"'8%% most investigations have
involved N-substituted benzalimines (3), and these substrates
typically give the highest yields and find the widest application.

Despite earlier considerations of alternative mechanisms,***%*

more recent analysis of the HPA-imine reaction seems to have
settled on a two-step process centered on Mannich-type amino-
anhydride intermediate 5**'*?* the stereochemistry of which
translates to the C-3 and C-4 stereocenters of the THIQ product.
Under certain conditions, elimination of amine from 5 to afford a
Knoevenagel-type alkene product 6 has been observed.? By
addition of the acyl transfer promoter, 1-methylimidazole, the
elimination reaction can be largely avoided, and ring closure to 4
favored.”*

In this paper we analyze the effect of the size of the imine
substituent R for insight into THIQ formation and
stereochemistry in the HPA-imine cyclization. An attempt to trap
amino-anhydride intermediate 5 by base treatment led to
unexpected beta-lactam products.
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Scheme 1. The formal cycloaddition of HPA (1) with benzalimines
to afford 1,2,3,4-tetrahydroisoquinolin-1-one-4-carboxylic acids.

2. Results and Discussion
2.1. Mechanistic possibilities for the Mannich step

Organization of the reaction components 2 and 3 by an
intermolecular hydrogen bond**? could take place in two
different configurations (Scheme 2). The “boat” configuration (7)
places the aryl group away from the benzo ring, and ought to be
favored for small N-substituents R. Alternatively, a “chair”
configuration (9) places the aryl group closer to the benzo ring,
and ought to be favored by relatively large R. After the Mannich
step and subsequent N-cyclization, the “boat” should lead to the
cis THIQ (8), whereas the “chair” should give the trans (10).
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Scheme 2. Intramolecularly hydrogen bonded transition state
possibilities for the HPA-imine reaction.

Alternatively, an “open” transition state” can be envisioned
wherein the enolized form of HPA, or, optionally, its enolate
anion, reacts with protonated imine to form the new C-C bond
(see 12 and 14, Scheme 3). At effective reaction pH in the range
~6-9, any or all of these species are accessible, given the
measured pK, of 1 and the typical pK,’s of protonated imines
(Scheme 1). Relatively non-basic imines, however, such as
ArN=CH,CF; (estimated pKa ~2) would not be expected to be
protonated to any large extent, especially in the presence of
added base.”* Nevertheless, these imines also react readily with 1.
In the “open” formulation, the approach of components shown as
11 would be predicted to lead mostly to the cis THIQ (8), and the
alternative 13 should give mostly trans (10). The former
transition state ought to be favored for large R, which is oriented
away from the benzo ring, and the later transition state favored
for relatively small R.
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Scheme 3. “Open” transition state possibilities for the HPA-imine
reaction.

A third transition state possibility that has been considered™**

for the HPA-imine reaction resembles an intermolecular iminium
Diels-Alder reaction (Scheme 4). The bridged intermediates 16
and 18 could ring-open to provide the respective products 8 and
10 directly, or they could open to the respective Mannich
intermediates 12 and 14, and then re-cyclize to give 8 and 10.
Based on steric considerations alone, transition state 15 ought to
be favored for small R, and lead to the cis THIQ (8), whereas the
alternative transition state (16) would be favored for large R and
lead to the trans THIQ (10).

A fourth possibility*? featuring initial N-acylation of the
imine by HPA at the conjugated C=0O has been dismissed as

demanding too high an energy of activation,”® and is not
considered further here.
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Scheme 4. Iminium Diels-Alder transition state possibilities for
the HPA-imine reaction.

2.2 The effect of the size of the imine substituent R on the
stereochemistry of the THIQ product

For simple N-alkyl-substituted imines of benzaldehyde,
successful cyclization to THIQs can be achieved in a variety of
solvents at low temperature, even in the absense of additives. We
find that <chloroform, dichloromethane, ethyl acetate, and
acetonitrile all work well as solvents, whereas DMF, tert-butyl
methyl ether, and 2-butanol give lower yields. A series of
benzalimines with differing R groups®® was screened to
evaluate the effect of the size of R and in some cases, the
stereochemistry of the imine (Table 1). Thus, R was taken
through a series from relatively small Me— (19) through n-Bu-
(21), CF;CH,— (23), and i-Bu— (25), to relatively bulky t-Bu—
(27). Two 3,4-dihydroisoquinolines, 29 and 31, were also
examined. The imines reacted with HPA (1, added last) in
dichloromethane solution at —30 °C over a period of 150 minutes,
after which time the reaction was quenched at low temperature
with aqueous citrate solution. Concentration of the organic
solution allowed assessment of the THIQ isomer ratio, as well as
the apparent combined yield, by H-1 NMR spectroscopic
analysis (2,6-di-tert-butyl-4-methylphenol, BHT, was used as an
internal integration standard). Each of the reactions was also
checked by aliquot after 8 minutes to see whether the cis/trans
ratio changed as a function of time, and the ratios were
essentially the same at the shorter reaction time. For the products
30 and 32, the indicators “cis” and “trans” refer to the relative
stereoechemistry of the ring methines. An early study included
reactions of 19, 25, and 27 with 1, but featured different reaction
conditions, and reported ratios based on crystallized product.”

The imines are assumed to react in the trans configuration,
except for 29 and 31, which are cyclic and forced to be cis. Other
investigators have made the same assumption,**** even though an
early report” suggested a possible imine trans-to-cis
isomerization as a preliminary step prior to C-C bond formation.

The observed trend towards more cis product for increasing
size of the N-substituents (Me < n-Bu < i-Bu < t-Bu) is consistent
with an open transition state (Scheme 3), but less so for the
hydrogen-bonded transition state (Scheme 2) or the iminium
Diels-Alder transition state (Scheme 4), both of which predict the
opposite order. For the electron-withdrawing trifluoroethyl N-
substituent (23 = 24), prior N-protonation of the imine would
not be favored, but the hydrogen-bonded pathway could still be
operative without showing a clear stereochemical preference.?
The cis, cyclic imines 29 and 31 could proceed through the open
transition state of Scheme 3 without showing a strong
stereochemical preference, since steric hindrance is reduced for
both possibilities. Addition of a sub-stoichiometric amount of



trifluoroacetic acid increased the amount of trans isomer 30
slightly. It should be noted that this reaction generates an acidic
product (4, Scheme 1) as it proceeds, which complicates the
analysis of the presence and reactivity of the resulting iminium
species 3.

Imine Product Cis/trans NMR yield
(o}
§-CHs HC 17 72%
J (mostly trans)
Ph Ph
CO,H
19 20
o
- n-Bu
n-Bu Y 1:2.8 85%
J (trans preferred)
Ph Ph
COH
21 22
CF F:C O
] 8 KN 1014
N (no preference) 89%
Ph) Ph
COH
23 24
o
i i-Bu
N FBU SN 6.4:1 .
J (mostly cis) 89%
Ph Ph
COH
25 26
(e}
| t-Bu
N-FBY >N all cis 84%
|
Ph) Ph
COH
27 28
N 1:1.6 81%
| (trans preferred)
with 0.2 equiv TFA 79%
1:1.9
(trans preferred)
29
N
|
114 66%
(trans preferred) °
H3CO
OCH

Table 1. THIQ products from the reaction of benzalimines with
HPA. Each reaction was run at —30 °C in dichloromethane solution
for 150 min.

2.3 Trapping of the Mannich intermediate with methanolic
hydroxide and formation of beta-lactam products

The reaction of the bulky N-tert-butylbenzalimine 27 with
HPA (1) is expected to be slower than that of the other imine
substrates, and competition studies”* show that this is indeed the
case. In particular, the reaction pathway might be intercepted at
the stage of the Mannich intermediate (5), since the bulky N-
substituent might slow the N-cyclization step even more than the
Mannich step. An attempt was made to trap the amino-anhydride
intermediate 5 in the reaction of 27 with 1 (acetonitrile solution,
-30 °C, 10 min) by adding the nucleophilic combination
hydrogen peroxide / pyridine.?” However, the amino diacid

3

hydrolysis product 34 was not observed; only the familiar cis
delta-lactam 28 was isolated.

Quenching the same reaction instead with a more nucleophilic
trapping reagent, namely 5% methanolic sodium hydroxide, led
unexpectedly to a pair of new lactams eventually determined to
be 35 and 36 (4:1, 39% combined yield, Scheme 5). The usual
cyclization product, cis delta-lactam 28, was not formed at all,
according to H-1 NMR analysis of the crude reaction product.
The structure of cis beta-lactam 36 was secured by X-ray
crystallographic  analysis (Figure 1) following  selective
crystallization from a solution of the crude product in methanol
and then slow evaporation from acetonitrile/toluene. Crystals of
the trans isomer 35 suitable for X-ray studies (Figure 1) were
obtained by crystallization of its N<ethylammonium salt from
methanol solution. The solution structures assigned to 35 and 36
are consistent with their H-1 and C-13 NMR spectra, and mass
spectroscopic analysis. Full experimental details of the reaction
of 27 and 1, the trapping procedure, and the isolation and
characterization of beta-lactams 35 and 36 are given in the
Supplementary Materials section.

Formation of the beta-lactams 35 and 36 from the Mannich
intermediate "33 can be understood by postulating ketene
formation under the influence of basic hydroxide (Scheme 5).
Intramolecular trapping of this ketene (38) by the nearby amino
group would lead to the beta-lactam enolate (39), protonation of
which from either face would then provide the two beta-lactams,
35 and 36. While beta-lactams have been prepared by Staudinger
reaction of ketenes with imines, the intermolecular reaction of
aryl ketenes with benzalimines requires prolonged heating.?** In
contrast, formation of 35 and 36 occurs rapidly at —30 °C. This
observation would seem to rule out simple intermolecular
reaction of the ketene derived from the enolate of 1 with 27 under
the influence of base. Direct cyclization of amino anhydride 33 to
the kinetically less favored beta-lactam products rather than the
delta-lactam alternative (28) would be surprising without the
intervention of a high energy intermediate such as ketene 38, and
indeed the latter process (delta-N-cyclization) proceeds at —30 °C
in the absense of hydroxide.

SRR
[, N~
I‘l %/\z\\/"
L ‘,"/L!Q
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Figure 1. ORTEP representations of the trans (35, left) and cis (36,
right) beta-lactams.
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Scheme 5. Trapping the Mannich intermediate 33 with base, and
formation of beta-lactam products 35 and 36.

3. Conclusion

An open transition state (Scheme 3) best accommodates the
influence of steric bulk of the N-substituent R on the reaction of
HPA (1) with simple N-substituted benzalimines (3). For less
basic imines like 23, or for reaction conditions in which iminium
formation is less favored, the cyclic hydrogen-bonded transition
states (7 and 9, Scheme 2) may make important contributions.
An unprotonated and non-hydrogen-bonded imine is probably
relatively unreactive in this cycloaddition.

The intermediate Mannich adduct (33, Scheme 5) was
effectively intercepted by base treatment, leading to beta-lactams
35 and 36. A mechanism that proceeds through the intermediacy
of ketene 38 best accounts for their formation.
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Stereochemistry and Reactivity of the HPA-Imine Mannich Intermediate
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¢ Steric-based evidence indicates that the HPA-imine formal cycloaddition may prefer an open transition state
(Scheme 3)

* This reaction has recently become important for the preparation of anti-cancer and anti-malarial drug candidates
(refs. 6-12).

*  The Mannich-type intermediate (33) was trapped by base treatment, leading to a pair of beta-lactams, 35 and 36.

*  Their formation implies a ketene intermediate (38), the low temperature N-cyclization of which provides products
(Scheme 5).



