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. Diastereoselective synthesis of novel f-lactam-isatin molecular hybrids.

. Staudinger [2+2] cycloaddition reaction to afford S-lactams.
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. Exploration of N-phenyl substitution effect for synthesis of S-lactams.

. N-phenyl electron-donating groups favoured cis-isomer.
. DFT studies also supports the cis and trans isomer formation.
Abstract

Unprecedented diastereoselective synthesis of novel Flactam-isatin conjugates via a Staudinger

[2+2] cycloaddition is described. The electronic nature of substituents on the imine Atphenyl

moiety induced high levels of stereocontrol and plausibly controlled the competition between

direct ring closure (conrotatory) and isomerization of the azabutadiene intermediate. The

presence of electron-donating groups (OCH3 and CHj3) at the para-position of the imine A-phenyl

moiety increases the electron density of the imine nitrogen atom. This in turn increases direct

conrotatory ring closure favoring the cisdisomer. On the other hand, electron-withdrawing groups

(NO2 and CF3) at the para-position gave the thermodynamically more stable #rans-isomer as the

major products by promoting isomerization of the azadiene zwitterionic intermediate presumably

due to a decrease in the electron density on the imine nitrogen atom. A varied diastereoselective

behavior was observed for meta-position substituents, where OCH; CH; and NO, groups favored

the cis-isomer, hence indicating the additional role of steric hindrance in the observed



diastereoselectivity. Additionally, the transition states of these reactions computed at the density

functional theory (DFT) level were in accordance with the experimental results.
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Introduction
The serendipitous isolation of Penicillin from Penicillium notatum and cephalosporin from
Cephalosporium acremonium, began an ever-increasing interest in the S-lactam (2-

azetidinone) ring as potent antibiotics. Consequently, the f-lactam nucleus has been a

coveted target in organic synthesis and medicinal chemistry.- It has also been used as

building blocks and key intermediates for the synthesis of several heterocycles with

biological significance such as the anticancer drugs Taxol and Taxotere.. The efficient

synthetic protocols used to access the f-lactam scaffold include the Staudinger, Gilman-


SPS:refid::bib1_bib2_bib3_bib3a_bib3b_bib3c_bib3d_bib3e_bib3f
SPS:refid::bib4_bib5

Speeter and Kinugasa reactions.l Amidst these synthetic strategies, the Staudinger [2+2]

cycloaddition of ketenes to imines is the most widely employed due to its simplicity and

readily accessible substrates.- The synthetic strategy is further used for constructing

spirocyclic, bicyclic and tricyclic ﬂ-lactams.!i Moreover, transition metal catalysts have

also been reported to give the f-lactam ring.-

Nevertheless, stereoselectivity remains the focus of the Staudinger [2+2] cycloaddition

reaction, as the biological activity of the resulting ring is dictated by its stereo-

structure.- For example, the f-lactam antibiotics penicillin and cephalosporin possess

cis-structures while trinems and thienamycins possess

trans—structures.. Additionally, stereoselective construction of the f-lactam ring has been

attempted, either by using chiral catalysts, asymmetric substrates or chiral auxiliaries..

"

For diastereoselectivity, the electronic effects of substituents on the ketene and imine
substrates are key factors affecting the stereo-outcomes. Electron-donating groups (EDGs)
on the ketene and electron-withdrawing groups (EWGs) on the imine favor direct ring

closure, giving the cis-product, while EWGs and EDGs on the ketene and imine,

respectively, lower the rate of direct ring closure favoring the trans-product.l

Furthermore, molecular hybridization, a versatile and emerging tool for constructing

bioactive molecules with the improved ability of being recognized by multiple receptors has
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been employed in the synthesis of new f-lactam conjugates.l For instance, B-lactam
grafted spiro-oxindole hybrids exhibited potent antimicrobial activity,!i and purine-lactam
hybrids exhibited good antiviral activity.l Similarly, f-lactam-isatin-triazole conjugates

displayed promising in vitro protozoal activity against Trichomonas vaginalis.l

In continuation of our search for new molecular scaffolds with improved pharmacological
profiles via the molecular hybridization approach,]23] we herein report the synthesis of
novel S-lactam-isatin molecular conjugates via a Staudinger [2+2] cycloaddition protocol

using inexpensive and in-situ generated ketenes. Subsequently, we examined the

corresponding substitution effects on the N-phenyl imine diastereoselectivity (-

mscm ). Density functional theory (DFT) calculations were also employed to substantiate

the experimental results.
Results and Discussion
We commenced our study by investigating the optimum reaction conditions for the

synthesis of S-lactam-isatin conjugates. We specifically focused on the selection of a

suitable solvent and a base and their subsequent effect on reaction times and yields (-

mmn ). In all reactions, 1 mmol of imine 1a, two equivalents of 2-(2,3-dioxoindolin-1-yl)

acetic acid 2 and two equivalents of p-toluenesulfonyl chloride (p-TsCl) were used as a

model reaction at 0 ‘C under a nitrogen atmosphere. It should be noted that the ketene used

for all reactions was generated in situ from 2-(2,3-dioxoindolin-1-yl)acetic acid using p-
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TsCl as an activating agent in triethylamine. Initially, we investigated the most suitable
solvent for the reaction using triethylamine as a base and various solvents (DMF, CH,Cl,,

EtOH, -BuOH, THF, CHCl;, MeCN and 1,4-dioxane). Among the tested solvents, CH,Cl,

was found to be superior in terms of conversion (-tbl2 . Furthermore, the model

reaction was explored with different bases (- entries 9-16). The use of Et;N, DIPEA,

pyridine and DBU gave the S-lactam adduct 3a in moderate to good yields. On the other
hand, no conversion was observed with NaOH, CS,CO;, NaH, +-BuOK and K;PO,. Hence,
the non-nucleophilic Et;N proved to be the most effective base.

With the optimized conditions in hand, we next turned our focus to study the effect of
substituents on the N-aryl imine moiety on the diastereoselectivity in the Staudinger [2+2]
cycloaddition reaction. A variety of imines bearing electron-donating and electron-

withdrawing groups at para- and meta-positions of the N-phenyl ring were examined
keeping the isatin-ketene fixed (-). All the reactions gave a mixture of cis- and

trans-f-lactams, as deduced from '"H-NMR spectroscopy of the crude product, and the

results are summarized in - The stereochemistry of f-lactams 3a-q and 4a-q were

established based on the coupling constants (J) between the C9-H and C11-H protons of the

f-lactam ring, where J = 2.0-2.8 Hz represents the frans-isomer while J = 5-6 Hz represents

the cis-isomer.l Fascinatingly, the cis/trans ratio of the f-lactams varied with the

electronic nature of the N-phenyl imine substituents.l In parallel, we assume that a steric

interaction between the N-substituents and the carbonyl group could also exist, hence,
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decreasing the isomerization.. The steric interaction is similar to the Thorpe-Ingold

effect,J and results in the two I—systems (C=C and C=N =n-bonds) being close to each

other (-f‘igj), favoring direct ring closure and preferring the cis-f-lactams. Our

argument is supported by the predominance of the major cis-diastereomer in the case of

imines with 3-CHs, 3-OCH, 3,4,5-OCH; and 3-NO, substituents ([F8BIBR, entrics 14-17)

where the steric hindrance of these groups presumably superseded their mesomeric effect,
and hence accelerate the direct ring closure. The unsubstituted (H), electron-donating (4-

OCHj;, 4-CHj;) and halogens (4-Cl, 4-Br, 4-1 and 4-F) substituents on the N-aryl imine

moieties also favored the cis-isomer (-, entries 1-7) due to an increase in the electron

density on the imine nitrogen atom through resonance effect (ESI, -).
However, the para-positioning of electron-withdrawing groups (4-NO, and 4-CF;) reversed

the diastereoselectivity thus favoring the thermodynamically more stable trans-f-lactam as

the major product (-, entries 8 and 9). This could be due to the decreased electron

density on the imine nitrogen atom (via resonance) thus decreasing direct conrotatory ring
closure and initiating isomerization which gives the trans-isomer (ESI, -). Similar

behavior is observed with halogenated (i.e. Cl and Br) and alkyl halogenated (CF;) groups
at the meta-position on N-aryl imine moieties that affords frans-selectivity (-, entries
10-13) presumably due to the mesomeric (-) effect of the substituents.

Based on the obtained results, it is conceivable that the electron-donating groups on the N-

phenyl imine, irrespective of their position (para and meta), accelerate direct ring closure,
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thus resulting in the increase of cis-selectivity due to an increase in the electron density on
the imine nitrogen atom via resonance effects in the cis-transition state. Whereas, the para
positioning of electron-withdrawing groups on the N-phenyl imine results in trans-
selectivity due to the decrease in the electron density on the imine nitrogen atom thereby
accelerating its isomerization.

A plausible mechanism for the formation of f-lactam-isatin hybrids is represented in

-sch2. The reaction can proceed through less steric hindered exo attack of the

ketene, which leads to the formation of azadiene zwitterionic intermediate (ZW 1) followed

by direct conrotatory ring closure to give cis-f-lactam derivatives.l Otherwise,

isomerization of the iminium moiety delivers the thermodynamically more stable

intermediate (ZW2), which consequently undergoes ring closure to give the trans-f-lactams.
The structure of cis-f-lactam (95 11R) was confirmed by single-crystal X-ray analysis (- figZ). Evidently, H-9 and H-11 are

oriented on the same side of the plane in the 4-membered S-lactam ring with respect to the two stereogenic centers.

Computational Methods

To gain an insight into the diastereoselectivity of the isatin-lactam conjugates, density
functional theory calculations were performed on the stepwise-reaction mechanism for the
[2+2] cycloaddition reaction. The modelled reactions used for these studies had 4-NO,, 3-
NO,, 4-OCHj; and 3-OCHj; groups attached to the imine phenyl ring. The M06/6-31+G(d,p)
level of theory was initially used to obtain the optimized structures (see ESI for details).
The results obtained from the DFT calculations revealed that the ring closure step is the

rate-determining step for the formation of either the cis or trans product. Transition state-

TS1 (Fig. 3 and 4fi93,fig4) for both the methoxy and nitro substituents on the phenyl ring


SPS:refid::sch2
SPS:refid::bib28
SPS:refid::fig2
SPS:refid::fig3|fig4

differ by an average of 2.5 kcal/mol (_ﬁ)_ISJ). Comparing the transition state energies

(- and -) showed that the lower transition state (TS) activation free energies of 4-

OCHj;, 3-OCHj; and 3-NO, favored the cis-f-lactam conformation (TS2) compared to the
higher activation energies of their frans-f-lactam conformations. This implies that the rate-
determining step involving the direct ring closure for 4-OCH3, 3-OCH; and 3-NO, is faster
leading to the cis-isomer. On the other hand, the lower AG value of trans 4-NO, (TS3)
(18.69 kcal/mol) revealed that the rans conformation is favored compared to the cis-form
with a higher energy barrier of 26.50 kcal/mol. Furthermore, to verify the reliability of the
results obtained using the 6-31+G(d,p) basis set, augcc-pVDZ basis set was applied. The
free energies calculated using the M06/augcc-pVDZ levels are consistent with those from
the M06/6-31+G(d,p) level.

In addition, the imine bond distances of the transition states (TS) were computed for two
substituents (4-OCH; and 4-NO,) and are shown in the ESI (-). These results
revealed that the imine bond distances were shorter for the TS that gives cis products and
thus supports the direct ring closure of intermediates. Whereas, the same bond distance in
the transition states for frans products were longer thus favoring isomerization. We further
determined the force constant, which is an indication of the bond strength at the DFT

level.][29]\ Again, the force constant values were found to be higher for transition states that

led to cis-B-lactams.

Conclusion
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We have employed the Staudinger ketene-imine [2+2] cycloaddition methodology for the
diastereoselective synthesis of 17 novel isatin-f-lactams hybrids. The electronic nature of
substituents at the para-position of the N-phenyl imine induced high levels of stereocontrol.
For instance, strong electron-donating groups promoted cis-selectivity via increasing the
electron density on the imine nitrogen atom thus facilitating direct ring closure of the
azabutadiene intermediate. Whereas, strong electron-withdrawing groups at the same
position reversed the diastereoselectivity presumably by facilitating isomerization of the
intermediate. However, at the meta position, both electronic and steric factors played a role
in controlling the diastereoselectivity of these reactions. Additionally, the DFT-predicted

transition states and bond distances further supported the experimental outcome.
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Figure 1. Cis- and trans-p-lactams formation through conrotatory ring closure.

Figurc 2. ORTEP diagram of the X-ray crystal structure of 3g (CCDD Number: 1907796).

Figure 3. M06/6-31+G(d,p) Gibbs free energy profile (kcal mol-').

F igure 4. Optimized geometries of transition states for the [2+2] cycloaddition stepwise reaction mechanism of 4-methoxy and
4-nitro substituted f-lactam-isatin conjugates.

Scheme 1. Synthesis of isatin linked f-lactams 3a-q and 4a-q

Scheme 2. A plausible mechanism for the Staudinger [2+2] cycloaddition reaction.
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Table 1. Effect of various solvents and bases for the synthesis of 3a.|
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Reagents and conditions: imine (1a; 1 mmol), isatin acetic acid (2; 2 mmol), p-
TsCl (2 mmol), base (4 mmol), solvent (15 mL)
HThe major products are c/is-isomers

Hlsolated yield; (I): Not observed; NR: No Reaction.
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Table 2. Cis-and frans--lactams 3a-q and 4a-q.

% Isolated yield after purification by column chromatography.

H Determined by 'H NMR spectroscopy of the crude products.

Table 3. Calculated free energies (A G kcal/mol) by using M06 functional with different

basis set.
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All energies are reported relative to REACT (kcal/mol)



