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B Experimental and Theoretical Studies on the Reactions of
= Aliphatic Imines with Isocyanates

Etienne Cotter,™ Felix Pultar,” Sereina Riniker,

In the context of a project aiming at the replacement of the 3-
substituted B-lactam ring in classical -lactam antibiotics by an
N(3)-acyl-1,3-diazetidinone moiety, we have investigated the
reaction of isocyanates with imines derived from allyl glycinate
and differently substituted propionaldehydes. Imines of aro-
matic aldehydes with anilines have been reported to react with
acyl isocyanates to give 1,3-diazetidinones or 2,3-dihydro-4H-
1,3,5-oxadiazin-4-ones, via [2+2] or [4+2] cycloaddition,
respectively. However, neither of these products was formed
with imines derived from allyl glycinate and 2-(mono)methyl
propionaldehydes. a,a-Dimethylation of the imine enabled the
[4+ 2] cycloaddition pathway, but the desired 1,3-diazetidinone
products were not observed. Surprisingly, the imines obtained

Introduction

The emergence of antimicrobial resistance (AMR) poses one of
the major global health problems for the coming decades."™
To meet this threat, the development of new antibiotics is
urgently required; ideally, these drugs should be based on new
structural scaffolds and/or should act on new antibacterial
targets in order at least to retard the emergence of
resistance.*” Before this background, we have been interested
in the synthesis and eventual biological investigation of core-
modified analogs 2 of natural-derived B-lactam antibiotics of
types 1a and 1b, where the 3-(acylamino)-p-lactam ring is
replaced by an N(3)-acylated 1,3-diazetidinone moiety (Fig-
ure 1).

Compounds 2 were conceived based on the hypothesis that
they could still react with and inactivate penicillin-binding
proteins (PBPs)® but would also act as covalent reversible
inhibitors of B-lactam-inactivating serine p-lactamases (class-
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from thioesters of 2,2-dimethyl 3-oxo propionic acid reacted
with aryl isocyanates or with benzyl isocyanate to give 5,5-
dimethyl-2,4-dioxo-6-(aryl-/alkylthio)tetrahydropyrimidines, via
thiol displacement and re-addition to a putative six-membered
iminium intermediate. These experimental results obtained for
the reactions could be rationalized by DFT calculations. In
addition, we have shown that N(3)-acyl-1,3-diazetidinone and
2,3-dihydro-4H-1,3,5-oxadiazin-4-one products can be distin-
guished based on experimental IR data in combination with
theoretical reference spectra employing the IR spectra align-
ment (IRSA) algorithm. This discrimination was not possible by
means of 'H, '*C, or >N NMR spectroscopy

Figure 1. A) Structures of penicillin G (1a) and meropenem (1b) as examples
of prototypical B-lactam antibiotics. B) General structure of diazetidinone-
based B-lactam analogs. C) Structure of meropenem analog 3.

es A, C and D).” Inactivation would be due to the formation of
a less hydrolytically susceptible carbamate upon reaction with
the active site serine.®” These general concepts have been
previously advocated by others!">'” and their possible viability
is supported by some computational’®' as well as a limited
set of experimental data.'”’ However, none of these previous
studies has included analogs bearing acyl substituents on N(3)
of the 1,3-diazetidinone ring, which we considered important in

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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order to enhance the reactivity of the urea type endocyclic
carbonyl group in 1,3-diazetidinones. The specific target
structure chosen to assess the concept outlined above, based
on a combination of synthetic and bioactivity considerations,
was 1,6-diazabicyclo[3.2.0]hept-2-en-7-one derivative 3, which is
related to meropenem (Figure 1).

Synthetically, the N-acyl 1,3-diazetidinone system in mer-
openem analog 3 was thought to be accessible via [2+ 2]
cycloaddition of an acyl isocyanate with an appropriate imine,
based on earlier studies by Arbuzov and co-workers in the
1960's.'""% According to Arbuzov’s findings, the reaction of
acyl isocyanates with imines can either lead to 1,3-diazetidi-
nones via [2+2] cycloaddition or to 2,3-dihydro-4H-1,3,5-
oxadiazin-4-ones via [4+2] cycloaddition, depending on the
exact reaction conditions (Scheme 1). Both reactions are
believed to proceed via a zwitterionic iminium intermediate,
which is formed upon attack of the imine nitrogen on the
isocyanate carbonyl. This intermediate can then progress either
to a four-membered 1,3-diazetidinone or a six-membered
dihydro-oxadiazinone depending on the attacking nucleophile
(green arrows or red arrows in Scheme 1, respectively).
However, no dedicated mechanistic studies, either experimental
or computational, have been reported for reactions between
acyl isocyanates and imines. The formation of 2,3-dihydro-4H-
1,3,5-oxadiazin-4-ones has also been observed by Tsuge and
co-workers?'?? and by Neidlein and Bottler,”® while neither of
these groups reported the formation of 1,3-diazetidinones.
Although we felt encouraged by Arbuzov's results, we were also
cognizant of the fact that all imines investigated in his studies
and also those investigated by Tsuge or Neidlein were derived
from substituted benzaldehydes (or once from pyridine-2-
carboxaldehyde and once from pyridine-4-carboxaldehyde)?"
and anilines. In this paper, we now report on the reactions of
acyl isocyanates with a series of imines derived from aliphatic
aldehydes and allyl glycinate, which were meant to produce
1,3-diazetidinones that could be further elaborated into 3 or
related carbapenem analogs. In addition, we have also studied
the reaction of these imines with differently substituted phenyl
isocyanates. However, the desired 1,3-diazetidinones were
never obtained; instead, the only cycloaddition products
observed were those formed via a [4+2] reaction pathway.

R l|\|l *: N|\ - \f// h )
I~ Ar Nx N
(O Vs @Ar
@O
[4+211 j[2+2]
(@]

Rm/o\( Ar Lo
N N_ N
\n/ Ar //L—N

0 o Ar

Scheme 1. Possible pathways for the reaction of acyl isocyanates with imines
according to Arbuzov and co-workers."®'"!
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These experimental findings could be rationalized by DFT
calculations.

Results and Discussion
Experimental work

As depicted in Scheme 2, meropenem analog 3 was to be
obtained from carboxylic acid 4 and thiols 5a or 5b according
to methodology that has been developed by Kondo and co-
workers for the synthesis of 1-B-methylcarbapenems (and that
will be discussed in more detail below).*?

Following the general approach discussed above for the
construction of the N(3)-acyl 1,3-diazetidinone moiety, carbox-
ylic acid 4 was envisioned to be accessed from in situ generated
acetyl isocyanate (6) and imine 7 via thermal [2+2] cyclo-
addition followed by TBS-removal and oxidation.

Our synthetic work commenced with the preparation of
imine 7 from aldehyde 8% and allyl glycinate (9)%**"
(Scheme 3). Condensation of 8 and 9 in the presence of Et;N
and MgSO, gave crude 7 in 88% yield (as a 8.3:1 mixture with
8 (11%));®® while unreacted amine 9 was removed in the
aqueous work-up, attempts to remove 8 by silica gel chroma-
tography led to hydrolysis of 7.

In initial experiments, attempts to react the mixture of 7
and 8 with acetyl isocyanate (6) (formed in situ from acetamide
and (COCI),)™ only gave acetyl urea 12 in 20-40% yield
together with small amounts of enamide 13 (2-5%) (after
aqueous work-up). When commercial benzoyl isocyanate (10)
was reacted with imine 7, approximately equal amounts of
benzoyl urea 14 and enamide 15 were isolated as an
inseparable mixture (42% and 27 % chemical yield, respectively;
E/Z=4:1 for 15) (Scheme 3); the structures of 12 and 14 were
confirmed by X-ray crystallography. Importantly, the reaction of
7 neither with 6 nor with 10 produced any detectable amounts
of the desired diazetidinones 16 or 17, respectively.

Several explanations are possible for the formation of ureas
12 and 14: (1) The presence of residual amine 9 in the imine
material (vide supra) would directly lead to urea formation by

Hs..,,C’NR
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“—N

5a: R = Alloc ér \

—

5b: R = pNz
+
o] 7 H
Py gyonas J(N ‘Q\COOH
N o+ |
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6 7 4

Scheme 2. Global retrosynthesis of meropenem analog 3. pNZ = para-nitro-
benzyloxycarbonyl.
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Scheme 3. Reactions of acyl isocyanates with imine 7.5'%2

reaction with the isocyanates. (2) Alternatively, amine 9 could
be released either from imine 7 or from putative intermediates
11 by reaction with either residual acetamide from the in situ
preparation of 6 or with benzamide, which is contained in
commercial preparations of 10 (up to 20%). It should be noted,
however, that commercial trichloroacetyl isocyanate, which is
>95% pure, also gave the corresponding urea product. (3)
Finally, ureas 12 and 14 may only be formed upon aqueous
work-up through hydrolysis of intermediates 11.5% As for the
formation of enamides 13 and 15, we assume that these
products arise from proton loss from the initial addition product
11, possibly through an intramolecular 1,5-proton shift to the
original isocyanate nitrogen (Scheme 3).

It is also conceivable, however, that imine isomerization to
the enamine precedes nucleophilic attack on the isocyanate or
that both mechanisms are operative in parallel. Independent of
the operating mechanism, the results of these orientating
experiments led us to conclude that imine 7 was not a suitable
precursor for the preparation of the desired diazetidinones.

Therefore, we considered it important to investigate the
reaction of acyl isocyanates with imines such as 19 (Scheme 3).
The latter contains a gem-dimethyl group at the imine a-
carbon,®® which excludes isomerization to an enamine and also
prevents enamide formation from the initial putative iminium
intermediate. With this alternative pathway blocked, we envi-
sioned that diazetidinone formation would become a more
favorable reaction pathway. Reaction of aldehyde 18°% with

Chem. Eur. J. 2024, 30, €202304272 (3 of 12)

amine 9 gave imine 19 in 63% yield as an inseparable 5:1
mixture with 18 (13%) (Scheme 3).

Treatment of this material with trichloroacetyl isocyanate
led to a complex mixture of products, including allyl ((2,2,2-
trichloroacetyl)carbamoyl)glycinate and aldehyde 18, along
with other unidentified structures. In contrast, when imine 19
was treated with benzoyl isocyanate (10), the [4+ 2]-cyclo-
addition product 20 was obtained in 73% yield; the corre-
sponding [2 + 2]-cycloaddition product 21 was not observed.

As discussed in the Introduction, Arbuzov and co-workers
have reported competition between [4+2] and [2+2] cyclo-
addition in the reaction of acyl isocyanates and imines"®'¥ with
the preferred pathway being dependent on different reaction
parameters such as temperature and solvent but also the nature
of the imine and the acyl isocyanate. Unfortunately, in our case,
changing solvents or temperature never led to formation of the
desired 1,3-diazetidinone. Although disappointing, our observa-
tions are in line with the fact that four-membered ring
formation has only been reported for reactions of acyl
isocyanates  with imines derived from (substituted)
benzaldehydes."®'? It should also be noted that the spectro-
scopic discrimination between potential four- and six-mem-
bered ring products was challenging. For a given reaction, both
types of products exhibit the same molecular mass and contain
only few hydrogen atoms in the heterocyclic core, thus making
analysis by 'H or standard 2D NMR spectroscopy difficult;
furthermore, no reference values for *C NMR shifts are available

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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in the literature for either type of structure. "N NMR spectro-
scopy was inconclusive and, likewise, manual assignment of IR
vibration frequencies to either an imine or a ketone moiety was
ambiguous (in contrast to computational assignment, vide
infra). Finally, although hampered by the tendency of the
compound to decompose, X-ray crystallography unequivocally
confirmed the six-membered ring structure of 20. While the
quality of the crystals and their size did not allow the
unambiguous assignment of atom types, the presence of a six-
membered rather than a four-membered ring could be
established.®?

Trying to build on the insights gained from the experiments
of imine 7 with isocyanates, we also investigated the reaction of
o,B-unsaturated ester enamine 23 with benzoyl isocyanate (10)
(Scheme 4). We hypothesized that enamide 24 that would be
formed in this reaction could be induced to undergo intra-
molecular 1,4-addition to form a diazetidinone ring. (The use of
racemic n-butyl ester aldehyde 22 rather than a shorter chain
alkyl ester was solely based on its more straightforward
synthesis).?*) Enamine 23 was obtained from ester aldehyde 22
by reaction with amine 9 under the same conditions as those
employed for the formation of 7; enamine 23 was obtained as a
1:1.2 mixture of E/Z isomers in 71% yield (Scheme 4). Simple
stirring of 23 with 5 equiv. of benzoyl isocyanate (10) in CH,Cl,
at room temperature gave enamide 24 in excellent yield (96 %)
as the E isomer exclusively. Unfortunately, however, the
compound did not undergo 4-exo-trig ring closure to the
desired diazetidinone 25 under any of the conditions inves-
tigated, including the addition of BF;-OEt, or various Brgnsted
bases as well as variations in solvent and temperature (see Sl
for details).

Given the difficulties encountered while targeting the
desired 1,3-diazetidinones, we turned our attention to the
further elaboration of the obtained 2,3-dihydro-4H-1,3,5-oxadia-
zin-4-ones. Although not within our original target scope, we
hypothesized that compounds derived from 20 with its unusual
2,3-dihydro-4H-1,3,5-oxadiazin-4-one core might still be reactive

(0} On-Bu
”‘BUO\[H\?O Ets;N, MgSO, ;
71% NH
0 E/Z=1:12 r
COOAllyl
” 23
10, CH,Cl,
96%
E isomer only
/[Z) o (o] On-Bu
Ph Nj/H(On-BU Ph/KNH;
JN_ O — P\
o o
COOAllyl COOAIlyl
25 24

Scheme 4. Attempted synthesis of 25 via intramolecular 1,4-addition.
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with protein nucleophiles and when embedded into the proper
structural context might exhibit some f-lactamase inhibitory
potential. We thus decided to pursue elaboration of 20 into the
meropenem-type dihydro-oxadiazinone 27 (Scheme 5) as an
alternative target structure. The synthesis of 27 was to proceed
through thioester 26, which would be elaborated into 27 based
on formation of the pyrroline ring via Dieckmann-type cycliza-
tion according to Kondo and coworkers (in analogy what had
been foreseen for the synthesis of 3).2*

Thioester 26 was planned to be obtained from 20 by
desilylation, oxidation of the resulting primary alcohol to a
carboxylic acid, and subsequent thioesterification with 5a or 5b.
However, while desilylation of 20 with TBAF was straightfor-
ward and gave the corresponding free alcohol in 72 % yield (S5;
see SI), the attempted oxidation of the latter to the correspond-
ing aldehyde with DMP or under Swern conditions only led to
decomposition (not shown here).

These findings are in line with the observed instability of 20,
which rapidly decomposed even upon storage in the freezer. In
light of these observations, no further attempts were made at
the conversion of 20 into acid 26. Rather, an alternative strategy
for the synthesis of 27 was devised, where thioester formation
was to precede the cycloaddition reaction (Scheme 6).

Thus, acid 28 was obtained from the corresponding
aldehyde® by Pinnick oxidation followed by thioesterification
with thiol 5a to furnish the corresponding thioester (S8; see SI)
in excellent overall yield (95%). Thiol 5a was prepared from
trans-4-hydroxy-L-proline in 4 steps and 40% overall yield (see
SI for details).*” Oxidative cleavage of the PMB-ether with DDQ
followed by Swern oxidation of the ensuing primary alcohol
(S9; see SI) and condensation of the resulting aldehyde 29 with
amine 9 furnished imine 30 in 74 % overall yield from 28. Upon
treatment of 30 with 3 equiv. of benzoyl isocyanate (10) in
CH,Cl,, only the [4+ 2]-cycloaddition product 26 was isolated in
67% vyield (as a 7:1 mixture with benzamide); none of the
[2 4+ 2]-cycloaddition product was observed.

In analogy to Kondo's work on the synthesis of 1-B-
methylcarbapenems,” sequential treatment of thioester 26
with NaHMDS, TMSCI, CIP(O)(OPh), and TBAF was expected to
result in 5-membered ring formation via Dieckmann-type
cyclization followed by enol phosphate formation and re-
addition of thiol 5a to produce 34a (Scheme 7 and Scheme S1).

Unfortunately, none of the desired cyclization/re-addition
product 34a was observed under these conditions. Likewise,

¥ Qo
o)
/ NAlloc /N
NH
Ph o%(s Ph._O
20 - T - Y =S
N N\I o} N\H/N
O COOAllyl o COOH
26 27

Scheme 5. Structure of meropenem-type dihydro-oxadiazinone 27 envi-
sioned to be accessible from 20 via thioester 26.
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Scheme 7. Dieckmann-type cyclization attempts. pNZ = para-nitrobenzylox-
ycarbonyl.

attempts to isolate the five-membered ring either as keto ester
(35) or as enol phosphate (36), which could have been further
processed into thioenol ether 34, were unsuccessful (Scheme 7).
No Dieckmann cyclization product was observed under any of
theconditions investigated (see Table S2 in the SI). The only
identifiable products isolated from these reactions were thiol
5a and the corresponding thiophosphate (S10; see SI) both in
ca. 15-35% yield.

To investigate if a better thiol leaving group would enable
Dieckmann cyclization, phenyl thioester-containing imine 32
was prepared from acid 28 in analogy to the synthesis of 26.
Reaction of 32 with benzoyl isocyanate (10) gave 2,3-dihydro-
4H-1,3,5-oxadiazin-4-one 33 in 31% overall yield from 28
(Scheme 6). Gratifyingly, in contrast to 20, X-ray crystallography
unequivocally confirmed the molecular structure of 33, includ-

Chem. Eur. J. 2024, 30, €202304272 (5 of 12)

33 ’g\“

X-ray crystal structure of 33

ing the assignment of all atom types.®® Interestingly, in contrast
to 10, trichloroacetyl or (mono)chloroacetyl isocyanate did not
undergo cycloaddition under identical conditions. Unfortu-
nately, like 26, thioester 33 could not be converted into 34b, 35
or 36 (Scheme 7). The corresponding reactions only returned
starting material 33 either alone (27 %) or as mixture with imine
32, the corresponding aldehyde and benzyl phenyl sulfide (see
Table S3 in the SI).

In light of the complete absence of [2+2] cycloaddition
products from the reactions of imines 19, 30 and 32 with acyl
isocyanates, we turned towards the evaluation of the reaction
of imine 32 with simple aryl isocyanates that lack the carbonyl
group between the aryl and the isocyanate moieties, thereby
rendering the undesired [4 + 2] pathway impossible (Scheme 8).
The preparation of 1,3-diazetidinones from phenyl isocyanate
and  1,2-bis-(benzylidene-amino)ethane®™ or heterocyclic
formamidines,”*” respectively, has been reported previously.
However, as for the reactions of acyl isocyanates with imines,
we are not aware of any reports on the reactions of phenyl
isocyanate with imines derived from aliphatic aldehydes.

In initial experiments, no reaction was observed upon
treatment of imine 32 with 5 equiv. of phenyl isocyanate at
—78°C to rt in CH,Cl, Et,0O or MeCN. However, when using
5 equiv. of phenyl isocyanate (36) neat, traces of a new product
with the desired mass appeared and the same observation was
made at 70°C in CCl,. Upon further variation of reaction
conditions, it was found that the reaction of 37 with 5 equiv. of
neat 41 at 70-80°C yielded 5,5-dimethyl dihydropyrimidine-2,4-
dione 42 in 58% vyield, rather than the desired diazetidinone
(Scheme 8). The outcome of the cycloaddition reaction was
independent of the electron-donating/-withdrawing properties
of a para substituent on the aryl group. Similar yields of 42, 43
and 44 were obtained for the reaction of 32 with phenyl
isocyanate (37), p-methoxyphenyl isocyanate (38), or p-nitro-
phenyl isocyanate (39), respectively, under identical conditions
(58-649%) (Scheme 8).
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Scheme 8. Synthesis of 5,5-dimethyldihydropyrimidine-2,4-diones 42-45.

The structure of 43 was unequivocally established by X-ray
crystallography of the derived acid 45, which was obtained
from 43 by treatment with NaOH/MeOH. In accordance with
the formation of 43 from 32 and p-methoxyphenyl isocyanate
(38), reaction of the latter with imine 30 (neat at 70°C) gave
5,5-dimethyldihydropyrimidine-2,4-dione 46 in 67 % yield (Fig-
ure 2). Importantly, the reaction of imine 32 and benzyl
isocyanate (47) furnished 48 in 59% yield (Figure 2), thus
indicating that the formation of 5,5-dimethyldihydropyrimidine-
2,4-diones from imines and isocyanates is not limited to aryl
isocyanates.

A possible mechanism for the formation of 5,5-dimethyldi-
hydropyrimidine-2,4-diones from imines 30/32 and aryl isocya-
nates 37-39 or benzyl isocyanate (47) is depicted in Scheme 8.
After formation of zwitterionic intermediate 40, the former
isocyanate nitrogen attacks the thioester group to form six-
membered S,0-hemiacetal 41. The latter collapses with re-
formation of the carbonyl group and ejection of a thiolate
anion, which adds to the iminium moiety to give the final 5,5-
dimethyldihydropyrimidine-2,4-dione. Whether the reaction
takes place concerted or in a stepwise fashion would need to
be determined.

The final conditions elaborated for the reactions of imines
30 and 32 with aryl isocyanates (neat at 70°C, Scheme 8) were

N 0

N

/ wAlloc
ot

/©/N\H/N Ph\/N\n/Nj
Allyl All
MeO O  COOAlly 46 O COOAl

46

Figure 2. Products obtained from reactions of imine 30 with p-methoxy-
phenyl isocyanate (38) (46) and of imine 32 with benzyl isocyanate (47) (48).
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4

X-ray crystal structure of 45

subsequently also applied to the reaction of 32 with benzoyl
isocyanate (10), which had previously been conducted at 0°C in
CH,Cl, and produced 33 in 61% yield (Scheme 6). No significant
change in reaction outcome was observed if 32 was reacted
neat with 10 either at room temperature or at 70°C; 33 was
obtained as the major product in both cases (41% yield and
54% yield, respectively). Again, no formation of the four-
membered ring product was observed.

Finally, in order to determine if [2+2] cycloaddition may
occur between aryl isocyanates and imines that do not
incorporate a thioester group, we investigated the reaction of
isocyanates 37-39 with imine 49 (Figure 3).

However, in no case did heating of imine 49 with
isocyanates to 80°C either neat or in CCl, or CIC,H,Cl as solvents
result in any conversion (based on reaction monitoring by
'HNMR spectroscopy). When the temperature was raised to
200°C, decomposition was predominant and up to 21% of the
aldehyde component of the imine could be isolated next to
unidentified side products.

DFT Calculations

To rationalize our experimental findings and support proposed
mechanisms, we studied the reactions between benzoyl
isocyanate (10) and imines 19 or 32, respectively (Scheme 9,
reactions A and B), using DFT calculations. By locating all
stationary points of the proposed mechanism, we can compare
the barrier heights and relative product stabilities.*" For

%/OPMB
|

N 49
COOMe

Figure 3. Structure of imine 49.5"
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Scheme 9. Mechanistic hypotheses considered for reactions A-D. Reactions A and B produced dihydro-oxadiazinones DOX and no 1,3-diazetidinones DAZ,
while reactions C and D were reported by Arbuzov!'®'® to give mixtures of DAZ and DOX.

comparison, we also included the reactions of N-[4-
(dimethylamino)benzylidenelaniline (51) with trichloroacetyl
isocyanate (50) and with benzoyl isocyanate (10) (Scheme 9,
reactions C and D), which have been reported previously by
Arbuzov and co-workers."®'? Reactions A and B were selected
because they had both furnished the respective dihydro-
oxadiazinones 20 and 33 as the major products (73% and 61%
yield, respectively), which greatly simplified the computational
setup.

Reactions C and D were chosen because among all
examples reported by Arbuzov, they provided the highest levels
of four-membered ring formation. It is noteworthy, however,
that even for the reactions of imine 51 with either 10 or 50,
formation of the six-membered ring product was competitive
and could be the chief reaction pathway, depending on
reaction conditions.

In the proposed mechanism, isocyanates (IC) and imines
(IM) react to form an intermediate zwitterionic iminium species
(ZI). N-Centered or O-centered nucleophilic attack then yields
N(3)-acyl-1,3-diazetidinones (DAZ) or 2,3-dihydro-4H-1,3,5-oxa-
diazin-4-ones (DOX), respectively (Scheme 9).

Given the relative size, number of rotatable bonds, and
possibly shallow potential energy surface of the reactions
investigated, we anticipated the importance of rigorous con-
formational sampling of all species, including transition state
structures. Accordingly, we set up a computational pipeline
using autodE v.1.3.2“% with xtb/6.5.1"*' as Imethod and ORCA/
5.0.3"44 as hmethod. This workflow was recently reported to
perform well on a large array of organic and inorganic reaction
classes,”? including examples with multiple low-energy con-
formers. Default values were used for DFT-related parameters
defined by autodE except for the optimization convergence
criterion, which was set to TightOpt. Furthermore, pruning of
small-ring transition states was deactivated. An example Python
script is provided in the Sl. In brief, low energy conformers of
reactants were generated with the ETKDG algorithm™® imple-
mented in RDKit v.2022.09.1."” Resulting conformers were

Chem. Eur. J. 2024, 30, €202304272 (7 of 12)

optimized using xtb v.6.5.1 (GFN2-xTB Hamiltonian)“® followed
by ORCA v.5.0.3"" on the PBEO/def2-SVP“*>" |evel of theory
with the RIJCOSX®? approximation. Dispersion interactions
were included using the D3 correction® with Becke-Johnson
damping.”¥ Solvation effects were included using CPCMP”
(ORCA) and the GBSA model®® (xtb) with parameters appro-
priate for dichloromethane. Transition state candidates were
located via a constrained optimization of initial guesses
generated by an adaptive path search algorithm at the same
level of theory.”” Transition state conformers were generated
using a randomize and relax algorithm™ and optimized at the
same level of theory. We subsequently performed frequency
calculations on the converged structures of all stationary points
to confirm true minima (no imaginary frequencies). True
transition states were confirmed through the presence of one
strong imaginary mode connecting product and starting
material.®® For final single point calculations on all stationary
points, the basis set was expanded to def2-TZVP.®" Gibbs free
energies were estimated using scaled frequencies®™® (Aqm=
0.96) and the quasi-RRHO approach.®™” We simulated multiple
replicates of each run to account for stochastic processes in the
pipeline (e.g. conformer generation) and report average results.
Using this approach, we successfully localized the relevant
stationary points for all four reactions. Figure 4 shows the
resulting energy profiles for reactions A and C (for the energy
profiles of reactions B and D and transition state structures for
all four reactions, see the SI; Figures S8 and S9. Coordinate files
of all stationary points are also provided in the SI).

Relative product stability of four-membered DAZ-A (i.e. 21,
Scheme 3) versus six-membered DOX-A (i.e. 20, Scheme 3) was
found to differ by around 1.1 kcal/mol. However, the barrier
heights for transition state TS-lI-A leading to DAZ-A was found
to be 13.4 kcal/mol higher than the corresponding barrier of
TS-lI-A leading to DOX-A. This finding is consistent with our
observation that reaction A exclusively yielded DOX-A but no
diazetidinone. In contrast, the corresponding barrier heights for
reaction C differ by only 1.5 kcal/mol (13.1 vs. 11.6 kcal/mol),
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Figure 4. Reaction energy profiles for reactions A and C on the PBEO/def2-TZVP(D3BJ)-CPCM(dichloromethane) level of theory. The educt state isocyanate (IC)
and imine (IM) is shown in the middle. The first step of the reaction (iminium formation, ZI) is the same for both directions. Subsequent N-centered
nucleophilic attack to yield 4-membered ring DAZ is shown on the right, whereas O-centered nucleophilic attack to yield six-membered ring DOX is shown on
the left. Gibbs free energies are provided in parentheses and are average values over four independent runs and reported relative to the respective starting
materials IC and IM. The plot was visualized using EveRplot v.1.3.°" DAZ-A (21)/DAZ-C and DOX-A (20)/DOX-C refer to the 1,3-diazetidinones and dihydro-
oxadiazinones, respectively, from reactions A and C. For transition state structures cf. Figure S8.

slightly favoring formation of DOX-C. Relative product stability,
on the other hand, favors the formation of DAZ-C by 7.3 kcal/
mol. These results are consistent with reports by Arbuzov!'®'”
who observed product mixtures for reaction C, with product
ratios DAZ/DOX depending on solvent and temperature. Such
changes in reaction parameters are expected to shift the free
potential energy surface, with certain conditions favoring the
formation of DAZ-C over DOX-C and vice versa. It is also
conceivable that higher temperature might lead to thermody-
namic product control over kinetic product control that we
hypothesize is dominant at lower temperatures. Similar con-
clusions were derived for reactions B and D (see SI).

While the barrier height for TS-1I-B is 14.9 kcal/mol higher
than for TS-llI-B, the corresponding difference for reaction D is
only 7.2 kcal/mol, suggesting that competitive reaction path-
ways could be operative for different reaction conditions. These
computational results help rationalize why our attempts to
access N(3)-acyl 1,3-diazetidinones via the reaction of acyl
isocyanates with imines 19, 30, or 32 have remained unsuccess-
ful. At the same time, they support the proposed mechanism
outlined in Scheme 9, which might enable future improvements
in this class of reactions.

Chem. Eur. J. 2024, 30, €202304272 (8 of 12)

Automatic IR Alignments

As alluded to earlier, it was not possible to unequivocally
differentiate between DAZ and DOX products by means of 'H
and “CNMR spectroscopy due to the small number of NMR
active atoms in the relevant regions of the molecules.
Furthermore, the use of X-ray diffraction was limited by the
availability of suitable crystals, which prevented routine assign-
ment of reaction products. In light of these difficulties, we were
interested whether a distinction between DAZ and DOX
products was possible with our recently published computa-
tional workflow that relies on alignment of experimentally
recorded IR spectra with theoretically predicted reference
spectra of candidate structures.®**? The IRSA algorithm takes
the random error of theory into account alongside the
experimental peak pattern. The workflow results in unbiased
alignment scores that correlate with the probability of a correct
match. This protocol has been successfully applied to differ-
entiate configurational as well as constitutional isomers of a
broad variety of molecules.’®**"

Theoretical reference spectra of structures DAZ-A (i.e. 21)
and DOX-A (i.e. 20) (Figure 5) were obtained using a modified
version of the procedure described in ref (64). In brief,
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Figure 5. (A, B) IRSA-aligned theoretical spectra for four-membered DAZ-A (21) (green) and six-membered DOX-A (20) (blue) together with the experimentally
recorded IR spectrum of 20 (black). Alignment of the experimental spectrum with the theoretical spectrum of structure DAZ-A yields a Pearson coefficient
r,=0.01 and Spearman coefficient r;=0.13. Corresponding values for alignment with the theoretical spectrum of DOX-A are r,=0.19 and r;=0.38. Inlets (C, D)
of the range 1900-1500 cm™" region. Further shown are low-energy conformers for DAZ-A (E) and DOX-A (F).

conformers were generated using the ETKDG algorithm,“®
optimized with MMFF94 5,%°% and clustered using the Butina
algorithm® as implemented in RDKit v.2022.09.1.”" Resulting
cluster centroids were geometry pre-optimized at the RI-BP86/
def2-SVP(D3BJ)"'*354%8% |evel of theory using ORCA/5.0.3.144!
Geometry pre-optimized conformers were clustered again, and
remaining centroids optimized with the def2-TZVP basis set
followed by frequency calculation at the same level of theory.
Theoretical spectra of remaining cluster centroids were Boltz-
mann-weighted based on their estimated Gibbs free energy
(vide supra) and broadened assuming a Lorenz shape and a
bandwidth of 12cm™ to give theoretical references. The
theoretical spectra were aligned using the published IRSA
package (https://github.com/rinikerlab/irsa) in the range 1900-
500 cm™'. Figures 5A and B show aligned reference spectra of
DAZ-A and DOX-A next to the experimental spectrum of 20.7”

The theoretical reference spectrum of dihydro-oxadiazinone
DOX-A matches the overall peak shape of the experimental
spectrum of the product obtained from the reaction of benzoyl
isocyanate (10) and imine 19 (Figure 5B).

Especially the vibrational modes between 1900-1500 cm™
(Figure 5D) are explained very well by the theoretical spectrum.
In contrast, the theoretical reference spectrum calculated for
diazetidinone DAZ-A matches the experimental spectrum
poorly (Figures 5A and C). These ostensible differences are
captured quantitatively in the Pearson and Spearman correla-

1
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tion coefficients r, and rs. While the spectrum calculated for
DOX-A has relatively high correlation scores of 0.19 and 0.38,
the corresponding coefficients are 0.01 and 0.13 for the
spectrum calculated for DAZ-A. These findings clearly illustrate
that our workflow allows the reliable distinction between DAZ
and DOX products on the basis of IR spectroscopy in
conjunction with computational chemistry methods.

Next, we set out to rationalize the major differences in the
spectra calculated for possible structural candidates. We
visualized the major modes calculated for six-membered
candidate DOX-A in the 1900-1500cm™ part of the IR
spectrum and found that they correspond to stretching
vibrations of the allylic carbonyl group (1740 cm™) and the
carbonyl group of the six-membered ring (DOX) (1670 cm™), as
well as rocking vibrations of the subunit comprised of the
heterocyclic core and phenyl side chain (1590 cm™ and
1570 cm™") (Figure 5D). In contrast, major bands for four-
membered DAZ-A in the same spectral region correspond to
stretching vibrations of the carbonyl group located within the
four-membered ring (DAZ) (1830cm™') as well as in the
exocyclic allyloxycarbonyl (1750 cm™") and benzoyl groups
(1660 cm™") (Figure 5C). Inspection of the geometries of low-
energy conformers for DAZ-A and DOX-A (Figures 5E and F)
revealed that while the exocyclic phenyl group of DOX-A is in
the same plane as the six-membered ring (Figure 5F), the
exocyclic benzoyl group in DAZ-A is out of the plane defined
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by the four-membered ring (Figure 5E). These differences in
geometry suggest the presence of an extended z-system in
DOX-A that has no correspondence in DAZ-A, thus offering an
explanation for the presence of the two strong bands around
1600 cm™', which are absent in the theoretical spectrum of
DAZ-A. Carbonyl groups incorporated in small rings typically
show vibration frequencies at higher wave numbers than those
embedded in acyclic chains or medium-sized rings. For
example, Arbuzov reported that it was possible to distinguish
the formal [2+2] adduct from the formal [4+ 2] adduct via IR
band assignment of involved carbonyl groups (1780 cm™" and
1690 cm ™' for DAZ vs. 1670 cm™' for DOX)."®'¥ However, for
compounds of increased structural complexity that feature
additional carbonyl groups, as in the cases investigated here,
and due to the scarcity of literature data for the heterocyclic
cores, the magnitude of the shift was difficult to predict a priori
without a theoretical reference. In contrast, the presented IRSA
method provides a simple way to gauge experimental data
against theoretical references in an unbiased way, thus aiding
the structural elucidation of complex substrates.

Conclusions

This work was originally motivated by the question whether the
[24+2] cycloaddition of acyl isocyanates with functionalized
imines would constitute a suitable path towards the synthesis
of N(3)-acyl-1,3-azetidinone-based analogs 2 of classical f-
lactam antibiotics. While the reaction of acyl isocyanates with
imines derived from aromatic aldehydes and anilines has been
studied in the past, their reaction with functionalized, non-
aromatic imines, to the best of our knowledge, has not been
investigated. Unfortunately, the projected [2+ 2] cycloadditions
en route to 2 were not observed, at least for those pairs of
isocyanates and functionalized imines that we have investi-
gated here. While a-monosubstituted imines underwent neither
[2+42] nor [4+ 2] cycloaddition, [4+ 2] cycloaddition did occur
with a,0-disubstituted imines. These findings are in agreement
with results of DFT calculations, which showed a large differ-
ence between the activation barriers for the formation of a 1,3-
diazetidinone (DAZ) and a 2,3-dihydro-1,3,5-oxadiazin-4-one
(DOX) ring from a common zwitterionic iminium intermediate
(ZI). In contrast, this difference in energy barriers was found to
be significantly smaller for an acyl isocyanate/imine pair that
had been reported previously to undergo [2+ 2] cycloaddition
under appropriate experimental conditions.

While the six-membered ring structure of the cycloaddition
products 20 and 33 could ultimately be assigned on the basis
of X-ray crystallography, we could also show that the
automated alignment of theoretical and experimental IR spectra
by means of the recently developed IRSA algorithm provides an
efficient approach to distinguish between 1,3-diazetidinone-
and 2,3-dihydro-4H-1,3,5-oxadiazin-4-one-derived structures.

Intriguingly, the reactions of imines bearing a thioester
moiety in the 2-position with aryl isocyanates or benzyl
isocyanate gave neither 1,3-diazetidinones nor dihydro-oxadia-
zinones; rather, these reactions produced 5,5-dimethyl-6-(aryl-/

Chem. Eur. J. 2024, 30, €202304272 (10 of 12)

alkylthio)-dihydropyrimidine-2,4-diones in good yields. The
reaction most likely follows an alternative [4+ 2] cycloaddition
pathway, with displacement of the thiol component of the ester
in the ring-closing step followed by addition of the thiol to the
iminium moiety.

In summary, the work described here provides new insights
into the reaction of isocyanates with imines, even though the
envisaged 1,3-diazetidinones were not observed. Of particular
note, 6-(aryl-/alkylthio)-dihydropyrimidine-2,4-diones, such as
42-44, 46 and 48, to the best of our knowledge, have not been
reported in the literature but may be of interest as intermedi-
ates in the synthesis of new bioactive heterocycles.

Supporting Information

The Supporting Information contains all experimental details,
NMR spectra, crystallographic data, reaction profiles for reac-
tions B and D and unaligned reference IR spectra. It also
includes two zip files with (1) the coordinates of all stationary
points in the calculation of reaction profiles and an example
script and (2) theoretical IR spectra and coordinates of con-
formers used in the calculations. Additional references cited
within the Supporting Information.”' 78
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