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A novel approach has been developed for the efficient synthesis of the unsymmetrical (2-amino-
pyrrolidin-1-yl)carboxamidine alkaloidal core found in cernumidine (1) and its analogs (20a, 20c, 20f,
20i-0). The key transformation in this process involves the utilization of the Curtius rearrangement,
which plays a pivotal role in constructing the aminal moiety. One of the major challenges encountered
during this synthesis was the instability of the free aminal core intermediate. Furthermore, a noteworthy
observation during the synthesis was the racemization process that occurred during the isocyanate trap-
ping by organometallic reagents. Detailed DFT calculations shed light on this phenomenon, revealing a
neighboring coordination-induced mechanism. The resulting compounds were subjected to evaluation
for their anti-inflammatory properties using lipopolysaccharide-stimulated human THP1 cells. Notably,
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inflammatory activity. These findings suggest that these compounds hold promise as potential
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Introduction

Cernumidine (1) is a natural alkaloid isolated in 2011 from the
Brazilian specie Solanum cernuum Vell." Structurally, although
the X-ray structure of cernumidine (1) showed the presence of
both enantiomers, the isolated compound can be accurately
characterized as a scalemic mixture. This conclusion arises
from the clear dominance of the dextro isomer, which is
evident through its measured optical rotation of [«]3 +10.9 (¢
0.84, MeOH). Like many of the members of the genus
Solanum,” cernumidine (1) displays antioxidant®>* and antitu-
mor activity." The latter is probably owned to its ability to
inhibit the production of interleukin-8 (IL-8), as showed in 2011
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candidates for further development as anti-inflammatory agents.

on colorectal carcinoma cells (HT-29)." Given the well-known
role of IL-8 in the inflammatory process,®® cancer progression®
and chemotherapy resistance,'*™"* and more recently in COVID-
19 treatment,” the development of new IL-8 inhibitors can be
a valuable strategy for treating inflammatory disorders and
certain malignancies.

Structurally, cernumidine (1) has a (2-aminopyrrolidin-1-
yl)carboxamidine core acylated with isoferulic acid (3-hydroxy-
4-methoxycinnamic acid) in an E configuration (Fig. 1). Another
relevant feature of this molecule is the presence of an unusual
aminal function. The aminal group, commonly referred as the
N,N-analogue of acetals'* is usually obtained from the conden-
sation of diamines with aldehydes. Generally, N,N-aminals can
be found with both nitrogens being endocyclic or exocyclic
(if N-protected), while cernumidine (1) has a hybrid system
(only one nitrogen is contained within a cyclic system).

Although considered to be unstable,"*™® aminals can be
found in several privileged structures with different applica-
tions, ranging from bioactive natural compounds,”*?° to
organocatalysts,>** while also having useful synthetic applica-
tions (Fig. 1).>*° As reminiscent of the proposed biosynthetic
process' (Scheme 1a), in 2020°° we developed a racemic
approach based on the decarboxylative coupling of r-arginine
and r-proline derivatives for the racemic synthesis of cernumidine
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Fig. 1 Relevant compounds containing an aminal functionality.
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Scheme 1 (a) Proposed biosynthesis of cernumidine. (b) Previous bio-
inspired synthetic approach. (c) Retrosynthetic proposal for the enantio-
selective synthesis of cernumidine.

(1) and analogues (Scheme 1b). Following our previous efforts, we
decided to propose a new enantioselective approach for the total
synthesis of 1. In our retrosynthetic approach (Scheme 1c), we
devised two convergent strategies for the enantioselective synth-
esis of 1 and its analogues. A pivotal step in both strategies
involves the Curtius rearrangement of the acyl azide (2) to form
the isocyanate (3), establishing the aminal core. In a forward
perspective, isoferulic acrylamide (5) could be produced either
through amide coupling with compound 4 (derived from iso-
cyanate hydrolysis) or via a Heck reaction involving 6 and the
corresponding haloarene. Compound 6, essential for this route,
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is prepared by trapping 3 with vinylmagnesium bromide. The acyl
azide 2, a substrate for the Curtius rearrangement, can be readily
obtained from r-proline.

Results and discussion

Anticipating the inherent instability of the unprotected aminal
core, we made the strategic choice to start our investigation by
synthesizing the aminal moiety through a Curtius rearrange-
ment (Scheme 2a) of the acyl azide (7). Our approach began
with the utilization of N,N’-di(Boc)-protected guanidine (8) as
the initial substrate, and we tailored our methodology based on
the established protocol developed by Verardo for the synthesis
of carbamoyl azides.*' However, since all the methodologies
described for the synthesis of acyl azides rely on the activation
of the starting carboxylic acid (in the protocol used, a mixed
anhydride), hydantoin derivative (9) was attained exclusively,
resulting from an intramolecular cyclization. Therefore, N-Boc-
L-proline was chosen as the starting material, which enabled
the synthesis of 2 in excellent yield, followed by the Curtius
rearrangement to yield the isocyanate 3 (Scheme 2b). With
compound 3 in hand, various hydrolysis conditions were
explored (see ESILt Section S1.4 and Table S1 for details) to
achieve the synthesis of the free aminal 4. Surprisingly, when
the isocyanate hydrolysis was followed by an amidation reac-
tion with benzoyl chloride, only trace amounts of the desired
product (10a) were obtained. The resulting urea derivative (11),
formed from the coupling of the desired free aminal (4) and the
isocyanate, was identified. To the best of our knowledge, there
are no precedents in the literature where the competing reac-
tion between isocyanate hydrolysis and urea formation presents
a challenge during isocyanate hydrolysis.

a) Attempted synthesis of acyl azide (7) from N,N'-di(Boc)-protected guanidine (8)
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Scheme 2 (a) Attempt synthesis of acyl azide derivative from 8, (b)

synthesis of acyl azide (2) from and N-Boc-L-proline, hydrolysis of iso-
cyanate (3) and trapping of free-aminal (4), (c) preparation of compounds
10a-d.
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Given the unsuccessful hydrolysis of the isocyanate, we
redirected our efforts towards its trapping using Grignard
reagents and conducted a systematic investigation into the
trapping of isocyanate (3) by various organometallic reagents.
Table 1 outlines the results for the trapping of isocyanate (3)
with PhMgBr (entries 1-6) to prepare the model substrate 10a.
Carrying out the reaction either at room temperature (Rt) or
0 °C (Table 1, entries 1 and 2) gave 10a in moderate yields,
which can be explained by the high number of secondary
products observed when following the reaction by TLC.

Being aware of the possibility of isocyanate exclusion during
the Curtius rearrangement of amino acids derivatives,*> which
would consequently lead to racemization, the chiral integrity of
our substrates was verified through chiral- HPLC. Under the
previously mentioned conditions, at Rt and 0 °C (Table 1, entries 1
and 2), compound 10a was obtained in a racemic form.

However, reducing the temperature (Table 1, entries 3 and 4)
resulted in a significantly cleaner reaction, leading to both
higher yields and enantiomeric excess (ee) (ca. 30%). Conver-
sely, extending the reaction time (Table 1, entries 5 and 6) was
observed to decrease the ee. Similar observations were made
with the vinylic substrate (10b), where the ee remained con-
sistent at both —78 °C and —41 °C (Table 1, entries 10 and 12).
Notably, shorter reaction times did not produce any significant
change in ee (Table 1, entries 9-11). Given that conducting the
reaction at —41 °C provided no significant differences in the
yield (Table 1, entries 3 and 4) and ee, this condition was
deemed optimal for the Grignard addition and subsequently
extended to other organometallic reagents (Table 1, entries 13-15).
While complete racemization was observed for substrates 10c—d,
compounds 10a and 10b were found in the form of scalemic
mixtures (enantiomers in a ratio different than 1:1).

In summary, upon analyzing the results, it becomes evident
that complete racemization occurs when aliphatic substituents
are transferred (10c-d). However, when substituents bearing
conjugated m-systems are involved (10a and 10b), some level
of chirality is maintained which is time and temperature

Table 1 Optimization of the Grignard addition to isocyanate (3)

Entry  RM“ T(°C)  Time (h)  Yield (%)  ee’ (%)
1 PhMgBr Rt 0.25 48 0
2 PhMgBr 0 0.25 64 0
3 PhMgBr -41 1 87 30
4 PhMgBr —-78 1 85 33
5 PhMgBr -41 2 ¢ 11
6 PhMgBr —41 3 ¢ 4
7 VinylMgBr 0 0.25 ¢ 48
8 VinylMgBr 0 0.5 ¢ 3
9 VinylMgBr —-41 0.5 ¢ 61
10 VinylMgBr ~ —41 1 66 64
11 VinylMgBr ~ —78 0.5 ¢ 60
12 VinylMgBr ~ —78 1 ¢ 61
13 MeMgBr -41 1 22 0
14 BuLi -41 1 18 0
15 PhLi -4 1 75 42

¢ All reaction were performed with 1.2 equiv. of the correspondent
organometallic reagent. * Obtained by HPLC using a Phenomenex Lux
5 um cellulose-2 column. ¢ Not determined.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Scheme 3 Proposed pathways for iminium-induced racemization.

dependent. These findings lead us to exclude the possibility
of a mechanism similar to the one proposed by Baumman
(isocyanate exclusion).*? If racemization were to occur during
the Curtius rearrangement, all substrates would yield racemic
mixtures regardless of the subsequent Grignard reagent used.

Therefore, two pathways for aminal racemization can be
proposed based on an iminium-induced ring opening mecha-
nism (Scheme 3). We can either postulate that iminium for-
mation occurs via the amide or the pyrrolidine nitrogen. The
former would lead to a zwitterionic species that reacts intra-
molecularly to reforge the aminal core (pathway A), while in the
latter (pathway B) the aminal would be formed by an inter-
molecular reaction between an intimate ion pair. If pathway B
were to happen, a contrary trend as the one observed for
substrates (10a-d) would have been observed, given that more
acidic amides would be more prone to elimination. Probably
indicating that the proposed pathway A is more likely to
happen.

We can now rationalize at which point of the reaction it
occurs: (i) during the reaction quenching by the proton source
or (ii) during the organometallic addition process (as shown in
Scheme 4a). The former hypothesis (Scheme 4a-i) assumes that
the ring opening is the rate-limiting step of the racemization
process, and that it occurs via an intramolecular hydrogen
atom migration during the reaction quenching. To test this
proposal, the reaction was carried out in an apolar solvent, such
as toluene (32% ee), where it was expected that the proton

a) Proposed pathways for racemization during Grignard addition
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Scheme 4 (a) Proposed mechanistic pathway for Grignard- or quenching-

induced racemization (b) ee changes across different aminal scaffolds.
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transfer required for ring opening would be hindered or even
suppressed when compared with THF.

Additionally, two experiments were conducted in an attempt
to observe a decrease in the reaction rate either through a
kinetic isotopic effect or by lowering the temperature. In the
first experiment the reaction was quenched with MeOD while
maintaining THF as the solvent (33% ee), while in the second
experiment the reaction was performed at —78 °C (Table 1,
entry 4). However, neither of these reactions showed significant
changes in the ee from the control reaction. For our second
hypothesis (Scheme 4a-ii) we proposed the intermediates (A and B)
after the Grignard addition to the isocyanate. We believed that
although the formation of A would be favored due the higher
oxygen electronegativity, intermediate B would promote the ring
opening reaction. We further explored other variables, such as the
metallic ion (Table 1, entry 15) and scaffold changes (Scheme 4b)
on the aminal racemization process. When performing the syn-
thesis of 10a with phenyl lithium the ee increased to 42% (30%
with PhMgBr), reflecting that the metallic ion of the organometallic
reagent has an influence on the reaction outcome.

To evaluate the influence of scaffold changes on aminal
racemization, analogues 12 and 13 were prepared (Scheme 4b).
Compound 12 derive from r-pipecolic carboxylic acid and
compound 13 from (S)-(—)-indoline-2-carboxylic acid. Both
were synthesized using the same conditions applied for the
synthesis of 10a-d and through the Curtius rearrangement of
the respective acyl azide derivatives followed by trapping of the
isocyanates with PhMgBr. Regarding the ee changes, HPLC
data revealed that 13 completely preserved its stereochemistry
[2]&) —10 (c 0.40, MeOH), whereas 12 fully racemized.

Driven by these results, we sought to investigate computa-
tionally the mechanism responsible for the loss of chiral
integrity during the aminal synthesis.

Since experimentally the racemization seems to be induced
by the organometallic reagent, this was our premise for the DFT
calculations performed. The calculations focused on 3 aspects:
(i) finding the thermodynamically stable complex(es) that are
formed after Grignard addition, (ii) rationalize the reaction
mechanism of the full reactional process, (iii) explain the origin
of the chirality loss. We started by looking into the energies of
the intermediates A and B (Scheme 4a) proposed after the
addition of phenyl magnesium bromide to the isocyanate using
10a as a model case (Fig. 2). To our surprise, coordination with

c

dic for the addition of PhMgBr to isocyanate (3)

T
L

)

-
Y i
A B c D=IM1
AG=-2523 AG=-26.00 AG=-27.13 AG=-34.54

Fig. 2 Optimized intermediates formed from the addition of phenyl
magnesium bromide to isocyanate using PBE1PBE/6-311++G**//PBE1PBE/
6-31+G** level of theory in solvent THF. Energies relative to the common
reactants are indicated in kcal mol ™.
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the amide nitrogen results in a more stable intermediate (B)
compared to coordination with oxygen (A), and a third (C) and
forth intermediates (D = IM1) were found. Intermediate C is
formed when the MgBr species bonds with O1 (amide oxygen)
and coordinates with Boc oxygen (02), resulting in an 8-
membered intermediate. Like in B, that suggests that coordina-
tion with the amide nitrogen (N1) is preferred, D is formed by
the coordination between N1 (amide nitrogen) and O2 render-
ing the most stable intermediate. This outcome suggests the
thermodynamic preference for a more stable 6-membered
intermediate that can adopt a favorable boat conformation. It
is noteworthy that IM1 will always represent the most stable
intermediate found for every analyzed substrate. From IM1, the
reaction proceeds through TS1 (AG = —8.31 kcal mol %) to form
a tri-coordinating complex with magnesium bromide between
N1-N2-02, initiating the ring-opening process and identified
as the rate-limiting step of the reaction, with an energy barrier
of 26.23 kecal mol ™" (Fig. 3).

After the ring opening, the formation of an imine (C1-N1)
leads to the loss of the stereogenic center, and a di-coordinated
magnesium complex is formed by the loss of coordination with
N1 (IM2). From IM2, TSrot (AG = —15.27 kcal mol ™) is formed
and the rotation over C1-C2 occurs to form IM2’. Next, the
stereogenic center is reforged via TS2 through a 5-exo-trig
cyclization by the (re)-attack of N1 to the imine. Finally leading
to IM4, that after the reaction quenching afford the product
with the inverse (R) configuration.

From these computational results, it seems that coordina-
tion with Boc carbonyl is what drives the pyrrolidine ring
opening. Additionally, the low activation energy value asso-
ciated to the conversion IM2 — TSrot (AG* = —3.23 kcal mol ™)
indicates that rotation occurs easily once the endocyclic C-N
bond is cleaved. As stated earlier, the synthesis of 10a showed
an increase in the ee when PhLi was used (42% ee) compared to
PhMgBr (30% ee). To understand the impact of the metallic ion
on the racemization process, the energy profiles of the inter-
mediates resulting from the addition of PhLi to the isocyanate
were calculated. Similarly to the addition of magnesium bro-
mide, four intermediates were discovered (see ESI, T Section S5),
with the 6-membered complex of lithium (N1-Li-O2) (AG =
—42.75 keal mol™") rendering the most stable intermediate.
As the rate-limiting step (IM1 — TS1) has essentially the same
activation energy for both lithium and magnesium (see ESL¥
Section S5), the higher ee observed for the synthesis of 10a with
phenyl lithium might be associated with the highest stability of
IM1 (AG = —42.75 keal mol ) vs. (AG = —34.54 kcal mol ') and
the increase of almost 4-fold for the system rotation energy
(IM2 — TSrot). The same rationale used for substrate 10a was
applied for the calculations of compounds 12-13 (see ESL¥
Section S5) to address the scaffold influence in the observed ee
changes (Fig. 4).

Examining the reactional profile of indoline derivative (13),
it is evident that ring closure (IM2 — TS1 — AG* = 7.49 kcal mol %)
is significantly more favorable than the expected pathway leading
to the system rotation (IM2 — TSrot - AG* = 19.84 kcal mol ™).
This preference can be attributed to the greater rigidity of the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 4 Calculated energy profile for the reaction of isocyanate and phenyl
magnesium bromide for the synthesis of 10a, 12 and 13. Calculation
performed using PBE1PBE/6-311++G**//PBE1IPBE/6-31+G**level of the-
ory in solvent THF. For 10a, IM1 = D. For 12, IM1 = C.

aromatic system, which is reflected in the highest TSrot value (AG =
—5.37 keal mol ™). This high TSrot value, makes it the limiting step
for this substrate, and might help explain the observed retention
of stereochemistry. For the pipecolic derivative 12, the low energy

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

value for IM1(C) (AG = —40.52 kcal mol ') is quite striking and
contrary to the other derivatives is associated with the formation of
an 8-membered ring intermediate (see ESL1 Section S5). This value
leads to a K.q for IM1 that is 10° orders of magnitude higher than
the IM1(D) formation of 13 (AG = 34.93 kcal mol ). However, when
compared with 10a (IM1 — TS1 - AG* = 26.23 kcal mol™)
the lower rate limiting step energy for 12 (IM1 — TS1 - AG" =
18.33 keal mol ') is what might justify the complete racemization
observed for this derivative (Fig. 4). Based on the analysis of the
studied systems (12 and 13), it appears that the ability to form
stable complexes between the metallic species and the carbonyl
oxygens is the determining factor for monocyclic systems. However,
in the case of indoline, despite having a similar stable IM1(D)
system compared to the pyrrolidine derivative, other additional
factors may contribute to the absence of racemization. These
factors include the reverse reaction preference (IM2 — TS1) and
the high energy required for bond rotation. Regarding the analysis
of substituent effects on enantiomeric excess, an examination of
the energy profiles of derivatives 10a—c reveals a significant concern
regarding the stability of the final product. This issue becomes
particularly pertinent due to the lack of conclusive evidence in the
energy profiles of these derivatives to explain the complete race-
mization of aliphatic aminals during the Grignard addition step.
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groups lacking hydrogen bond acceptors.

In the context of the racemic synthesis of 10d (conducted via BuLi,
with the energy profile not calculated), it is deduced that aliphatic
aminals exhibit inherent instability, leading to the formation of
racemic adducts. This observation aligns with the observed trend
wherein more basic aminals tend to be less stable.”

Next, we sought to confirm experimentally our computa-
tional results and validate the influence of the Boc group on
the racemization process. We defined as a premise that the
formation of the intermediates depicted in Scheme 5 occurs
and that coordination with the Boc group is what leads to
racemization.

Therefore, we predicted three scenarios: (i) higher reaction
times would favor the formation of IM1 (six-membered inter-
mediate) and ultimately lead to a lower ee, (ii) ortho-directing
groups at the phenyl ring would further stabilize the inter-
mediates (IM1) and transition states increasing the degree of
racemization, (iii) N-protecting groups lacking hydrogen bond
acceptors would inhibit the formation of IM1, thus decreasing
or even preventing racemization entirely. To investigate the
influence of time in the reaction outcome, the reaction time for
the synthesis of 10a was increased (Table 1, entries 3, 5, 6 and
ESLt Section S2.14). As anticipated, the ee value decreased as the
reaction time increased to 2 hours (11% ee) and 3 hours (4% ee).
Afterwards, to evaluate the impact of ortho-coordinating groups on
the phenyl ring, isocyanate (3) was trapped by 2-methoxyphenyl-
magnesium bromide to yield 10e in 53% yield with 5% ee (see ESLt
Section S2.18). In our pursuit to synthesize the corresponding
isocyanates, we prepared several N-substituted-L-proline derivatives
(14a—) as outlined in Scheme 5b. Regrettably, all attempts to
rearrange the acyl azides to the desired isocyanates proved unsuc-
cessful. While the initial formation of the isocyanate was observed
(FTIR 2200 cm '), we suspected that subsequent exclusion of the
isocyanate had taken place. The resulting mixtures were intractable
and indicated a decomposition-like mechanism akin to the one
described by Baumann,*® where the released isocyanate led to
further decomposition of the intermediates. This phenomenon
could be attributed to the higher basicity and nucleophilicity of
the proline nitrogen in these substrates, which potentially dimin-
ished the stability of the aminal system during the rearrangement
process. Although our investigation did not allow for a direct
assessment of the influence of the Boc group, we were able to
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confirm two out of the three proposed scenarios. Based on
these findings, we can conclude that increased reaction time
and additional stabilization by o-directing groups promote the
formation of IM1, resulting in a higher loss of ee during the
Grignard addition. Furthermore, to assess the stability of
aminal under the basic conditions generated after Grignard
quenching, 10b (64% ee) was subjected to various conditions,
including exposure to (i) MgBr,, (ii) a MeOH solution, and
(iii) LiOH, all at room temperature. In all cases, there was
no evidence of racemization occurring during the quenching
process.

Following the envisioned approach, we then proceed with
synthesis of 15 via Heck reaction of 10b. We commenced
our studies by analyzing the optimal parameters for the Heck
reaction of the vinyl derivative (10b), using iodobenzene to
achieve 15a as a model substrate (Scheme 6a). Starting with
palladium acetate and PPh; in acetonitrile under reflux yielded
15a in 25% in an incomplete reaction. Increasing the pressure
within the system (sealed tube) increased the reaction yield to
50%, while also leading to the formation of the di-arylated
product (15b). Next, despite resulting in only a slight increase
in the reaction yield, changing the solvent to dioxane and
carrying out the reaction at 110 °C resulted in complete reac-
tion after 18 h (60% yield). Following the previous rationale,
performing the reaction in dioxane in a sealed tube afforded
15a in 84% yield after 5 h. Stablished the optimal protocol
for the Heck reaction, we analysed the scope of the reaction
(Scheme 6b). The use of 4-bromo aniline, 4-bromo catechol and
1-bromo-3,4,5-trimethoxybenzene as coupling partners resulted
only in unreacted starting material, probably due the coordi-
nating character of nitrogen and oxygen with palladium in this
type of reaction.*® Additionally, considering the enantiomeric
stability of the indoline derivative (13) during the Grignard
addition, the vinylic analogue (16) was prepared and subjected
to the Heck reaction. Unfortunately, despite observing the
formation of the desired product (17a) by NMR, the presence
of the di-arylated adduct (17b) rendered the separation of
both compounds 17a and 17b impracticable (Scheme 6c).
Compound 15e was obtained with an ee of 20% and the
mixture of both enantiomers were observed by X-ray analysis
(see ESI,T Section S6).

In a parallel assay, we successfully achieved an ee of 82% for
the cernumidine precursor 15. However, as the reaction was
conducted without a chiral auxiliary, any enhancement in ee
should be attributed to fluctuations in the enantiomeric excess
during the synthesis of the starting material (10b). Given that
most compounds presented a decrease in the ee comparatively
to (10b), we sought to investigate the stability of 10b under the
Heck conditions performed. For that, we started by analyzing
the aminal stability under the reactional conditions in the
absence of catalyst, in the presence of Pd(0) and Pd(u) species,
and other metals (Table 2). The Heck reaction conditions at Rt,
did not affect the ee (Table 2, entry 1). Although complete
racemization of the aminal occurs at 110 °C (Table 2, entry 2),
palladium displayed a protective-like effect that reduced the
loss of chirality (Table 2, entries 3 and 4).
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Scheme 6 (a) Synthesis of compounds 15a—b through Heck reaction of
10b and iodobenzene. (b) Reaction scope of the Heck reaction of
substrate 10b. (c) Heck reaction of derivative 16 with iodobenzene.

Similar observations were made with other metal complexes,
such as Cu(OAc), and ZnCl,, under the same reaction condi-
tions (Table 2, entries 5 and 6). Given the observed reduction in
ee in the Heck coupling reaction, upcoming studies will focus
on understanding the substrate’s influence and identifying the
optimal conditions. This investigation will encompass factors
such as the catalyst, ligand, solvent, and temperature with the
aim of minimizing the observed racemization.

Continuing with the designed approach, we then proceed
with the removal of the Boc protecting group using standard
Brgnsted acid conditions (see ESI,t Section S1.8 and Table S3).
In light of the high instability of N-free aminals (observed
during the isocyanate (3) hydrolysis) and the fact that aminals

Table 2 Effect of different metal-catalysts on the enantio-stability of 10b

o o
(o~ s (O
Boc Boc

64% ee final ee
Entry Catalyst Solvent, T (°C) Time (h) ee (%)
1 Pd(OAc),, PPh; Dioxane, Rt 4 64
2 No catalyst Dioxane, 110 4 0
3 Pd(OAc), Dioxane, 110 4 44
4 Pd(OAc),, PPh, Dioxane, 110 4 44
5 Cu(OAc), Dioxane, 110 4 43
6 ZnCl, Dioxane, 110 4 42
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are typically found within cyclic systems, we were interested in
investigating whether the unprotected endocyclic nitrogen
would yield a stable N,N-aminal. When compound 10a was
subjected to TFA or HCI at different reaction conditions, we
were able to verify the presence of desired product (18a) as its
HCI or TFA salts in mixtures with benzamide as major the
product (Scheme 7a).

Recently, alternative milder Boc removal methods compati-
ble with acid labile groups have been reported. Among them,
the use of Lewis acids®*° has gained significant attention.
Additionally, metal free methodologies have also been reported,
such as the use of catalytic iodide,*® silica gel,*' and oxalyl
chloride** as a milder acidic approach. Alternatively, although
requiring high temperatures and longer reaction times, when
compared with the aforementioned methodologies, Ewing*® and
Guillaumet™ also reported the use of inorganic bases. From the
myriad of possibilities available, we decided to evaluate the
efficiency of Lewis acids in the synthesis of 18b. Starting with
iodine®® gave only unreacted starting material, while FeCl;,*
TMSOTS,* and Sn(OTf)*® yielded benzamide. Regarding aminals,
Ideguchi et al.*® reported the use of AlMe; to selectively remove
the Boc group, while maintaining the aminal core integrity in the
total synthesis of neoxaline.

When applying these conditions, the use of AlMe; allowed
us the synthesis of 18b with a considerable reduction of
benzamide formation (Scheme 7a). It is worth noting that
during the monitoring of this reaction by TLC, no formation
of benzamide was observed. We believe that the degradation
into benzamide might occur during the work-up process, which
involves quenching with a solution of sodium potassium tar-
trate (Rochelle Salt), followed by multiple sequential extractions
with DCM to isolate the product from the aqueous phase. It is
at this stage that the formation of benzamide becomes evident
through TLC analysis. This led us to believe that contrary to the
results observed under Brgnsted acid conditions the use of
AlMe; rendered a stable aminal. In fact, when analyzing the
stability of 18b in polar a solvent (e.g. MeOD) complete decom-
position into benzamide and 1-pyrroline*” was observed after
4 h (see ESI,t Section $2.27). These results not only confirmed

a) Boc removal under Bronsted and Lewis acid conditions

O3
HHPth

H,N” “Ph

Bronsted,

HX
(18a) X=Cl, CF3CO0

o
3 LS
Q\n)&\m\ N h o

(10a) AlMey

(18b)
AI\M93 confirmed structure
(proposed structure)

b) Boc removal of 13 with AIMe; and X-ray structure of the 19
(19)

Scheme 7 (a) Reactional conditions for the Boc removal of 10a and
proposed structure of 18a and 18b. (b) X-ray structure of 19.
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\
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the aminal instability under acidic conditions, as also showed a
clear difference in the stability between the ammonium salt
(18a) and the free base (18b). The stability of 18b was initially
thought to be related to the existence of a N-coordinating
complex with AlMe; (Scheme 7a). However, a complex-free
structure was fully supported, for both pyrrolidine and indoline
derivatives, by ICP-OES (inductively coupled plasma optical
emission spectrometry - see ESI,¥ Section S4) and the X-ray
structure (Scheme 7b) of the indoline derivative (19) (see ESL T
Section S6).

Interestingly, in natural products containing aminals,
N-unprotected aminals are only observed when the respective
nitrogen electron pair can be delocalized and when the unpro-
tected nitrogen is contained within a cyclic core. This high-
lights the importance of the cyclic structure and adjacent
conjugated systems in determining the stability of aminals
and explain the divergent stability between compound 18a-b
and 4 (attempted during the isocyanate hydrolysis).

Finally, to complete the synthesis of cernumidine (1) and
analogues, different guanylating reagents (GR) and conditions
were screened for the installation of the guanidine funtionality
in 18a and 18b (Scheme 8a and see ESIL, T Section S1.9, Table
S4). Initial attempts to use cyanamide (GR1) for the synthesis of
the guanidine moiety (in MeCN/H,0), proved unsuccessful due

a) il g for of 18 and 18a

o
o [e]

S o K o (<

O‘N Phoor o ® N Ph Guanylating N H
N W X u2 H Reagents (GR) 2\
RN NHR

(18a)
X= Cl or CF;3CO0

(18b) R=H or Boc

HN—=N HNZGSNH Ech)\NHBoc
©cH
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b) il 1 r ions of ds 18 and 19
o o o o
= OO O 04
N N N H NN NN
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NN N N
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Scheme 8
reactions.

(a) Guanylation reaction of 18a—b. (b) Scope of the guanilation
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to the low electrophilicity of GR1 and the thermal instability
of 18a, rendering only unreacted starting material (Rt) and
benzamide (50 °C). To address any potential instability issue of
18a in water, organic solvents able to afford homogeneous
reactions were screened (MeCN, DMA, MeOH and DMF), resulting
only in unreacted starting material. To overcome the low basicity
of GR1, which was initially expected to deprotonate 18a, inorganic
and organic bases (NaHCOj;, DABCO, DIPEA) were evaluated at
room temperature. As expected, the low reactivity of cyanamide
and instability of 18a under basic conditions resulted in only
benzamide. As the conditions used were limited by stability
constraints, a more reactive guanylating reagent was tested,
N,N'-bis(tert-butoxycarbonyl)-1H-pyrazole-1-carboxamidine (GR3),
but only decomposition of 18a into benzamide was observed
using. Considering 18a as an unsuitable substrate for the installa-
tion of the guanidine moiety, unprotected substrate 18b was
evaluated. While no reaction occurred in the presence of cyana-
mide (GR1) at room temperature the desired guanylated product
was obtained using pyrazole-1-carboxamidine reagents (GR2 and
GR3). A direct correlation with the GR reactivity was observed,
consistent with results reported by Matsueda,*® where GR3 (57%)
was more reactive than GR2 (46%) due to the electron with-
drawing effect by the carbamate group. Although the optimal
conditions were achieved using GR3, GR2 was selected as the
guanylating reagent to avoid further deprotection steps. Provided
the optimal conditions, a set of N-Boc protected derivatives
(10a, 10d, 15 and 15a-g) was subjected to Boc removal conditions,
followed by the guanylation reaction with GR2, in a one-pot
manner, to synthesize cernumidine (1) and its derivatives
(Schemes 8b, 20a, 20c, 20f, 20j-0). To attain cernumidine a
sample of 15 with 82% ee was used for the Boc deprotection
followed by the guanylation reaction. The final compound cernu-
midine was obtained with a slight decrease on the ee (70%),
[o] +12.4 (c 0.35, MeOH).

To the other guanylated compounds synthesized the same
HPLC method was unsuccessful in achieving any enantiomeric
separation, making it impractical to draw any conclusions
regarding ee changes during the Boc removal and guanylation
steps. It is plausible to assume that the final ee will decrease
relative to the N-Boc precursors. Additionally, when considering
steric or electronic effects that could explain the achieved yields,
no clear trend can be observed. This has led to the conclusion that
the stability of the unprotect aminal likely controls the reaction
yield and the ee.

Knowing that N-Boc derivatives (15) could maintain their
chiral integrity after months in solution (MeOH), we decided to
investigate the stability of cernumidine. Contrary to the analo-
gous N-Boc derivatives, cernumidine (1) completely racemized
after one week in MeOH (see ESILi Section S2.1). Probably
explaining the racemic entity found by X-ray when cernumidine
was first isolated in 2011."

Aware of the instability of pyrrolidine-based aminals, we
decided to explore the enhanced stability provided by the indo-
line scaffold (13). Despite providing the N-deprotected adduct
(19) in excellent yield, all our attempts to install the guanidine
moiety resulted either in decomposition or unreacted starting

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nj05406c

Open Access Article. Published on 26 February 2024. Downloaded on 1/23/2026 8:35:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

NJC

2z

TNFa relative expression (2°24Ct)

t=0 ctrl 1 10b 10a 10d 15 20a 20j 20c 20k 20l 20m 20n 200

Compound

o
-
sl

NF-kB relative intensity

*

o
-
L

T=0 ctrl 20j 20k

Compound

20n 200

Fig. 5 Anti-infammatory activity of compounds in THP1 cells. (a) Tumor
necrosis factor alpha (TNFa) mRNA relative expression. (b) Nuclear factor
kappa B (NF-xB) protein relative expression.

material and 21 was not identified (Scheme 8b). In the absence
of base all the GR tested failed to give the desired guanylated
product (21). Similarly, the use of DIPEA did not change the
reaction outcome. As in the N-functionalization of indoles, we
used NaH to achieve the deprotonation of indoline which
resulted in the formation of indole and benzamide as decom-
position products (see ESLt Section S1.9 and Table S5).
Although the guanylation of indoline was anticipated to pose
challenges, this outcome has prompted us to question how the
aminal core of our substrates affects their nucleophilicity
compared to the initial acid analogues. Therefore, we decided
to use the N-Boc protection reaction as a model reaction to
evaluate the nucleophilicity of 19 compared to (S)-(—)-indoline-
2-carboxylic acid. The latter reacts with Boc,O in the presence
of TEA to afford the N-protected product in 96% yield after
6 h.* In contrast, when subjected to the same reaction
conditions, 19 exhibited a conversion of 14% after 24 hours,
which increased to 30% after 5 days of reaction.

These experimental results were supported by computa-
tional calculations (see ESI,t Section S5 and Fig. S5). L-Proline
and (S)-(—)-indoline-2-carboxylic acid were found to be more
nucleophilic, with a LUMO-HOMO gap value of 0.12 and
0.19 eV less, respectively, compared to their aminal analogues
(18b and 19). These findings help to support that associated/
adding to the instability of this core, aminals are less nucleo-
philic than their amino acid precursors.
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Biological activity

Aware of the biological activity of cernumidine, we sought to
evaluate the anti-inflammatory potential of cernumidine (1)
and its guanylated analogues (20a, 20c and 20j-0), as well as the
N-Boc precursors (10a, 10b, 10d and 15), as shown in Fig. 5.

Compounds containing a guanidine group generally exhib-
ited higher anti-inflammatory activity compared to their N-Boc
precursors. However, this increased activity was not observed
for nitro-substituted arenes (20l and 20m) and the mono-aryl
cinnamic derivative (20c) when tested. Interestingly, the
presence of a fluor substituent at the para position (20n) had
a favorable impact on the anti-inflammatory activity. In terms
of the effect of the guanidine group, Cernumidine (1) showed
higher activity than its N-Boc precursor (15), indicating
the importance of this functionality. As it was impractical to
ascertain the enantiomeric excess, we cannot exclude the
possibility that the observed activity results may stem from
scalemic mixtures.

Experimental

For experimental part see please ESL¥

Conclusions

Given the ever growing pursue by the pharmaceutical industry
of new lead compounds, the preliminary results showcased
here should be a valuable tool in the discovery of novel anti-
inflammatory alternatives based on the (2-aminopyrrolidin-1-
yl)carboxamidine alkaloidal core. Moreover, from a fundamen-
tal standpoint, the findings presented in this study highlight
that while the enantioselective synthesis of cernumidine (1) can
be accomplished, the instability of the aminal-guanidine core
imposes limitations. This instability requires careful considera-
tion of experimental conditions and appropriate storage con-
ditions. Nevertheless, it may be feasible for other substrates
with a (2-aminopyrrolidin-1-yl)carboxamidine alkaloidal core.
This work is significant as it has the potential to pave the way
for further studies into the mechanisms that dictate the equili-
brium between the opening and closing equilibrium of hybrid
aminal-imine compounds.
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