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A straightforward one-pot method for the synthesis of unreported
pyrido-[2,1-alisoindolones in excellent yield is described. Two
novel isoindolones were synthesized and fully characterized. The
alkyl substituents on the pyridine play an important role in the
outcome of the reaction. The mechanism, investigated through
DFT calculations, features an unprecendented intramolecular
cyclization reaction involving a carboxylic acid activated by tosyl
chloride and an electron-poor pyridinic nitrogen. This protocol
completes the known strategies to obtain functionalized
isoindolones.

The isoindolone structure is an important structural motif
found in various natural products or compounds of pharma-
ceutical interest." In particular, derivatives of pyrido-[2,1-a]iso-
indolones are present in natural alkaloids such as (+)-nueva-
mine, or biologically-active compounds such as valmerin® or
urotesin-II receptor antagonists® (Fig. 1). When the isoindo-
lone structure is polyconjugated, interesting emissive pro-
perties are obtained, making such compounds promising
organic dyes for bioimaging applications.*> Such a case is
batracylin® which is an antitumor agent and also contains the
structural motif of various emissive materials due to its poly-
conjugated structure.’

Several methods for the synthesis of functionalized isoindo-
lones have been reported, but the yields are rather low to mod-
erate. For example, the typical reaction pathways for isoindo-
lone synthesis are based on Diels-Alder or anionic
cyclizations,®® intramolecular cyclization'® the Heck reac-
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tion,"" Mannich-type reaction,'” radical cyclization of enamine
or ynamide derivatives'®'* sulfa-Michael-triggered tandem
reaction'® or olefin methathesis."® Besides these inter-
molecular methods, two examples of intramolecular attack
from a pyridinic N atom towards either a biacetate,’” or an
aldehyde®'®?! have been reported. These are rare cases of
N-acyliminium ion formation from an electron-poor hetero-
cycle like pyridine,*” so any such observation is of major inter-
est from a synthetic point of view.

We are reporting here this type of intramolecular cyclization
in which the pyridinic nitrogen atom is performing a nucleo-
philic attack towards the tosylated carboxylic acid derivative,
followed by deprotonation of the annealed ring. The novelty of
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Fig. 1 Selected examples of bioactive molecules with an isoindolone
core.

Org. Biomol. Chem., 2021,19, 8025-8029 | 8025


www.rsc.li/obc
http://orcid.org/0000-0002-8550-4886
http://orcid.org/0000-0003-4937-0566
http://orcid.org/0000-0002-4763-2764
http://orcid.org/0000-0002-1168-0123
http://orcid.org/0000-0002-8387-5261
http://orcid.org/0000-0002-3538-3553
http://orcid.org/0000-0002-5430-8954
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ob01343b&domain=pdf&date_stamp=2021-09-24
https://doi.org/10.1039/d1ob01343b
https://pubs.rsc.org/en/journals/journal/OB
https://pubs.rsc.org/en/journals/journal/OB?issueid=OB019037

Published on 27 August 2021. Downloaded on 10/12/2021 2:28:42 PM.

Communication

our work lies in the participation of a carboxylic acid instead
of the aldehyde that Mamane and coworkers used in their
work.'® Moreover, the N-acylamonium intermediate does not
undergo rearrangement but it is stabilized by the deprotona-
tion of the carbon at the B position of the nitrogen atom.
Indeed, the typical conditions leading to anhydride formation
(TsCl in basic media) did not give the expected product (SA,
see Scheme 1), but a chiral isoindolone via an unprecedented
cyclization reaction. Two novel isoindolones were fully charac-
terized in solution and solid state and a mechanism based on
DFT calculations is proposed.

The brominated precursor 1 was obtained through a
reported procedure®® and subsequently underwent lithiation
and carboxylation with gaseous CO, to give the chiral pinene-
pyridine carboxylic acid 2 (Scheme 1). The formation of 2 was
confirmed in solution by NMR and HRMS and in the solid
state by single crystal X-ray diffraction (Fig. 2). Compound 2
crystallizes in the P2,2,2 (no. 18) space group with two mole-
cules in the asymmetric unit. The two molecules interact
through middle strength intermolecular H-bonding between
the N of the pyridine atom and the carboxylic acid group
(Fig. S17). Deprotonation and tosylation of 2, following a modi-
fied version of a reported procedure,® did not give the
expected anhydride. Instead, the orange compound 3 was iso-
lated in excellent yield.

The structure of 3 was confirmed by single crystal X-ray
diffraction as shown in Fig. 2. The compound crystallizes with
one molecule in the asymmetric unit in the P2,2,2; (no. 19)
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Scheme 1 Synthetic steps for obtaining 3.
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Fig. 2 Molecular structure of 2 (left) and 3 (right) determined by single-
crystal X-ray diffraction with ellipsoids at 30% probability with atom
numbering scheme. The H atoms were omitted for clarity.

space group. The bond lengths C8-C9, C10-C11 and C15-C16
are in the expected range for double bonds (1.340(5) 1.338(5)
and 1.331(5) A, respectively), whereas the bond length C9-C10
is between a single and a double bond (1.439(5) A). In com-
parison, the bond lengths C8-C9, C9-C10 and C10-C11 in
compound 2 are typical for aromatic, conjugated structures
(1.382(8), 1.391(8), 1.380(8) A, respectively), while the C15-C16
bond from the pinene unit is clearly a single bond, with a
length of 1.496(7) A. More precisely, for compound 3, the bond
orders for C8-C9 and C10-11 are indicative of a double bond
(1.7093 and 1.7716, respectively), whereas the bond C9-C10
indicates that this bond has more of a single bond character
(1.0913), suggesting decreased delocalization in the pyridine
ring of the precursor 2 (Fig. S2; details for bond order calcu-
lation are provided in the ESIf). Each molecule is interacting
with a neighbouring one through strong face-to-face n-n stack-
ing interactions between the phenyl and the lactam rings, with
centroid-centroid distances of 3.6 A (Fig. S31). The structure of
3 was further confirmed in the solid state through IR, where a
strong band at 1660 cm™" was observed, corresponding to the
C=0O0 stretch typical for an isoindolonic structure (Fig. S4t). In
solution, an interesting feature of the "H-NMR spectrum of 3
is the downfield shift of the vinyl proton H15 at 7.41 ppm, in
contrast to the doublet at 3.23 ppm observed for the protons
in P position to the pyridinic N-atom in the starting material 2
(Fig. S57). The formation of the isoindolone ring is also visible
on the UV-Vis and emission spectra. Whereas compound 2
does not absorb in the visible region nor have any visible emis-
sion, compound 3 shows a strong absorption band with a
maximum at 474 nm (Fig. S61). Moreover, when excited at this
wavelength, compound 3 emits in the visible region, with a
Adem = 588 nm (Fig. S77).

The same reaction conditions used to obtain 3 were applied
to the achiral, cyclohexyl-pyridine analogue 4, which was
obtained through a Suzuki coupling (Scheme 2), followed by
hydrolysis of the ethyl ester P4. This reaction gave the isoindo-
lone 5 in excellent yield. The pyrido-[2,1-alisoindolonic struc-
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Scheme 2 Synthesis of the achiral analogue 5.

ture of 5 was confirmed in solution by NMR, UV-Vis and emis-
sion spectroscopy, HRMS and by IR in solid state. As in the
case of compound 3, the 'H-NMR spectrum of 5 shows a
strong downfield shift for the proton in B-position with respect
to the N atom at 7.40 ppm, as well as shifts around 6-6.5 ppm
for the vinylic atoms from the former pyridine ring (Fig. S87).
The photophysical properties of 5 are similar to the ones of 3,
with a similar UV-Vis spectrum and a broad absorption band
with a maximum at A,ps = 472 nm (Fig. S91) and a maximum
of emission at Aepy, = 567 nm (Fig. S107). The IR spectrum of 5
is also very similar to the IR spectrum of 3, with a strong band
at 1681 cm™" (Fig. S4t), stemming from the C=O stretching
from the isoindolone moiety. The sterically less hindered, but
also more electron-deficient, ortho-methyl, dimethyl, and ethyl
derivatives 6, 7, 8 (Scheme 3) were also used as substrates. The
corresponding isoindolones 9, 10, and 11 could not be iso-
lated. As the substrates 6, 7, and 8 were not soluble in aceto-
nitrile, the reaction was done in acetone. NMR titration experi-

2 4 6 b 8
7 N 7 N
[¢] &) (0] (6}
N Z = N =N
SN s NS B s
3 5 9 10 1
stable stable not stable not stable not stable
isolated isolated not isolated not isolated  not isolated

Scheme 3 Substrates and products that have been investigated.
Reaction conditions: K,COs, TsCl in acetonitrile (for products in green),
or EtzN, TsCl in acetone-d6 (for products in red).
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ments showed signals corresponding to isoindolones (9-11,
Fig. S11-S16t). Moreover, ESI-MS spectra (Fig. S17 and S187)
of the reaction mixture showed molecular peaks of the isoin-
dolones. Thus, the scope of this reaction is limited to cyclic
substituent on the pyridinic moiety. Substrates with aliphatic
substituents like ethyl or methyl at the ortho position form the
isoindolone ring but the resulting products are unstable and
degrade before isolation. Moreover, in the original solvent
(acetonitrile), these substrates are not soluble and mass trans-
fer is most probably limiting the reaction.

In order to check the stability of 9 and to investigate a poss-
ible deprotonation of the ortho methyl unit, we performed a
previously reported reaction which also involves a nucleophilic
attack from a pyridinic nitrogen towards an aldehyde group.'®
Instead of starting from the carboxylic acid derivative of a
bipyridine, we have made a Suzuki cross-coupling of 2-formyl-
phenylboronic acid 12 and 2-bromo-6-methylpyridine 13 under
the reactions conditions described by Mamane and co-
workers.'® As shown in Scheme 4, the desired isoindolone 9
was not obtained. Instead of the triene 9, a stable diene 14 has
been easily isolated and purified by column chromatography.
We can conclude, that the reaction discussed in this paper is
significantly different compared with the one described by
Mamane and Igeta. Moreover, the oxidation of the pyridino
isoindolones with Ag,0** reported by Mamane and co-workers
leads to the formation of an ester moiety, indicating thus a
difference in oxidation states between our product and theirs.

Based on the experimental data, we propose the following
three-part mechanism: (A) the carboxylic acid is first activated
by TsCl; (B) the activated acid then undergoes intramolecular
cyclization through an N-nucleophilic attack; (C) the resulting
intermediate is deprotonated either by the resulting ~OTs

Br  Na,CO,
X Pd(PPhgy)4
+
BiOH) N Toluene/ =>p 0 2 N -
CHO EtOH/H,0 . -
3 14 9

|
12 1

34% not formed

Scheme 4 Synthesis of the methylated derivatives under Mamane and
Igeta’s reaction conditions.*®
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from (B) or HCO;™. To evaluate the plausibility of our proposed
mechanism, we performed density functional theory (DFT) cal-
culations (Fig. 3). Our computational studies indicated a sub-
stantially exergonic pathway. The intramolecular cyclization
step (TS1) is a facile step due to the leaving group ability of
~OTs, with an activation barrier of 7.3 kcal mol™". Following
cyclization, the deprotonation by HCO,™ (TS2b; overall AG* =
10.0 kcal mol™") proceeds with a more favorable activation
barrier compared to that by ~OTs (TS2a; AG* = 19.1 keal
mol ™). The release of H,CO; is mildly endergonic by our cal-
culations, although this process is expected to be entropically

View Article Online
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favorable. This can be explained by the breakage of a strong
hydrogen bond between the product and H,CO; (complex-2b),
which is enthalpically unfavorable. Overall, our calculations
indicate that an intramolecular cyclization followed by HCO;~
deprotonation leads to a free energy change of —34.9 kcal
mol ™, in line with our hypothesis. The energy of the expected
anhydride product was also calculated, and to our surprise,
the anhydride was very stable (AG = —47.4 kcal mol ™", relative
to the reactant). The anhydride was not detected in the reac-
tion mixture, thus its formation is presumed to be kinetically
unfavorable due to its bimolecular nature. Details of compu-

COOH A COOTs B c

SN tosylation N SN cyclization N 0 deprotonation . PON o
| P o _Y=hoosarots I A
2 3

AG (kcal/mol)
B3LYP-D3/6-31G(d), SMD(CH3;CN)

Reactant
0.0

Reactant
int-1a

complex-1

- - - Forming/Breaking Bond
----- Interaction

complex-2b Product

/N Qv? 0
| O
ur
~ complex-1 int:2 complex-2b Product
TsClI Activation &
| Conformational Change | Cyclization |fon Exchange| Deprotonation |

Fig. 3 Overview of the pinene-pyrido[2,1,alisoindolone 3 formation (top) and free energy profile (in kcal mol™) for the proposed mechanism calcu-
lated at the B3LYP-D3/6-31G(d), SMD(CH3CN) level of theory (bottom). All intermediate structures were obtained from IRC, with the exception of
int-1a and int-2 (conformational search, see ESI}). lon exchange pertains to the displacement of "OTs by HCO3™. Interatomic distances are marked

in Angstroms.
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tational methodologies used in this study are provided in the
ESLY

Conclusions

In conclusion, a new synthetic pathway for obtaining unsatu-
rated pyrido-[2,1-alisoindolones from electron-poor hetero-
cycles was developed. With our procedure, we successfully
synthetized chiral and achiral isoindolone derivatives annel-
lated to deprotonated pinene (3) and cyclohexyl (5) rings in
excellent yield. Through DFT calculations, the mechanism of
the reaction was elucidated.
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