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Abstract

2-Hydroxy-5-alkylhexahydro-4H-oxireno[2,3-e]isoindole-4,6(5H)-diones were synthesized, and their C-2 selective ring-
opening products were obtained through nucleophilic additions such as with MeOH. The methoxydiols obtained from the
ring-opening reactions were converted to corresponding acetate derivatives. The structures of the methoxydiacetates were
determined by 'H and '*C NMR and X-ray analyses. Furthermore, theoretical computations were carried out to explain the
regioselectivity in the ring-opening reaction of epoxy alcohols. The theoretical calculations showed that the ring-opening
reaction of epoxy alcohols proceeds in a thermodynamically controlled manner and regioselectivity occurs depending on

the stability of the intermediate.
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Introduction

Norcantharimides, known as isoindole derivatives, are
important in terms of several biological activities (Galvis
et al. 2013; Lamie et al. 2015). They have been reported to
be inhibitors of serine/threonine protein phosphates 1 and
2A (PP1 and PP2A) (Galvis et al. 2013; Hill et al. 2007a, b;
Robertson et al. 2011). Isoindole dione derivatives have been
the focus of attention as members of an important class of
organic compounds with medicinal and biological activities
(Scheme 1).
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The isoindole skeleton structure consists of a fused five-
membered imide and a six-membered ring. Therefore, deri-
vatization may be performed by transformations of both
rings to synthesize derivatives of isoindoles. Thus, different
functional groups may be included in the nitrogen atom of
the imide or the cyclohexane ring.

In a study conducted in 2011 by Tan et al., a new method
was developed to incorporate various functional groups into
the cyclohexane ring (Tan et al. 2011). These transforma-
tions were achieved by two main reactions. The first one
was peroxygenation via singlet oxygen and the other one
was derivatization of the double bond via addition reac-
tions. For example, isoindoles containing cyclohexene
rings were transformed into new derivatives using singlet
oxygen and then bromination (Tan et al. 2020), hydroxyla-
tion (Tan et al. 2014), and epoxidation reactions (Tan et al.
2014). In addition, the ring-opening reaction of the epoxy
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Scheme 1 Molecular structures of some isoindole-1,3-dione deriva-
tives

alcohol derivatives of isoindoles converted them to various
isoindole-1,3-dione derivatives using strong or moderate
nucleophiles such as Br~, Cl~, and N3~ (Scheme 2). Follow-
ing similar procedures, the C-2 regioselective ring-opening
reaction of 2,3-epoxy alcohols with nucleophiles was carried
out and the mechanism for the formation of the C-2 regi-
oselective product was supported by theoretical calculations
(Giindogdu et al. 2022).

In the present study, the effects of the structure of the
nucleophile and reaction conditions on regioselectivity in
the reaction mechanism were investigated using a different
approach.

Experimental
General

Column chromatography: Silica gel 60 (70-230 mesh) and
analytical thin layer chromatography (TLC): Silica gel 60
F254. All of the reagents used in the experiments are com-
mercially available unless otherwise specified, and all sol-
vents were distilled before use. NMR data were recorded on

7 (C-2 type)

6a R = Me, 6b R = Et

Varian 400 and Bruker 400 spectrometers. 'H and '*C NMR
spectra were recorded in CDCI, referenced according to the
signals of deuterated solvents. Elemental analysis was per-
formed on a Leco CHNS-932 instrument. Melting point was
measured with a Gallenkamp melting point device. X-ray:
Rigaku R-AXIS RAPID IP diffractometer. HR-MS: electron
spray technique (M*/M"~) from the soln. in MeOH (Waters
LCT Premier TM XE UPLC/MS TOF (Manchester, UK)).

(55)-5-hydroxy-2-alkyl-3a,4,5,7a-tetrahy-
dro-1H-isoindole-1,3(2H)-dione (11)

Allyl alcohols 11 were synthesized as described in the lit-
erature (Tan et al. 2011, 2014, 2016; Giindogdu et al. 2022).

General procedure for epoxy alcohols 6

To a solution of allyl alcohol 11 (1.0 g, 5.12 mmol) in
CH,Cl, (25 mL) was added 77-79% m-CPBA (1.49 g,
6.66 mmol) at O °C. The reaction was allowed to slowly
warm to room temperature for 6 h with stirring. After this
period, the reaction mixture was evaporated under reduced
pressure. The resulting residue was purified by column chro-
matography with EtOAc—petroleum ether (40:60), providing
6 (Glindogdu et al. 2022).

General procedure for ring opening of epoxy alco-
hols 6

Allyl epoxide derivatives 6a—b (1 mmol) were dissolved in
MeOH (5 mL). After the addition of three drops of conc.
H,SO, (98%), the reaction mixture was magnetically stirred
at room temperature overnight. The reaction mixture was
removed under reduced pressure and proceeded to the next
step without purification. The crude product was dissolved
in Ac,0 (5 mL) and pyridine (2 mmol) was added. Then,
the reaction mixture was magnetically stirred at room tem-
perature for 18 h. The Ac,0O was removed under reduced
pressure. The crude product was purified by column chro-
matography from EtOAc/petroleum ether to give diacetate
derivatives 14a-b.

8 (C-2 type)

Scheme 2 The ring-opening reaction of epoxy alcohol 6 with C1~, Br~, and N3~
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(4R,5R,65)-rel-5-methoxy-2-methyl-1,3-dioxooc-
tahydro-1H-isoindole-4,6-diyl diacetate (14a):

QAC o)

MeO

N—CHs

AcO"
O

Compound 14a was obtained as a white solid crystal in 82%
yield (mp: 134—135 °C). "H NMR (400 MHz, CDCl;) § 5.42
[quasi t, J=4.8 Hz, 1H (H-C5)], 4.96 [ddd, J=7.3, 5.3,
2.1 Hz, 1H (H-C7)], 3.47 [dd, J=4.8, 2.1 Hz, 1H (H-C6)],
3.39 (s, 3H, OCH,;), 3.18-3.11 (m, 1H, H-C9), 3.08-3.02 (m,
1H, H-C4), 2.98 (s, 3H, N-CH,), 2.29-2.19 (m, 1H, H-C8),
2.13-2.05 (m, 1H, H-C8), 2.13 (s, 3H, COCH,), 2.03 (s, 3H,
COCH;). 1*C NMR (100 MHz, CDCl5) & 178.20 (CO-NR),
175.34 (CO-NR), 169.55 (O-C=0), 169.53 (O-C=0),
78.92 (CH-OCHy,), 69.82 (CH-0), 68.56 (CH-0), 58.33
(O-CH,;), 41.59 (CH-C=0), 35.72 (CH-C=0), 25.01
(N-CH,), 23.73 (CH,), 20.98 (COCH,), 20.95 (COCHj;).
HRMS: (ESI), m/z: [M+H]* Calcd. for C,,H,(NO,+H"
314.1240; Found, 314.1199.

(4R,5R,65)-rel-2-ethyl-5-methoxy-1,3-dioxooctahy-
dro-1H-isoindole-4,6-diyl diacetate (14b):

QAC 0
MeO -
N_CH20H3

AcO"

Compound 14b was obtained as a yellow liquid in 80%
yield. "H NMR (400 MHz, CDCl,) § 5.24 [t, J=4.6 Hz,
1H (H-C5)], 4.77 [ddd, J=7.3, 5.3, 2.1 Hz, 1H (H-C7)],
3.38 (dd, J=7.2 Hz, 2H, N-CH,), 3.31 [dd, J=4.5, 2.2 Hz,
1H (H-C6)], 3.23 (s, 3H, OCHy;), 3.04-2.89 (m, 2H, H-C9
and H-C4), 2.19-2.11 (m, 1H, H-C8), 2.05-1.95 (m, 1H,
H-C8), 1.98 (s, 3H, COCH,), 1.93 (s, 3H, COCH,), 0.99 (t,
J=7.2 Hz, 3H, -CH,CH;). *C NMR (100 MHz, CDCl,)
0 177.86 (CO-NR), 174.98 (CO-NR), 169.42 (O-C=0),
169.40 (O-C=0), 79.10 (CH-OCH;), 69.81 (CH-0O),
68.60 (CH-0), 57.99 (O—CH,;), 41.45 (CH-C=0), 35.66
(CH-C=0), 33.74 (N-CH,), 23.62 (CH,), 20.86 (COCHy,),
20.79 (COCH,), 12.37 (N-CH;). HRMS: (ESI), m/z:
[M +HJ* Calcd. for C,sH,,NO,+H" 328.1396; Found,
328.1368.

X-ray crystallography

For the crystal structure determination, a single crys-
tal of the molecule methoxydiacetate 14a was used for
data collection on a four-circle Rigaku R-AXIS RAPID-
S diffractometer (equipped with a two-dimensional area
IP detector). Graphite-monochromated Mo-K, radiation
(1=0.71073 10\) and oscillation scans with Aw =5° for one
image were used for data collection. The lattice param-
eters were determined by the least-squares methods on
the basis of all reflections with F?> 2¢(F?). Integration
of the intensities, correction for Lorentz and polarization
effects, and cell refinement were performed using Crystal-
Clear (Rigaku/MSC Inc., 2005) software. The structures
were solved by direct methods using SHELXS-97, which
allowed for the location of most of the heaviest atoms,
with the remaining non-hydrogen atoms being located
from different Fourier maps calculated from successive
full-matrix least-squares refinement cycles on F2 using
SHELXL-97 (Sheldrick 1997). All non-hydrogen atoms
were refined using anisotropic displacement parameters.
Hydrogens attached to carbons were located at their geo-
metric positions using appropriate HFIX instructions
in SHELXL. The final difference Fourier maps showed
no peaks of chemical significance. Crystal data for
14a: C,H,(NO,, crystal system, space group: mono-
clinic, Cc; (no:9); unit cell dimensions: a =12.9529(8),
b=14.9548(9), c=7.7563(5) A, a=90, =94.540(4),
y=90° volume; 1497.7(3) A3, Z=4; calculated density:
1.390 g/cm3; absorption coefficient: 0.112 mm™"; F(000):
664; 6-range for data collection 2.0°-28.8°; refinement
method: full-matrix least-square on F?; data/parameters:
3536/204; goodness-of-fit on F?: 1.123; final R-indices
[I>20()]: R,=0.034, wR, =0.102; largest diff. peak and
hole: 0.307 and —0.347 e A~

CCDC-2177439 contains the supplementary crystallo-
graphic data for this structure (3). These data are provided
free of charge via the joint CCDC/FIZ Karlsruhe deposi-
tion service www.ccdc.cam.ac.uk/structures.

Results and discussion

The starting material, 2-alkyl-3a,4,7,7a-tetrahydro-
1H-isoindole-1,3(2H)-dione (9), was prepared by
Diels—Alder reaction of 3-sulfolene and maleic anhydride
followed by the reaction of condensation with a primary
amine (MeNH,, EtNH,) (Tan et al. 2011, 2014, 2016;
Giindogdu et al. 2022). In the next step, the cyclohex-
ene moiety of compound 9 was converted to the corre-
sponding hydroperoxide. For this purpose, compound 9
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Scheme 3 Synthesis of epoxy alcohols

0, O
g MeO

_—

HO™ MeOH

6a R = Me, 6b R = Et

HO™"

1Ma R =Me, 1Mb R=Et

6aR =Me, 6bR =Et

Scheme 4 The ring-opening reaction of epoxy alcohols 6a—b and the structure of C-2 and C-3 type isomers

was subjected to an ene reaction of singlet oxygen to give
the corresponding hydroperoxides (10a-b). The hydrop-
eroxide groups of compounds 10a-b were then reduced

H
? 0 CHs 5
- HO,,,
NR + NR
HO""
0] @]
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C-2 type C-3 type
?Ac 0
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to corresponding allyl alcohol compounds 11a-b using
Me,S. Subsequently, compounds 11a-b were oxidized
with m-chloroperbenzoic acid (m-CPBA) to give syn-
epoxy alcohols 6a—b (Scheme 3). The '"H NMR spectrum
of the crude product indicated that the epoxides 6a—b were
obtained as the sole products (Scheme 3) (Giindogdu et al.
2022). It is known that as a result of the treatment of cyclic
allylic alcohols with m-CPBA, the formation of epoxides
occurs on the same side as the hydroxyl group (Hoveyda
et al. 1993; Bach et al. 1998; Itoh et al. 1979).

Epoxy alcohols may give interesting ring-opening
products with different structures in the form of isomers
because they contain three different reactive sites. There-
fore, the formation of regio- or stereoselective products
in the opening reactions is considered a useful tool for
synthesis. Very recently, a C-2 regioselective ring-opening
reaction of 2,3-epoxy alcohol 6a with HX was performed
(Giindogdu et al. 2022). The ring-opening reactions pro-
ceed through an Sy2-like mechanism. In addition, the regi-
oselectivity observed during the product formation was
realized according to the transition state. In this context,
in order to examine the effect of nucleophiles and reaction
conditions on regioselectivity, it was decided to investigate
the ring-opening reactions of epoxy alcohols under dif-
ferent conditions. For this purpose, first the ring-opening
reaction of the epoxy alcohol derivative 6 was studied by
reacting MeOH in the presence of H,SO,. Since the struc-
tures of the 2,3-epoxy alcohols 6a-b are asymmetrical, we
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Scheme 5 The acetylation reaction of methoxydiol 12a-b with Ac,0

supposed that C-2 and C-3 type isomers could be formed
in the ring-opening reaction (Scheme 4).

For easily dissolution of crude product(s) and determine
the structure of the formed product(s), 12a-b were subjected
to acetylation to yield 14a-b (Scheme 5). Analysis of the
reaction mixture showed the isomers 14a and 14b as sole
products in the methanolysis of 6a and 6b. The reaction mix-
ture was purified by column chromatography to give 14a-b
in 82% and 80% yields, respectively.

The structure of the methoxydiacetate 14a was assigned
by 'H NMR spectroscopy. Proton—proton coupling and pro-
ton—carbon correlations were determined using the COSY
and HMQC spectra of methoxydiacetate 14a (Scheme 6).

In the '"H NMR spectrum of compound 14a, the most
conspicuous feature is the doublet of doublets of doublets
arising from the -CHOACc proton resonance at 4.96 ppm.
In this case, the CHOAc proton at C-7 is adjacent to three
chemically non-equivalent protons. Therefore, the CHOAc
proton H-C (7) is coupled with the H,-C (8) protons and H-C
(6) and it is split into a doublet of doublets of doublets. The
measured coupling constants J=7.3, 5.3, and 2.1 Hz clearly
supported these results. Furthermore, the triplet at 5.96 ppm
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Scheme 6 a COSY NMR spectrum of 14a and b HMQC NMR spectrum of 14a
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belongs to the H-C (5) proton. This proton is adjacent to
two other protons, and the coupling constants of these two
protons are very close to each other (/=4.8 Hz). The relative
positions of the CH-OMe (H-C (6)) and CH-OAc (H-C (5))
protons in the cyclohexane ring were determined by double
resonance experiments. Those experiments clearly indicated
that the carbon atom-bearing methoxy group (-CH-OMe)
was located between the carbon atom-bearing acetoxy
groups (SI, Scheme 3).

These results show that the methoxy group is regioselec-
tivity bonded to the C-2 carbon and the C-2 type product 14a
is formed. After determining the positions of the acetoxy
and methoxy groups, studies were carried out to determine
the configurations of these groups. According to the struc-
ture of the epoxy alcohol, the configuration of the acetoxy
and methoxy groups in the product can be easily predicted,
because products with trans-stereochemistry are formed in
the ring-opening reaction of epoxide. The methoxy group
attached to the C6 carbon is on the other side of the ring with
respect to the two acetate groups, and the methoxy group has
trans-stereochemistry with respect to the acetate groups. It
was planned to confirm the predicted configuration using the
coupling constants of H-C (5), H-C (6), and H-C (7) protons.
For this purpose, the coupling constants of each proton were
determined, in particular J values between the H-C (6) and
the H-C (5) and H-C (7) protons. The coupling constants
between these protons were Js ¢=4.8 Hz and J; ;=2.1 Hz.
Especially since J4 ; is smaller than expected and for trans-
stereochemistry, it was decided to perform X-ray analysis of
the molecule to determine the exact configuration. For this
purpose, the structure of isomer 14a was further confirmed
by single-crystal analysis (Fig. 1).

The exact conformation of 5-methoxy-2-methyl-1,3-di-
oxooctahydro-1H-isoindole-4,6-diyl diacetate (14a) was
confirmed by X-ray diffraction analysis (Fig. 1). Molecule
14a crystallizes in monoclinic space group Cc with four
molecules in the unit cell. The cyclohexane unit has a chair
conformation with the lowest energy and the C—C (cyclohex-
ane) bond lengths are in the range of 1.518(3)-1.543(3) A;
all have the single bond character. C2—02 and C3-0O1 bond
distances are 1.206(3) and 1.204(3) A, respectively. The
structure of racemic bicyclic 14a has five asymmetric carbon
atoms and the stereogenic centers are as follows: C4(R*),
C5(R*), CT(R*), C8(R*), and C9(S*). In the solid state, the
structure stabilized via moderate intermolecular C—HeeeO
hydrogen bonds [DeeeA =3.079(3)-3.215(3) 10\], which led
to each different enantiomer forming a polymeric structure.
In addition, vdW interactions contribute the formation of a
stable structure. The fact that almost every molecule contrib-
utes to the vdW interaction with hydrogen bonding ensures
that the molecules are tightly packed (Fig. 1).

After the structure of the C-2 type ring-opening prod-
uct 14a was confirmed, H,SO, catalyzed methanolysis was

@ Springer

also carried out in the epoxy alcohol 6b bearing —NEt. It
was determined from the recorded '"H NMR spectrum of
the crude product that a single isomer was formed in this
reaction. Comparison of the 'H and '>*C NMR data of —NEt
14b with the data of -NMe 14a showed good agreement,
confirming the C-2 type substitution product. Theoretical
calculations were carried out to explain the formation of
the single isomer in the epoxide ring-opening reaction. In
order to better understand the regioselectivity in the reaction
between protonated epoxy alcohol and MeOH, theoretical
computations were performed. For this purpose, the density
functional theory (DFT) and the B3LYP functional (Becke
1993; Lee et al. 1988; Vosko et al. 1980; Stephens et al.
1994) were used. In all the computations, Pople’s polarized
triple- split valence basis set augmented with diffuse func-
tions, 6-311++ G(d,p) (Hariharan and Pople 1973; McLean
and Chandler 1980; Krishnan et al. 1980), was used. Geom-
etry optimization and harmonic vibrational frequency com-
putations were conducted at the B3LYP/6-311G++ (d,p)
level. All minimum and transition state structures were
optimized in MeOH solvent employing the solvent model
density SMD solvation model (Marenich et al. 2009) at the
B3LYP/6-311G++ (d,p) level at 298 K and 1 atm. All the
computations were performed using the Gaussian 09 soft-
ware package (Frisch et al. 2013). For the transition state
(TS) between species A and B, the A/B notation is used in
this study.

As can be seen Scheme 7, two different possible reaction
pathways, a and b, can occur with the nucleophilic attack
of MeOH on the C-2 or C-3 carbon in the protonated epoxy
alcohol 6a. The reaction pathway including C-3 attack pro-
ceeds via the transition state 6a/16a’, while the other reac-
tion pathway, C-2 attack, carries on via the transition state
6a/15a’.

According to the computational results, the computed
reaction free energy and barrier for the reaction pathway
including C-2 attack are -8.6 and 11.2 kcal/mol, respec-
tively (Fig. 2). For the C-3 attack, the computed reaction
free energy and barrier are — 10.5 and 12.9 kcal/mol, respec-
tively (Fig. 2). Therefore, the C-2 pathway takes place with
a lower reaction barrier by relatively about 2 kcal/mol than
that of the C-3 pathway, indicating that the C-2 regioselec-
tivity in the reaction between protonated epoxy alcohol 6a
and MeOH is more favorable. The computational results are
in good agreement with the experimental results.

Conclusions

The synthesis and characterization of novel trisubstituted
analogs of isoindole-1,3-diones by ring-opening reac-
tion of epoxy alcohols are reported. In addition, H,SO,
catalysis and methanolysis of epoxy alcohols 6a—-b were



Chemical Papers (2023) 77:2679-2687

2685

Fig.1 (Up) X-ray structure

of molecule 14a. Thermal
ellipsoids are drawn at the

40% probability level. (Down)
Stacking motif with the unit cell
viewed down along the b-axis.
Dashed red and turquoise lines
indicate interactions less than
the sum of vdW radii and the
H-bonding contacts

performed with extremely high selectivity under mild
conditions to give trisubstituted isoindole-1,3-dione
derivatives. Moreover, the C-2 regioselective formation
of 12a was explained by theoretical calculations. The
results obtained from the ring-opening reactions in which
epoxy alcohols give MeOH show that the formation of the

products occurs according to the stability of the interme-
diate. The reagent and reaction conditions used in epoxy
alcohol ring-opening reactions are important for regiose-
lectivity. In particular, X-ray analysis of 14a showed that
each molecule in the crystal lattice contributed to the vdW
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Scheme 7 Reaction mecha-
nism for the opening of the
protonated epoxy alcohol with
MeOH

6a

Fig.2 Relative free energy pro-
file for the reaction mechanism
shown in Scheme 7 computed
at the B3LYP/6-311++ G(d,p)
level A

Relative free energy (kcal/mol)

\+
OCH
3 0

a

NCHs 16a’' (C-3 type)

15a' (C-2 type)

12.9
—
, 6a/l6a

S 112
II — |
S,/ 6a/l5a

interaction with hydrogen bonding, ensuring the molecules
were tightly packed.
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