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Synthesis and Physicochemical Characteristics
of 6,6-Difluorobicyclo[3.2.0]heptane Derivatives

Abstract

The gram-scale synthesis of 6,6-difluorobicyclo[3.2.0]heptane-derived building blocks (i.e., primary amine and carboxylic acid)
was performed via the deoxofluorination of the corresponding bicyclic keto ester with diethylaminosulfur trifluride (DAST).
Physicochemical properties of the compounds obtained (i.e., pK,) or their model benzamide / anilide derivatives (i.e., LogP)
were determined experimentally and compared to those of monocyclic and non-fluorinated bicyclic counterparts. It was found
that gem-difluorination expectedly decreased the pK, values by 0.3—-0.5 units, whereas the LogP values were decreased by
0.54-0.55 units. Meanwhile, the bicyclic system itself had a negligible impact on the compounds’ acidity and lipophilicity
compared to the monocyclic counterparts.

Keywords: fluorine; bicyclic compounds; acidity; lipophilicity; building blocks

b. /1. Mopo3'?, C. M. Tonosau'?, K. 1. MenbHukos?3, 1. C. Nlecuk?3, A. A. ®dinatos'?, O. O. lpuropeHko*?
I IHcmumym opaaHiyHoI Ximii HayioHanbHOI akademii HayK YKpaiHu,
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8ys. Bonooumupceka, 60, m. Kuis, 01033, YKpaiHa
CuHTe3 Ta di3nKOo-XiMiuHi XapaKTepucTMKM noxigHux 6,6-andnyopobiumkno[3.2.0Jrentany
AHoTauinA
3aicHeHo cMHTe3 byaiBenbHUX 610KiB Ha OCHOBI 6,6-andayopobiumkno[3.2.0]rentaHy (a came, NEPBUHHOIO aMiHy Ta Kap-
6OHOBOI KMCNOTK) Y TPAMOBMX KiNIbKOCTAX LUAAXOM LeOKCcobyopyBaHHA BigNOBiAHOrO KeToecTepy. EKCNepMmeHTaibHUM
LUNAXOM BU3HAYEeHO di3MKO-XiMiYHi BNACTUBOCTI OAepKaHMX CNONYK (30Kpema pK,) abo ix mogenbHux 6eH3amigHUX / aHinigHMX
noxiaHux (3okpema LogP), a pe3ynbraT 3icTaBNeHo 3 AaHUMK A1 MOHOLMKAIYHUX Ta HedyOpOoBaHMX BiLMKAIYHUX aHaNo-
ris. BuasneHo, wo eem-gndnyopysaHHA O4iKyBaHO 3MEHLLIMAO 3HavyeHHA pK, Ha 0.3—-0.5 oanHuLi, Toai AK 3HaveHHA LogP
3meHwunock Ha 0.54—0.55 oauHuui. BogHouac BiacHe BiuMKAiYHa cMCTeMa Mana He3HaYHUIA BMNAMB Ha KMCAOTHI BNacTu-
BOCTi Ta NiNO®INbHICTb CNOAYK, AKLLO NOPIBHIOBATU 3 MOHOLUMKAIYHUMKM aHANOraMu.
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B Introduction

Fluorinated derivatives of saturated rings have
attracted much attention recently, and several
drug molecules of this class have entered the mar-
ket over the last decade [1, 2]. On the other hand,
conformational restriction through the introduc-
tion of a bicyclic ring system is a well-recognized
design approach in medicinal chemistry, provid-
ing unique chemotypes with improved physico-
chemical and biological properties [3—5]. In this
view, building blocks derived from fluorinated sa-
turated bicyclic scaffolds can be considered ad-
vantageous to early drug discovery; however, only
limited examples thereof can be found in the lite-
rature to date (Figure 1) [6—8].

In this work, we propose a novel fluorinated
saturated bicyclic scaffold of potential interest to
the drug discovery — 6,6-difluorobicyclo[3.2.0]hep-
tane. We describe the synthesis of its functiona-
lized derivatives — building blocks 1 and 2, their
physicochemical characteristics in terms of acid-
base properties and lipophilicity, and comparison
with non-fluorinated and monocyclic counterparts.

B Results and discussion

Our synthesis of compounds 1 and 2 was very
straightforward and started from commercially

available keto ester 3 that could also be prepa-
red through [2+2] cycloaddition according the pro-
tocols [9] previously reported (Scheme 1). Deoxo-
fluorination of compound 3 proceeded smoothly
upon the action of DAST in refluxing CH,Cl, and
provided a target gem-difluorinated derivative 4
in the yield of 62%. A mild alkaline hydrolysis
of ester 4 gave diastereopure carboxylic acid 1
in the yield of 86%. Its further DPPA-mediated
Curtius reaction followed by the interception of
the intermediate isocyanate with {BuOH and N-Boc
deprotection gave amine 2 (59% yield, as hydro-
chloride).

Acid-base titrations of compounds 1 and 2xHCI,
as well as their non-fluorinated counterparts 5 and
6 were performed according to the protocol [10]
previously reported. The results are summarized
in Figure 2 along with the data for the corre-
sponding cyclohexane and cycloheptane deriva-
tives 7-10 [10]. It was found that the gem-difluo-
rination decreased acidity of the COOH and NH,*
functions by 0.3 and 0.5 pK, units, respectively.
Meanwhile, the impact of the bicyclic system on
the compounds’ acidity was negligible.

To evaluate the lipophilicity increment of the
title scaffold, model benzamide or anilide deriva-
tives were prepared from building blocks 1, 2xHCI,
5, and 6 using chloro-N,N,N',N'-tetramethylfor-
mamidinium hexafluorophosphate (TCFH) as an

G
F e UL,

Moroz et al.,
2023 (ref. 7)

Semeno et al.,
2020 (ref. 6)

H
it

F=7 =

F H

Bychek et al., this_wor k
2018 (ref. 8) 1, FG = COOH
2, FG = NH,

Figure 1. Selected examples of fluorinated fused bicyclic building blocks, including 6,6-difluorobicyclo[3.2.0]heptanes described

in this work (FG = NH, or COOH)

H H
: <0— DAST : m<o—
;Q Ny CHyCl, 40°C F/)i_: %
Oy 4 62 % F H 4
LiOH
[)
86 % | aq THF, rt
m _ 1.DPPA, EtsN H
: Cl fBUOH, 80 °C : OH
. NH4*
Fm 3 2. HCI F7E:E> \<o
F H 1,4-dioxane, rt F H

Scheme 1. The synthesis of building blocks 1 and 2xHCI
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Figure 2. The pK, values for compounds 1, 2xHCI, and 5-10

activator (Scheme 2). The LogP values were
determined using the shape-flask method [11].
The results are given in Figure 3 along with the
data previously reported for gem-difluorinated
cycloalkanes 15-18. It is apparent that gem-
difluorination of the bicyclo[3.2.0]heptane sys-
tem resulted in a decrease of the LogP values by
0.54—0.55 units, whereas the conformational re-
striction imposed by the bicyclic system did not
have a considerable effect (compare 13/17 and
14/18 pairs). This is contrary to the previous re-
sults on the disubstituted bicyclic ring systems

where diminished lipophilicity was noted com-
pared to the monocyclic counterparts [12].

B Conclusions

A straightforward gram-scale synthesis of
6,6-difluorobicyclo[3.2.0]heptane-derived building
blocks was described. The method is based on
the deoxofluorination of the corresponding com-
mercially available bicyclic ketoester with DAST.
After the standard functional group transforma-
tions (i.e., ester hydrolysis and modified Curtius

H H
’-:> <0H PhNH,, TCFH 3 H<N—F’h prmmmeeeemey

: Cl PFg !

X7 : N5 NMim, MeCN, rt X7 % L °
X H X H :\N \N+/ E
1,X=F 11, X=F, 63 % A I I
5,X=H 12,X=H,71% E TCFH E

H - o} | |

: Cl' PhCcO,H, TCFH H Sph N :
CONHa* . i [ N :
xﬂD:i> 3 NMIm, MeCN, rt X7D-i> NH 5 | N> :
X H X H \ :
2HCI, X=F 13, X=F, 78 % ' NMIm

6, X=H 14, X=H,75% -~ Tooes '

Scheme 2. The synthesis of anilides / benzamides 11-14
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Figure 3. LogP values for compounds 11-18

reaction), the corresponding carboxylic acid and
primary amine hydrochloride were obtained in
good overall yields. The acid-base titration of the
products obtained, as well as their non-fluorina-
ted and monocyclic counterparts showed that gem-
difluorination expectedly decreased the compound’s
acidity (by 0.3—0.5 units). Lipophilicity was also
decreased by 0.54—0.55 LogP units. Meanwhile,
the bicyclic system itself did not have significant
impact on either acidity or lipophilicity.

B Experimental part

The solvents were purified according to the
standard procedures [13]. Diethyl(trifluoro-A*-
sulfanyl)amine (DAST), diphenyl phosphoryl
azide (DPPA), tetramethylchloroformamidinium

hexafluorophosphate (TCFH), starting com-
pounds 3, 5, and 6 were obtained from Enamine
stock; all other starting materials were available
commercially. Melting points were measured on
the MPA100 OptiMelt automated melting point
system. 'H and *C NMR spectra were recorded on
a Bruker 170 Avance 500 spectrometer (at 500 MHz
for 'H NMR, 126 MHz for *C NMR), on an Agi-
lent ProPulse 600 spectrometer (at 151 MHz for
13C) and a Varian Unity Plus 400 spectrometer
(at 400 MHz for 'H NMR, 101 MHz for *C NMR
and 376 MHz for **F NMR). NMR chemical shifts
were reported in ppm (6 scale) downfield from TMS
as an internal standard and were referenced using
residual NMR solvent peaks at 7.26 and 77.16 ppm
for 'H and **C in CDCl,, 2.50 and 39.52 ppm for
'H and *C in DMSO-d,. For *F NMR CCL,F was
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used as an internal standard. Coupling con-
stants (J) were given in Hz. The column chroma-
tography was performed using Kieselgel Merck 60
(230—400 mesh) as the stationary phase. High-
resolution mass spectra (HRMS) were obtained
on an Agilent 1260 Infinity UHPLC instrument
coupled with an Agilent 6224 Accurate Mass TOF
mass spectrometer. Elemental analyses were per-
formed at the Laboratory of Organic Analysis,
Department of Chemistry, Taras Shevchenko Na-
tional University of Kyiv. The reverse phase high-
performance liquid chromatography (RP-HPLC)
was performed on an Agilent 1260 Infinity in-
strument with an UV/VIS detection.

Methyl (1R*,3S*5R*)-6,6-difluorobicyc-
lo[3.2.0]heptane-3-carboxylate (4)

To a solution of keto ester 3 (5.00 g, 29.7 mmol)
in CH,Cl, (150 mL), a neat DAST (39.3 mlL,
0.297 mol) was added dropwise at 0 °C. The re-
action mixture was warmed to rt and stirred at
reflux (bath temperature 40 °C) overnight, then
cooled and carefully poured onto ice-cold water.
The biphasic solution was neutralized with satu-
rated aq. NaHCO, to pH 6—7 and then extracted
with CH,Cl, (2x200 mL). The organic layer was
washed with brine (100 mL), dried over Na,SO,,
and evaporated under reduced pressure. The pro-
duct was purified by flash chromatography (gra-
dient hexanes/tBuOMe 20:1 to 10:1 (v/v) as elu-
ent) to give product 4.

A yellowish oil. Yield — 3.50 g (62%). Anal.
Caled for C;H,F,0,, %: C 56.84, H 6.36. Found, %:
C 57.05, H 6.31. 'H NMR (500 MHz, CDCL,),
0, ppm: 1.77-1.88 (2H, m, CH,), 1.95 (1H, dd, Jy
=13.0 Hz, Jy = 6.5 Hz, CH,), 2.01-2.13 (1H, m,
CH,), 2.26 (1H, dd, Jy = 13.6 Hz, Jy, = 6.7 Hz,
CH), 2.64—-2.80 (2H, m, CH,), 3.02 (1H, hept, Jy
= 6.3 Hz, CH), 3.15-3.25 (1H, m, CH), 3.70 (3H,
s, CH,). ®C{'H} NMR (101 MHz, CDCl,), 6, ppm:
28.2 (dd, Jop = 10.7 Hz, J o = 7.9 Hz), 29.7 (t, Jp
= 4.6 Hz), 36.3 (d, Jo = 3.2 Hz), 39.5 (t, Jop =
23.1 Hz), 43.0, 50.7 (dd, J . = 24.0 Hz, J ., = 21.8 Hz),
52.0, 120.5 (dd, J.r = 288.9 Hz, J = 277.9 Hz),
175.4. ¥F{H} NMR (376 MHz, CDCl,), 6, ppm:
-90.7 (d, Jr = 196.6 Hz, CF,), —98.8 (d, Jm =
196.6 Hz, CF,).

(1R*,3S*,5R*)-6,6-Difluorobicyclo[3.2.0]-
heptane-3-carboxylic acid (1)

To a solution of carboxylate 4 (2.50 g, 13.2 mmol)
in THF (30 mL), a solution of LiOH -H,O (1.11 g,
26.4 mmol) in water (8 mL) was added at rt, and
the resulting mixture was stirred overnight.
The volatiles were evaporated under reduced
pressure (bath temperature below 40 °C), then
the aqueous residue was acidified with aq. HCI

Journal of Organic and Pharmaceutical Chemistry 2024, 22 (3)

(2 M, 35 mL) upon cooling in an ice water bath,
and the product was extracted with CH,CI,
(3x30 mL). The organic layer was washed with
water (20 mL), dried over Na,SO,, and concen-
trated under reduced pressure to give product 1.

A brownish powder. Yield — 2.00 g (86%).
M. p. 99-102 °C.'H NMR (400 MHz, DMSO-d,),
0, ppm: 1.62—-1.78 (2H, m, CH,), 1.88 (1H, dd, Jyr
= 12.8 Hz, J4 = 6.4 Hz, CH,), 2.06 (1H, dd, Jup
=13.6 Hz, J,+ = 6.7 Hz, CH,), 2.11-2.26 (1H, m,
CH), 2.59-2.73 (2H, m, CH,), 2.90 (1H, hept, Jyz =
6.6 Hz, CH), 3.09-3.21 (1H, m, CH). *C{*H} NMR
(126 MHz, DMSO-d,), 6, ppm: 27.5 (dd, /. = 11.3 Hz,
Jop=17.6 Hz), 28.9 (t, J ;= 4.7 Hz), 35.2 (d, J o =
3.3 Hz), 38.3 (t, J = 22.4 Hz), 42.5,49.9 (dd, J,r =
23.5 Hz, J . =21.4 Hz), 120.9 (dd, J . = 289.6 Hz,
J = 276.7 Hz), 175.3. ¥F{{H} NMR (376 MHz,
DMSO-d,), 6, ppm: —96.8 (d, Jm= 193.4 Hz, CF,),
—88.9 (d, /i = 193.4 Hz, CF,). HRMS (ESI/QTOF),
mlz: Caled for C,H,F,0,~ 175.0576 [M-H].
Found: 175.0579.

(1R*,3S*,5R*)-6,6-Difluorobicyclo[3.2.0]-
heptan-3-amine hydrochloride (2xHCI)

To a solution of carboxylic acid 1 (1.30 g,
7.38 mmol) in tBuOH (20.0 mL), Et,N (1.13 mL,
8.12 mmol) and DPPA (1.91 mL, 8.85 mmol) were
added sequentially at 80 °C. The reaction mix-
ture was slowly heated to reflux and stirred at
the same temperature overnight. Then, the solu-
tion was cooled, diluted with EtOAc (100 mL),
and washed with brine (3X30 mL); the organic
layer was separated, dried over Na,SO,, and con-
centrated under reduced pressure. The residual
crude N-Boc-protected amine was dissolved in an-
hydrous HCI (ca. 3.6 M in dioxane, 15 mL) and
stirred at room temperature overnight. The re-
sulting precipitate was filtered and washed with
tBuOMe (4x10 mL) to give product 2xHCI.

A brownish amorphous solid. Yield — 0.800 g
(59%). 'H NMR (400 MHz, DMSO-d,), 6, ppm:
1.67-1.81 (2H, m, CH,), 2.00 (1H, dd, J;; = 12.7 Hz,
Jue = 6.3 Hz, 0.5xCH,), 2.15-2.27 (2H, m,
0.56xCH,+CH), 2.62—-2.77 (2H, m, CH,), 3.15-3.30
(1H, m, CH), 3.55-3.69 (1H, m, CH), 8.45 (3H, br. s,
NH.". ¥C{'H} NMR (126 MHz, DMSO-d,), 6, ppm:
26.0 (t, J»=9.3 Hz), 29.7, 35.4, 38.5 (t, Jp = 22.4 Hz),
48.6 (m), 50.3, 120.7 (dd, J = 288.1 Hz, J =
277.8 Hz). YF{'"H} NMR (376 MHz, DMSO-d,), 6,
ppm: —96.3 (d, Jwr = 194.1 Hz, CF,), —89.2 (d, Jyp =
194.3 Hz, CF,). HRMS (ESI/QTOF), m/z: Caled for
C,H,,F,N* 148.0932 [M + H]*. Found: 148.0928.

(1R*,3S8*,5R*)-6,6-Difluoro-N-phenylbi-
cyclo[3.2.0]heptane-3-carbox-amide (11)

To a solution of compound 1 (0.200 g, 1.14 mmol)
in CH,CN (10.0 mL), aniline (110.0 pL, 1.25 mmol),
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1-methyl-1H-imidazole (270.0 uL, 3.41 mmol, 0.280 g)
and TCFH (0.351 g, 1.25 mmol) were sequential-
ly added. The reaction mixture was stirred at room
temperature overnight. The crude solution was
then purified by RP-HPLC (column: CHROMA-
TOREX C18 100x19 mm, 5 um, 30 mlL/min;
23-50% CH,CN/H,O gradient) to yield a pure
product 11.

A yellow powder. Yield — 0.180 g (63%). M. p.
158-160 °C. Anal. Calcd for C,,H,,F,NO, %: C 66.92,
H 6.02, N 5.57. Found, %: C 67.28, H 6.21, N 5.71.
'H NMR (5600 MHz, DMSO-dy), 6, ppm:
1.72-1.94 (3H, m, CH,+CH), 2.04-2.15 (2H, m,
CH,), 2.65—-2.80 (2H, m, CH,), 3.08 (1H, m, CH),
3.17-3.27 (1H, br. m, CH,), 7.03 (1H, t, Jyy =
7.6 Hz, PhH), 7.29 (2H, m, PhH), 7.62 (2H, d,
Jur = 8.0 Hz, PhH), 10.05 (1H, s, NH). *C{'H}
NMR (126 MHz, DMSO-dy), 6, ppm: 27.8 (dd, J
=11.2 Hz, J, = 7.6 Hz), 29.4 (t, Jop = 4.5 Hz),
36.1 (d, Jor = 3.1 Hz), 38.6 (t, J = 22.4 Hz),
44.2,50.2 (t, Jop = 22.3 Hz), 119.1, 121.1 (dd, Jp
= 289.8 Hz, J, = 276.5 Hz), 123.0, 128.6, 139.2,
172.0. ¥F{!H} NMR (376 MHz, DMSO-d,), 6, ppm:
-96.1 (d, Juw = 193.1 Hz, CF,), —88.9 (d, Jyp =
192.9 Hz, CF,).

N-[(1R*,35*,5R*)-6,6-Difluorobicyclo[3.2.0]-
heptan-3-yl]lbenzamide (12)

To a solution of compound 2xHCI (0.307 g,
1.67 mmol) in CH,CN (10.0 mL), benzoic acid
(0.225 g, 1.84 mmol), 1-methyl-1H-imidazole
(5630.0 uL, 6.69 mmol, 0.549 g) and TCFH (0.515 g,
1.84 mmol) were sequentially added. The reaction
mixture was stirred at room temperature over-
night. The crude solution was then purified by
RP-HPLC (column: XBridge BEH C18 100x19 mm,
5 um, 30 mL/min; 18-40% CH,CN/H,0 gradient)
to yield a pure product 12.

A yellowish powder. Yield — 0.300 g (71%).
M. p. 155-157 °C. '"H NMR (400 MHz, DMSO-d,),
0, ppm: 1.71-1.86 (2H, m, CH,), 1.90 (1H, dd,
Jur=12.9 Hz, J4 = 6.6 Hz, CH,), 2.03—-2.19 (2H,
m, 0.5XCH,+CH), 2.65-2.82 (2H, m, CH,), 3.07
(1H, hept, Jy = 6.5 Hz, CH), 3.20-3.25 (1H, m,
CH), 7.03 (1H, t, Jyz= 7.4 Hz, PhH), 7.29 (2H,
t, Jun= 7.7 Hz, PhH), 7.62 (2H, d, Jy;= 8.0 Hz,
PhH), 10.04 (1H, s, PhH). *C{'H} NMR (126 MHz,
DMSO-d,), 6, ppm: 25.8 (dd, J = 10.9 Hz, J . =
7.5Hz), 31.0 (t, J, = 4.2 Hz), 36.7 (d, J = 3.0 Hz),
38.9 (t, Jop = 22.7 Hz, overlapped with the sol-
vent residual peak), 48.5 (t, J. = 22.5 Hz),
49.5, 121.2 (dd, J.r = 289.3 Hz, J, = 277.3 Hz),

127.2, 128.1, 131.0, 134.5, 166.0. YF{*H} NMR
(376 MHz, DMSO-d,), 6, ppm: —96.3 (d, Jyp =
193.3 Hz, CF,), —88.6 (d, Ju = 193.3 Hz, CF,).
HRMS (ESI/QTOF), m/z: Caled for C, ,H ,F,NO*
252.1194 [M + H]*. Found 252.1189.

(1R*,35*,58*)-N-Phenylbicyclo[3.2.0]hep-
tane-3-carboxamide (13)

To a solution of carboxylic acid 5 (0.200 g,
1.43 mmol) in CH,CN (10.0 ml), aniline (140.0 pL,
1.57 mmol), 1-methyl-1H-imidazole (340.0 uL,
28 mmol, 3.0 equiv) and TCFH (0.439 g, 1.57 mmol)
were sequentially added. The reaction mixture
was then stirred at room temperature overnight.
The crude solution was purified by RP-HPLC
(column: CHROMATOREX C18 SMB100-5T
100x19 mm, 5 um, 30 mI/min; 23-50% CH,CN/H,O
gradient) to yield product 13.

A beige powder. Yield — 0.240 g (78%). M. p.
175-178 °C. 'H NMR (500 MHz, CDCl,), the com-
pound exists as ca. 3:1 mixture of rotamers, §, ppm:
1.42-1.55 (0.75%2H, br. m, CH,), 1.70-1.79 (0.25x2H,
m, CH,), 1.82 (0.75x%2H, dd, Juz=12.7 Hz, Jyy =
6.4 Hz, CH,), 1.86—-2.04 (0.75%X2H and 0.25x2H,
m, CH,), 2.15-2.29 (0.75%X2H and 0.25%X4H, m,
CH,), 2.68-2.78 (0.25%3H, m, 3xCH), 2.91 (0.75%2H,
br. s, 2XCH), 3.18 (0.75x1H, hept, Jy;= 6.4 Hz,
CH), 7.10 (1H, t, Jy4z = 7.5 Hz, PhH), 7.32 (2H,
t, Jun= 7.8 Hz, PhH), 7.43 (1H, br. s, NH), 7.56
(2H, d, Jy;= 7.8 Hz, PhH). *C{!H} NMR (151 MHz,
CDCl,), the compound exists as a mixture of
rotamers, §, ppm: 24.4 and 25.6, 38.1 and 38.2,
38.6 and 39.2, 46.2 and 51.3, 119.9, 124.2, 129.1,
138.3, 173.7. HRMS (ESI/QTOF), m/z: Calcd for
C,,H,(NO*216.1383 [M + H]*. Found 216.1378.

N-[(1R*,35*,565%)-bicyclo[3.2.0]heptan-3-yl]-
benzamide (14)

To a solution of hydrochloride 6 (0.200 g,
1.36 mmol) in CH,CN (10.0 mL), benzoic acid
(0.183 g, 1.50 mmol), 1-methyl-1H-imidazole
(430.0 plL, 5.44 mmol, 0.447 g) and TCFH (0.419 g,
1.50 mmol) were sequentially added. The reac-
tion mixture was stirred at room temperature
overnight. The crude solution was then purified
by RP-HPLC (column: XSelect FluoroPhenyl
100%19 mm, 5 um, 30 mL/min; 8-35% H,0/CH,CN
gradient) to yield a pure product 14.

A colorless powder. Yield — 0.220 g (75%). M.
p. 160-162 °C. 'H NMR (500 MHz, DMSO-d,),
0, ppm: 1.48-1.60 (4H, m, CH,), 1.77 (2H, dd,
Jur = 12.2 Hz, J4;= 6.3 Hz, CH,), 2.15 (2H, dq,
Jun= 11.9 Hz, Jy,y = 6.6 Hz, CH,), 2.76 (2H, br.
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Abstract

The review is aimed at summarizing and systematizing information about various methods of deactivation of chemical war-
fare agents that are necessary on the battlefield, as well as in laboratories, research institutions, and facilities of production,
storage, and destruction of poisonous substances. The review presents the main directions of neutralizing warfare poisonous
substances, which are the most effective in the conditions of their real use. In the second part of this work, the methods of
deactivating warfare poisons using nucleophilic reagents, primarily a-nucleophiles, which have high efficiency and can react
as nucleophiles and as oxidants, are considered in detail. A promising area of degradation of such products is the use of su-
pernucleophilic systems based on functionalized detergents, as well as adsorption and photocatalytic deactivation methods.
The material presented above shows the importance of general knowledge about the physical and chemical properties of
chemical warfare agents, the rate of their decomposition, the advantages and disadvantages of certain available technolo-
gies for their application. This review can be useful for finding new and improving known methods for decontamination of
chemical warfare agents and other ecotoxicants, and protecting the environment.

Keywords: chemical warfare agents; nerve agents; vesicants; decontamination; detection; protection

0. €. Wymeiiko®?, M. I. KopoTkix'?
T IHecmumym ¢pizuxo-opeaHiyHoI Ximii i eyeneximii im. /1. M. J/lumeuHeHKa

HauioHanbHOI akademii HayK YKpaiHu, 8yn. Xapkiecoke woce, 50, m. Kuis, 02155, YkpaiHa
2 [Hcmumym opaaHiuHOI ximii HauioHanbHOI akademii Hayk YKpaiHu,

syn. Akademika Kyxaps, 5, Kuis, 02660, YKkpaiHa
BoioBi OTPYHI peuOBMHU: CTPYKTYpPa, BNACTUBOCTI, Ae3aKTMBaLiA (YacTuHa 2)
AHoTauinA
Ornag, cnpAMOBAHO Ha y3ara/lbHEHHSA Ta cMCTeMaTU3al,ito iHpopmaLiii Npo pi3Hi meToamM Ae3akTuBaL,ii 60MoBUX OTPYMHUX
peyoBUH, HeobXiaHMX Ha NoJi 6010, a TAKOXK Y labopaTopinx, AOCNIAHMX YyCTaHOBaX, Ha 06’eKTax BUPOOHMLITBA, 36epiraHHA Ta
3HULLEHHA OTPYMHMX PeYoBUH. B ornaai HaBefeHO OCHOBHI HAMPAMM 3HELLKOAKEHHA HOMOBMX OTPYMHUX PEYOBUH, AKi € HalbiNbLW
edeKTMBHMMM B YMOBAX iX peasibHOro 3aCTOCYBaHHA. Y APYrill YacTUHI L€l pobOTU JOKNAAHO PO3MIAHYTO METOAMN AEe3aKTU-
BaLLii 6OMOBUX OTPYMHMX PEYOBUMH 33 LONOMOIOH BUKOPUCTAHHA HYKeodinbHUX peareHTiB, Hacamnepes a-Hykneodinis, AKi
MatoTb BUCOKY ePEKTUBHICTb | MOXKYTb pearyBaTh i ik Hykn1eodinu, i Ak okucatoBaui. MepcnekTMBHUM HanpAMOM aerpagau,i
TaKWX NPOAYKTIB € 3aCTOCYBaHHA CynepHyKAeodiNbHUX cMCTEM Ha OCHOBI QYHKLIOHaNI30BaHMX AETEPreHTiB, @ TaKOX MeTo-
4is aacopbuii Ta poToKkaTaniTMUHOI Aerasau,ii. BuknageHuii matepian fOBOANUTb BAXK/IMBICTb 3arasibHMX 3HaHb NPO ¢i3nyHi
Ta XimiYHi BnacTMBOCTi BOMOBUX OTPYMHUX PEYOBUH, LWBUAKICTb IX PO3KNAAAHHA, NPO NepeBarn Ta HeAONIKM TUX UM iHWNX
[OCTYNMHUX TEXHONOTIN iX 3acTocyBaHHA. Lleli ornag moxke 6yt KOPUCHUI AR NOLIYKY HOBUX M YAOCKOHANEHHA BiOMMX
MeToAiB Ae3aKTunBaLi 60MOBUX OTPYMHUX PEYOBUMH Ta iHLLIMX EKOTOKCUKAHTIB, 3aXMCTy AOBKINNA.
Knrouoei cnoea: 601M0Bi OTpYIiHi pE4OBUHW; HEPBOBO-MAPANITUYHI PEYOBMHU; WKIPHO-HAPUBHI PEYOBMHMU; Ae3aKTMBALLiA;
BUAB/IEHHA; 3aXUCT
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H Introduction

Deactivation on the battlefield is the rapid re-
moval of chemical warfare agents (CWAs) from
military equipment, other equipment, personnel,
and various objects by both chemical and physical
methods. Therefore, a solid surface that is con-
taminated with poisonous substances is the main
object of decontamination. Actually, the surface’s
nature and its interaction with applied chemical
agents are the main problems in the development
of a CWAs decontamination system. In addition,
one should keep in mind that deactivating
agents are not supposed to cause corrosion or da-
mage to surfaces after deactivation. This review
describes the chemical reactions mainly for the
four main warfare poisons. These are sarin, so-
man, mustard gas, and VX. This is due to their
extremely strong toxicity and stability, as well
as their large reserves in a number of countries
around the world [1]. The main attention here is
given to such methods of CWAs deactivation as
oxidative/nucleophilic reactions, photocatalytic
reactions, and adsorption methods of deactiva-
tion.

Thus, to neutralize CWASs, nucleophilic rea-
gents can be used, primarily a-nucleophiles, which
are highly effective and can act both as a nucleo-
phile and as an oxidizing agent [2]. The methods
of decontamination of CWAs with hydrogen per-
oxide solutions turned out to be very effective.
However, it has a low reaction rate and requires
activation with reagents, such as carbonates, mo-
lybdates, phthalates, etc. Studies of the reactivi-
ty of hydrogen peroxide and its activators have
led to the creation of universal formulations of
the nucleophilic-oxidizing mechanism of action,
which are quite effective in relation to the main
types of CWAs [3].

The way to increase the efficiency of systems
for splitting CWAs should be sought not only in
the structural modification of the corresponding
agent, but also in the use of alternative methods
of influencing the reaction rate, for example, by
changing the properties of the medium. In this
sense, the use of a microorganized medium (mi-
cellar solutions, microemulsions, ionic liquids,

concentrated aqueous solutions of quaternary am-
monium salts, etc.) is already widely used to sol-
ve a number of applied and fundamental prob-
lems [3, 4].

Works on the application of photocatalytic
deactivation of CWAs using composites obtained
on the basis of zirconium and terephthalic acid,
which are made from plastic waste, seem very
interesting [5]. This is important, taking into
account the problems of ecology and the applica-
tion of “green” chemistry methods.

Further, the most interesting works in this
direction will be considered in detail, primarily
those related to the practical use of the proposed
methods of decomposition of warfare poisonous
substances.

®m Nucleophilic/oxidative
decontamination of warfare poisons

Nucleophilic reagents, primarily a-nucleophi-
les, which have high efficiency, can be used to de-
contaminate CWAs [1]. For example, work [2] pro-
vides data on deactivation of the nerve agent VX —
an inhibitor of acetylcholinesterase 1. Its deacti-
vation by simple hydrolysis in an aqueous-alka-
line medium does not give a satisfactory result
due to the formation of a stable toxic product of
hydrolysis 3 (Scheme 1) [3]. The formation of
compounds 5 and 6 indicates the participation
of alcohols in the process (as parallel transeste-
rification to hydrolysis).

However, the combination of hydrolysis with
an oxidation reaction is highly effective in achie-
ving the complete destruction of the VX agent [4].
In this work, the authors studied the behavior
of VX in relation to five a-nucleophiles: magne-
sium monoperoxyphthalate, metachloroperben-
zoic acid, potassium monopersulfate, hydrogen
peroxide, and hydrogen peroxide with boric acid.
All reactions studied were carried out at pH 8.
This pH value was chosen since it minimized the
risk of corrosion when the metal surface was de-
gassed. It was shown that during the VX hydro-
lysis in a water-methanol solution, the hydroly-
tic compound formation occurred due to nucleo-
philic attack of both water and methanol, mainly

ISSN 2308-8303 (Print) / 2518-1548 (Online)



ypHan opeaHiyHOi ma papmayesmuyHoi ximii 2024, 22 (3)

CI)@ {Pr OG Me (l)@
_ H;0/CH;OH/CD;0D  O=P-Me + N _~ R~ + S=P-Me
Pr 0 e (50/25/25 vol) OFt 0 OFEt
BN /P\/ > 2 3 4
Pr S oEt pH=8 ©
O\
1 buffer NaHCO4/K,CO5 . /\P,Me + O:FI’—Me
MeO™ Y !
DsC
5 6

Scheme 1. Hydrolysis of VX (1) in solution H,0/CH,0H/CD,0D

at the phosphorus atom. The oxidative-nucleo-
philic reaction involving a-nucleophiles increased
from 200 to 2000 times compared to simple hy-
drolysis in a water-methanol solution at pH 8.
Using 20 equivalents of magnesium monoperoxy-
phthalate, it was possible to achieve complete
destruction of VX, which turned into non-toxic
phosphonate 2 (Scheme 1). It should be noted
that decontamination using magnesium mono-
peroxyphthalate was successfully extended to
soman [5].

The methods of decontamination of CWAs
with hydrogen peroxide solutions turned out to
be very effective. However, H,0, shows a low re-
action rate and requires its activation by other
reagents, such as HCO,  [6-8], M0oO > [9-11],
etc. Moreover, the rate of the activation reac-
tion between H,0,and HCO, is not as high as
expected [6, 12]. The activation of H,0O, using
MoO,* is much more effective, however, at the
same time, there is a loss of active oxygen [13],
which leads to a decrease in the rate of CWAs
destruction within a fairly short time [9, 14].

Another disadvantage of MoO,* as an acti-
vator of hydrogen peroxide is, for example, that
mustard gas can be easily re-oxidized to the corre-
sponding sulfone [9], which exhibits rather high

toxicity. In work [15], the authors investigated
boric acid as an activator of hydrogen peroxide
reacting with H,0, to form peroxoborates, which
could quickly oxidize sulfur to sulfoxide [16].
The decomposition of peroxoborate itself occurs
rather slowly, which gives a good perspective for
using such solutions for the purpose of CWAs de-
contamination [17, 18]. In the work mentioned
above [15], the nucleophilic/oxidative reactivity
of the B(OH),—H,0, system was studied, while
special attention was paid to the influence of the
pH of the medium and temperature on the reac-
tion rate. Thioanisole and paraoxon were used as
CWAs imitators. The ''B NMR analysis showed
that B(OH), quickly reacted with H,0O, to form
peroxoborates ([B(OH),, (OOH),]"). Their con-
tent depended on pH and solution temperature.
It was shown that peroxoborates acted as oxi-
dants for the primary oxidation of sulfide in the
pH range of 8—12, and that O, was responsible
for further oxidation of sulfoxide.

Paraoxon decomposes due to OOH™1ons, and
the rate of decomposition increases exponentially
with pH increasing. The data provided suggest
that mustard gas, soman, and VX are effective-
ly decomposed into non-toxic products in a so-
lution of B(OH),— H,0, at pH 9-11. Scheme 2

Cl © OH o
/_/ OH /_/ OH
—_— e

CI—/_S CI—/_S

H
H,0,/H;BO;
—_—

HD CH TDG
OH OH :
HO.1_OH or (OOH) !
Q. OH © 20 0./ HO B i
S HO,/OH (O 7) \S\\o \. ")0--H :

/_/

HO
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s--o~ (! |
§ HO/_/ H--0O, .
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Scheme 2. Destruction of mustard gas in the system B(OH), — H,0, (HD — mustard gas, CH — 2-chloroethyl-2’-hydroxyethyl sulfide,
TDG — thiodiglycol, TDGO - thiodiglycol sulfoxide, TDGO, — thiodiglycol sulfone)
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shows the diagram of the mustard gas decom-
position.

It should be noted that in the presence of ac-
tivators, such as carbonates, bicarbonates, and
molybdates, hydrogen peroxide, in organic co-
solvents provides rapid decontamination of a wide
range of warfare poisons, and it is important at
low temperatures (-30 °C). Such solutions are non-
toxic, do not cause corrosion, and are environ-
mentally safe [14]. Concern for the environment
became the reason to abandon the use of chlorine-
containing products (for example, in bleaching
processes) and replace them with systems based
on hydrogen peroxide. These “green” peroxide pro-
ducts allow for avoiding the use of toxic and carci-
nogenic organochlorine compounds. Another ad-
vantage of peroxides is that they can be used
for the CWAs deactivation in the cold season.
For example, the freezing point of 50% H,0, is
-40 °C. Previously, Menger and Rourk [19] demon-
strated effectiveness of microemulsion formula-
tions using 30% H,0,. These microemulsions did
not freeze or delaminate at -18 °C and were effec-
tive against various CWAs mimics. The scheme
of the sarin deactivation reaction in the presence
of activated B(OH), is shown in Scheme 3.

Inorganic a-nucleophiles — HOO- and ClO-
ions exhibiting anomalously high reactivity are
of particular interest as the basis of composi-
tions for the breakdown of ecotoxicants and haz-
ardous substances [20—23]. In the alkaline me-
dium, VX-type CWAs are quickly destroyed due
to the nucleophilic attack of the hydrogen peroxide

Me o E @ Me o O@
)\O P\/ —» , R~
Me 0, @ H,0;
_ / '02 Hzo
Me

Scheme 3. The sarin deactivation reaction in the presence
of activated B(OH),

ion on the phosphorus atom. Peroxyhydrolysis
of VX takes place, according to the scheme given
below (Scheme 4), with the formation of ethyl-
methylphosphonic acid. VX N-oxide is another
reaction product, which further, at a slower
stage, undergoes nucleophilic attack to form an
acid. At the same time, the released thiol is oxi-
dized to sulfonate [24].

The reaction of VX with the HOO- anion pro-
ceeds approximately 40 times faster than with
the more basic HO ion (t,,, =45 s, 23 °C, [HOO"]
=0.1 M), which allows for efficient splitting of VX
in the alkaline medium by nucleophilic mecha-
nism. Concentrated solutions of hydrogen per-
oxide, which exhibit oxidizing properties under
these conditions, oxidize mustard gas and vari-
ous ecotoxicants in neutral and acidic medium.
To ensure the decomposition of ecotoxicants by
both nucleophilic and oxidative mechanisms, the
pH of the medium is of great importance [24, 25].
Since the optimal conditions for carrying out these
reactions are different, and pK, (H,0,)=11.5-11.6,
hydrogen peroxide can hardly be considered a uni-
versal deactivation agent [22]. Nevertheless, nu-
merous studies of the reactivity of hydrogen per-
oxide and its activators (carbonates, molybdates,
phthalates, etc.) led to the creation of universal
formulations of the nucleophilic-oxidizing mech-
anism of action, which are quite effective in re-
lation to the main types of CWAs [25]. Thus, the
activation of H,0, with sodium hydrogen carbo-
nate leads to the appearance of a HCO,™ anion in
the reaction mixture in slightly alkaline media.
It is a more powerful oxidant than H,O,, and
this makes it possible to destroy not only sarin
and VX, but mustard gas as well (Scheme 5).

The use of potassium molybdate as an acti-
vator of hydrogen peroxide in microemulsions of
the oil/water type makes it possible to design
universal systems for destructing CWAs of vari-
ous nature [26]. The advantage of this system is
that the oxidation of mustard gas mainly leads
to the formation of sulfoxide, and not to highly
toxic sulfone [26].

Osp /\/N HOO o, ° 5 iPr
LIRS ~ —_— /P/ + N
/—O S iPr Me/\O \M S/\/
Me ©
Q
202 O\\P/NIe O\N/ iPr HOO@
\S/\/@\iPr
/—O
Me

Scheme 4. The VX deactivation with a peroxyhydroxide ion
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Scheme 5. The mustard gas deactivation using a HCO, ion

Salts of hypochlorous acid have been widely
used in the decomposition of CWAs and ecotoxi-
cants [24]. Hypochlorites are deactivation sub-
stances of universal action and are used for de-
toxification of the human skin, equipment, and
terrain [24]. In nucleophilic substitution reac-
tions at the tetracoordinated phosphorus atom,
the ClO-ion acts as a true nucleophilic catalyst
and decomposes sarin-type CWASs to phosphonic
acids (Scheme 6).

The high oxidizing activity of hypochlorous
acid plays an important role in deactivation of
mustard gas, which undergoes destruction in al-
kaline media with the formation of a number of
oxidation and elimination products (Scheme 7).
It should be emphasized that sulfoxide is formed
at the first stage of this rather complex process,
which is further transformed into other products.

Hypochlorite solutions can be used for the
VX deactivation, especially at low pH values
(Scheme 8). At the same time, only 3 moles of
“active” chlorine are used to destroy 1 mole of VX.

More than 10 moles of “active” chlorine are needed
to oxidize 1 mole of VX in alkaline media.

Thus, it can be concluded that the use of sys-
tems based on hydrogen peroxide for deactiva-
tion of CWAs is effective from the point of view
of both the reaction rate and environmental pro-
tection.

Convenient for practical use, oxidizing sys-
tems consisting of one reagent have also been
developed, both against combat poisonous sub-
stances and various ecotoxicants [27]. The rea-
gent L—Gel proposed consists of an aqueous so-
lution of a mild oxidizer Oxone TM (potassium
peroxymonosulfate) together with a gel-forming
agent based on silica gel Cab-O-Sil EH-5. L-Gel
is non-toxic, environmentally friendly, does not
cause corrosion, maximizes contact time due to
its thixotropic nature, and sticks to any surface.
Table 1 shows comparative data on the effec-
tiveness of decontamination of a mustard imita-
tor — chlorodiethyl sulfide for various oxidizing
systems compared to the “L—Gel” proposed.

The reactions were carried out at pH = 3, ex-
cept for sodium hypochlorite (pH = 12). The ra-
tio of the oxidizing agent to chlorodiethyl sulfide
was 2. In general, in many cases, chlorine-
containing oxidizing reagents, such as NaOCl,
Ca(OCl), or dichloroisocyanurate salts, are used
for deactivation of CWAs [24]. However, such pro-
cesses strongly affect the environment and are

J"\e Qi: F +HO® Me Q\P 2
~R\ > -
Me~ O Me ] F@ Me™ O Me
+CI0° K& O og * Ho
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Scheme 7. The mustard gas deactivation using a hypochlorite-anion
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Scheme 8. The VX deactivation scheme using a hypochlorite anion
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Table 1. Oxidation of chlorodiethyl sulfide

Oxidant Reactiqn time Perc_enta_ge

(min) of oxidation
Sodium hypochlorite 30 91
Hydrogen peroxide 30 100
Ammonium peroxydisulfate 10 40
L-Gel 10 100

associated with high costs of disposal. With these
shortcomings, a heterogeneous catalyst based on
saponite clay containing Nb" was proposed. It se-
lectively converts toxic sulfur-containing chemi-
cal warfare agents into non-toxic products with
a reduced negative impact on the environment
under extremely mild conditions [28]. Due to the
introduction of NbY centers into the saponite frame-
work, a bifunctional catalyst with strong oxidiz-
ing and acidic properties was obtained. When it
is used, high activity and selectivity for the oxi-
dative deactivation of the mustard imitator —
2-chloroethyl ethyl sulfide in the presence of an
aqueous solution of hydrogen peroxide at room
temperature is observed. Scheme 9 shows the
specified reaction.

Porous oxides are also promising materials as
they demonstrate remarkable chemical, physical
and mechanical stability, as well as good disper-
sion of the catalytically active metal. Thus, nano-
structured inorganic metal oxides, such as Al,O,,
7Zn0, and Ti0,, have been widely studied in re-
lation to the CWAs oxidation or other methods
of their destruction [29]. The process of deacti-
vation of soman, mustard gas, and VX with such
a combined reagent as a solution of sodium per-
oxycarbonate and tetraacetylethylenediamine was
studied. It was shown that the optimal pH value
for the degradation of mustard and VX was
about 7.5-9.0 and 8.5-9.5, respectively, and the
effectiveness of soman decontamination reached
its maximum at pH 9.5-10.5 and a temperature
from 0 °C to 45 °C [30]. To obtain a decontami-
nation percentage of > 99%, the molar ratio bet-
ween active oxygen and CWA should be at least
3, 2, and 10 for soman, mustard gas, and VX,
respectively. The analysis of products using gas
chromatography/mass spectrometry, liquid chro-
matography/mass spectrometry, and ion chroma-
tography showed that the decomposition of soman

was a process of perhydrolysis. It was indicated
that the decomposition of mustard gas occurred
by oxidation of atoms C and S and release of HCI.
At the same time, the process of the VX decom-
position was via the oxidation of atoms C, S, and
N and the breaking of C-C, C-N, C-S, and P-S
bonds.

Attention was drawn to the work [31] where
the authors found that palladium-on-carbon ca-
talyzed the deep oxidation of organophosphorus
and organosulfur compounds with oxygen in wa-
ter at 90 °C in the presence of carbon monoxide.
This system 1is the first example of catalytic
cleavage of phosphorus-carbon bonds. Starting
with trimethylphosphine oxide, the phosphorus-
containing products formed during the sequen-
tial breaking of the P-C bond were dimethyl-
phosphinic, methylphosphonic, and phosphoric
acids. A similar sequence of reactions was ob-
served for triethylphosphine oxide, except that
intermediate products formed by partial oxida-
tion of ethyl groups, such as phosphonoacetic acid,
were also observed. Deep oxidation of dimethyl
and diethyl sulfides occurs through the media-
tion of the corresponding sulfoxides. For methyl
derivatives, the ease of oxidation decreases in
the series: (CH,),S > (CH,),SO > (CH,),SO, and
corresponds to a system acting as an electrophi-
lic oxidant. These results are important in the
creation of systems for the deactivation of CWAs
and various ecotoxicants.

Using polymer materials containing ac-
tive nucleophilic centers capable of destructing
phosphorus and sulfur esters seems promising.
For example, in work [32], the processes of deg-
radation of CWAs by polyacrylamideoxime and
poly(IN-hydroxyacrylamide) were studied. Those
polymers are capable of generating nucleophilic
oximate groups via dissociation of amidoxime or
hydroxamic groups, respectively. They are envi-
ronmentally friendly, economical, and non-toxic
polymers, which are essentially products of one-
stage addition of available polyacrylonitrile and
polyacrylamide (Scheme 10).

The polymers were converted into their cor-
responding oximate salts at pH values higher
than the pK, of oximate or amidoximate groups —
7.5 and 10.8, respectively. The authors focused

H>0, @) H,0, 8
Ao~ C \S/\M
Me™ S — S. Me ———> ~~US. Me
298K cat CI7 """ 298K cat o
CEES CEESO CEESO,

Scheme 9. Deactivation of 2-chloroethyl ethyl sulfide (CEES) in the presence of a catalyst based on saponite-NbY and hydrogen peroxide.

Oxidation products — CEESO (sulfoxide), CEESO, (sulfone)
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Scheme 10. The reaction of the interaction of polyacrylonitrile
with hydroxylamine with the formation of polyacrylamidoxime

on the characteristics of functional polymers as
deactivating agents for such CWAs as VX, sarin,
and soman. The considered polymeric amidoxi-
mes in the form of cross-linked polyamidoximate
salts can act as effective dephosphorylating agents
due to the formation of amidoximate ions on the
surface of polymer salt particles without an excess
of hydroxyl ions present. Such reactive polymers
can be promising materials for the modification
of surfaces, such as textiles, coatings, and sor-
bents. The half-life of VX during heterogeneous
hydrolysis was 6 min in the presence of poly-
acrylamidoxime. Under the same conditions,
the half-life for sarin was less than 3 minutes.

In the same aspect, the work [33] is of inter-
est, in which water-soluble polymeric materials
based on polyalkylamines modified with nucleo-
philic groups were introduced as catalysts for the
hydrolysis of warfare poisons. The choice of po-
lymer materials was based on the criteria of sim-
plicity of their synthesis, solubility in water, and
the rate of hydrolysis of CWAs imitators. The study
involving diisopropyl fluorophosphate showed that
at a constant pH value, 4-aminopyridine-substi-
tuted polyallylamines and polyvinylamines were
the most effective for this process.

Hydrogel particles of 4-aminopyridine-substi-
tuted polyallylamines and polyvinylamines cross-
linked with epichlorohydrin revealed pH-depen-
dent swelling and ionization systems that affected
the rate constants of the nucleophilic hydrolysis of
diisopropylfluorophosphate [32]. The study was
conducted on the deactivation of VX and soman in
suspensions or gels of both polymers with a con-
centration of 2.5—3.7 wt.%, which swelled in wa-
ter or in a mixture of DMSO/water. The half-life of
soman was 12 and 770 min at pH 8.5 and 5, respec-
tively. Adding VX to 3.5—3.7 wt.% suspensions

in DMSO-d, and D,O, with an initial VX concen-
tration of 0.2 vol.%, led to 100% degradation of
VX in less than 20 min. In addition, the gels of
both polymers facilitated the reaction of dehy-
drochlorination of mustard gas and its analog —
2-chloroethylethyl sulfide (Scheme 11).

The ability of such aminopyridine-modified po-
lyalkylamine materials to decompose the most
stable CWAs in combination with water solubil-
ity and the presence of numerous amino groups,
which provide convenient “handles” for covalent
attachment to polymeric and inorganic carriers,
opens prospects for their wide application, for
example, in fabrics and other materials that con-

tribute to quick and effective decontamination
of CWAs.

m Supernucleophilic systems based
on functional detergents
for the neutralization of chemical
warfare agents

It is quite difficult to create a compound that
would surpass the hydroxylamine anion in an
aqueous solution in terms of its nucleophilic re-
activity. Therefore, the way to increase the eff-
iciency of systems for splitting CWAs should be
sought not so much in the structural modifica-
tion of the splitting agent, but in the use of alter-
native methods of influencing the reaction rate,
for example, by changing the properties of the
medium, in which it occurs [2, 33—35]. In this
sense, the use of microorganized media (micellar
solutions, microemulsions, ionic liquids, concen-
trated aqueous solutions of quaternary ammo-
nium salts, etc. [36—42]) is already widely used
to solve a number of applied and fundamental
problems. The indisputable advantage of micel-
lar systems compared to other organized micro-
heterogeneous media is that a radical change in
the properties of the medium is achieved by the
introduction of rather small amounts of micelle-
forming substances (in amounts above the critical
concentration of micelle formation, which varies
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Scheme 11. Deactivation reactions of VX and mustard imitator (CEES)
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within 105-102 mol L) [38, 39]. At the same
time, the main component of such systems in most
cases is water, which makes them extremely at-
tractive for practical use from the point of view
of “green” chemistry [43].

The use of solutions of cationic surfactants
as a medium for the destruction of CWAs with
nucleophilic reagents allows for their effective
solubilizing (most of CWAs are difficult to dis-
solve in water in the absence of detergents), and
also ensures wetting of hydrophobic and highly
developed surfaces [2, 35, 38, 44]. At the same
time, achieving the effects of micellar catalysis
leads to an additional increase in the rate of
the process of splitting CWAs by nucleophilic
reagents (hydroxide ion, oximate ion, etc.) by
10-10° times [45-57].

One of the most promising ways to increase
the efficiency of the binding of nucleophilic rea-
gents by micelles is the creation of functional de-
tergents — surfactants, which have reactive frag-
ments in their structure. When implementing this
approach, the concentration of nucleophilic groups
on the surface of micelles will always be equal to
the concentration of a surfactant [58]. The most
promising here is the use of an a-nucleophile
fragment as a functional group, which ensures a
sharp increase in the rate due to the implemen-
tation of the a-effect. Currently, the main types
of functional surfactants containing a supernuc-
leophilic fragment are detergents based on hy-
droxylamine derivatives and detergents contain-
ing peroxy- and iodoxocarboxylate groups. Oxime
derivatives are of particular interest among this
group of reagents. This is due to the ease of
structural modification, which makes it possi-
ble to obtain oximes that split CWAs in a wide

range of the medium acidity (neutral, slightly al-
kaline, alkaline) [59]. Figure 1 shows some typi-
cal detergents based on alkylated imidazole and
pyridine containing an oxime group.

CWAs imitators — 4-nitrophenyl esters of di-
ethylphosphonic (1), diethylphosphoric (2) and
toluenesulfonic (3) acids were most often used
to study the reactivity of functional surfactants
(Figure 2).

Below is the reaction scheme characterizing
the reactivity of the oximate group of functiona-
lized surfactants, which consists of a nucleophilic
attack of the oximate fragment (Ox") of the func-
tionalized surfactants on the electron-deficient
phosphorus and sulfur atoms of the nitropheno-
late ion (Scheme 12).

Table 2 shows data on half-life periods for
decomposition reactions of CWAs imitators — pa-
raxone and armine [33]. The half-life periods of
organophosphorus compounds indicate that these
functionalized surfactants have high reactivity
and can be successfully used to destroy CWAs as
part of personal protective equipment and mix-
tures for treating various surfaces.

m Adsorption methods and photocatalytic
deactivation of chemical warfare agents

Works on the application of photocatalytic de-
activation of CWAs using composites obtained
on the basis of zirconium and terephthalic acid,
which are made from plastic waste, seem very in-
teresting. This is important, based on the prob-
lems of ecology and the use of “green” chemis-
try methods. For example, the work [60] shows
the synthesis of such composites and evaluates
their photocatalytic activity in the degradation
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Figure 1. Structural formulas of some typical functionalized surfactants
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Figure 2. Structural formulas of substrates based on phosphorus and sulfur esters
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Scheme 12. The reaction scheme of functional detergents with acyl-containing substrates

Table 2. Half-life periods (t,/,) in the destruction of paraxone
and armine (water, 25 °C) with the participation of functionalized
detergents
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of an imitator of a chemical warfare agent — di-
methyl 4-nitrophenyl phosphate. The composite
synthesized had a large surface area (1440 m? g?)
and a large pore volume (1.49 cm? g!). Compos-
ite samples absorbed visible light with a band
gap of 2.13-2.88 eV. They showed a high efficiency
for the degradation of an imitator of sarin with
a short half-life (t,, = 2.17 min) at pH 7 by expo-
sure to visible light. Capture experiments have
confirmed that H" and O, radicals play an impor-
tant role in photocatalytic degradation. The com-
posite performs two processes at the same time:
hydrolysis and photocatalytic oxidation in water.

Noteworthy is the work [61], in which the
authors found that barium titanate nanoparti-
cles with sizes of 8—12 nm obtained by the gel
collection method were effective photocatalytic

detoxifiers of CWAs vapors, in particular, a mus-
tard imitator (2-chlorodiethyl sulfide). Relatively
monodisperse, homogeneously spherical nano-
particles of barium titanate, initially dispersed
in alcohol solvents, form a stable and porous ag-
gregated structure that resembles a nanostruc-
tured material with pores of an average diame-
ter 4.6 nm and a relatively narrow distribution
of their sizes (2.5—8 nm). Due to its porosity and
polar chemically active surface, a large amount
of CWAs imitator and its decomposition products
are adsorbed on barium titanate. The reported
absorption by weight of the CWAs simulant was
the highest among a number of materials and
nanocomposites known for their detoxification
activity and tested under the same conditions
(169 mg g' compared to 117 mg g for zinc ox-
ide and < 100 mg g for other oxides transition
metals). In addition to adsorption, barium tita-
nate nanomaterial acts simultaneously as an ef-
fective heterogeneous catalyst, decomposing to-
xic vapors into alcohols, sulfides, and thiols — mo-
lecules with much lower toxicity than CWAs [62].
Hydrolysis and dehydrohalogenation were the pre-
dominant ways of detoxification through the for-
mation of a cyclic sulfonium intermediate both
in the light and in the dark. Irradiation with am-
bient light promoted photooxidation and photo-
degradation by radical intermediate products for-
med. It should be concluded that barium titanate
nanoparticles with an oxygen-rich surface are
being investigated as a potentially useful medi-
um for photoreactive detoxification of chemical
warfare agents.

It is worth paying attention to the study of
photolytic and photocatalytic reactions of deac-
tivating sarin, soman, mustard gas, and chloro-
cyanide in the air [63]. It has been shown that
the vapors of these CWAs (except for chlorocya-
nide) can be effectively removed by UV light of
a bactericidal lamp by photolysis or photocata-
lysis. Such a photocatalytic reaction leads to
photoinduced polymerization directly under the
action of UV irradiation, as well as the splitting
of CWAs into small inorganic compounds on the
surface of a TiO, catalyst. It has been confirmed
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that the static photolysis approach can be used
to decontaminate sarin vapors indoors. At the same
time, it has been demonstrated that the dynam-
ic photocatalytic approach to the destruction of
sarin and soman vapors is much more effective
than photolysis, and its use is considered ap-
propriate for the disinfection of nerve-paralytic
CWAs in the air. Table 3 shows data on the rate
constants of the corresponding CWAs cleavage
reactions.

Interesting results were obtained by the au-
thors [64], who used photocatalytic and sonopho-
tocatalytic methods of processing reaction mix-
tures in aqueous TiO, suspensions. CWAs imita-
tors were used as reagents — dimethyl methyl-
phosphonate, diethyl phosphoramidate, pinaco-
lyl methylphosphonate and butylaminoethane-
thiol. The complete conversion of imitators into
inorganic products was achieved in 600 min, and
only for butylaminoethanethiol it took more time.
Sonolysis accelerated the photodegradation of di-
methyl methylphosphonate. No degradation of
imitators was observed without ultraviolet irra-
diation. The final decomposition products were
PO,*, CO,, NO,, NH,*, SO,*.

Degradation of dimethyl methylphosphonate
proceeds by sequential oxidation of methoxy
groups and then methyl groups. Destruction of
diethyl phosphoramidate begins with the break-
ing of the P-NH, bond with the formation of di-
ethyl phosphate, which is further transformed
into ethyl phosphate [65]. Destruction is also fa-
cilitated by the oxidation of a- and B-carbons of
ethoxy groups with the formation of ethylphos-
phonoamidate, hydroxyethylethylphosphonoami-
date, and other products. Photocatalytic degra-
dation of pinacolyl methylphosphonate begins with
the oxidation of the pinacol fragment, which pro-
ducts are methylphosphonic acid and acetone.
The results demonstrate the possibility of pho-
tocatalysis for the destruction of CWAs in the
aqueous phase. The optimization of degradation
conditions is necessary to achieve practical high
efficiency.

Table 3. Rate constants of the first-order reactions of photolysis
and photocatalysis of CWAs vapors

Initial k x 102 (min™)
CWAs concentration . .
(mg L) Photolysis Photocatalysis
Sarin 1.7 2.32 5.97
Soman 0.94 4.09 7.25
Mustard 0.42 2.54 1.19

The question of using polymer sorbents for
CWAs deactivation is reflected in many recent
publications. They provide the effective adsorp-
tion of CWAs and the possibility of their deacti-
vation in large volumes and in a short period of
time. Hyper-crosslinked polymers are a class of
sorbents that are produced using a simple and
controlled method called “linking” [66]. Several
hyper-crosslinked polymers and their properties,
including the absorption capacity in relation to
CWAs imitators, were reported. A hyper-cross-
linked polymer derived from fluorobenzene showed
the greatest potential when used for CWAs neu-
tralization and was tested against real agents,
including sarin and mustard gas, showing ab-
sorption close to 20 mL g [66]. Scheme 13 shows
a simplified scheme for the synthesis of such a
polymer based on halobenzenes.

The ability of hyper-crosslinked polymers to
absorb large volumes of liquid due to the swell-
ing of porous networks is a property that can be
used in many other areas, for example, in medi-
cal purposes for treating wounds. The maximum
swelling of hyper-crosslinked polymers, along with
the inclusion of catalytic groups in the network
to ensure chemical deactivation of agents, will
contribute to the development of a universal po-
lymer material capable of absorbing and de-
stroying stocks of all known CWAs.

It is known that sorbent materials are usu-
ally used for the physical removal of chemical
warfare agents from contaminated surfaces.
They remove CWAs in liquid form by their phy-
sical adsorption. After adsorption, the sorbent
is removed by wiping until clean surfaces are

FeCls, 80 °C

o)
Me ~

1,2-dichloroethane

R =Cl, F, Me,
OMe, OH

Scheme 13. The synthesis of hyper-crosslinked polymer meshes

Y

HCP Network
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obtained. One such work [67] presents data on
the decontamination composition based on nano-
materials containing Ti0,, MgO, and ZnO nano-
particles for use against chemical warfare agents.
This decontamination composition was prepared
by mixing 90% of TiO, nanoparticles with a size
of 5—15 nm, 8% of MgO nanoparticles with a size
of 5—15 nm and 2% of ZnO nanoparticles with
a size of 20—30 nm. As the authors showed, the
composition prepared proved its effectiveness in
physically removing 98-99% of contaminated
glass, rubber, and metal surfaces [68]. It effec-
tively removed chemical warfare agents from the
contaminated skin. Examples of the chemical de-
composition of 97% of mustard gas in 24 hours
and 99.9% of sarin in 2 hours are given in con-
trast to Fuller’s earth, which chemically decom-
poses only 63% of mustard gas and 59% of sarin
in 24 hours.

B Conclusions

The material presented in the review relates
to the analysis of various methods of decontami-
nation of chemical warfare agents, ecotoxicants,
and various pollutants that are widely used to
clean surfaces and air. The main degradation pro-
cesses of CWAs that have been described above
include hydrolysis, oxidation, photolysis. The use
of these reactions, both individually and in vari-
ous combinations, allows for creating unique for-
mulations and technologies capable of a quick and
efficient destruction of both chemical warfare
agents and other ecotoxicants. An important me-
thod of CWAs deactivation is the use of nucleo-
philic/oxidizing systems, primarily a-nucleophi-
les, which are highly efficient and can react as
nucleophiles and oxidants. It has been shown
that the use of systems based on hydrogen per-
oxide for deactivation of CWAs is effective both
from the point of view of the reaction rate and
environmental protection. Being convenient for
practical use, oxidizing systems consisting of one
reagent have also been developed, both against
chemical warfare agents and various pollutants.

An equally important method of decontami-
nation of CWAs is the use of supernucleophilic
systems based on functional detergents, which
makes it possible to increase efficiency not only
due to structural modification of the agent that

breaks down ecotoxicants, but also by using al-
ternative methods of influencing the reaction
rate, for example, by changing properties of the
solvent in which it occurs.

In this sense, microorganized systems (micellar
solutions, microemulsions, ionic liquids, concen-
trated aqueous solutions of quaternary ammoni-
um salts, etc.) are widely used to solve a number
of applied and fundamental problems. The indis-
putable advantage of micellar systems compared
to other organized microheterogeneous media, is
that a significant change in the properties of the
medium is achieved by the introduction of rath-
er small amounts of micelle-forming substances,
above the critical concentration of micelle for-
mation, which varies within 10%-10-2 mol 1.
At the same time, the main component of such
systems, in most cases, is water, which makes
them extremely attractive for practical use from
the point of view of “green” chemistry.

Works on the application of photocatalytic
deactivation of CWAs using composites obtained
on the basis of zirconium and terephthalic acid,
which are made from plastic waste, seem very
interesting (this is important, based on environ-
mental issues). It is worth paying attention to
the research of photolytic and photocatalytic re-
actions of deactivation of sarin, soman, mustard
gas and chlorocyanide in the air. Thus, vapors
of these CWASs (except chlorocyanide) can be ef-
fectively removed by UV light from a germicidal
lamp. Such a photocatalytic reaction leads to
photoinduced polymerization directly under the
action of UV irradiation, as well as the splitting
of CWASs into small inorganic compounds on the
surface of the TiO, catalyst. Photocatalytic and
sonophotocatalytic methods of processing reac-
tion mixtures in aqueous Ti0, suspensions have
also been developed. The question of using poly-
mer sorbents for deactivating CWAs is reflected
in many recent publications. They provide effec-
tive adsorption of CWAs and the possibility of
their deactivation in large volumes and in a short
period of time.

Thus, ensuring high reaction rates and form-
ing decomposition products that are safe for na-
ture and humans and their subsequent comple-
te disposal should be the basis of methods and
technologies for decontaminating chemical war-
fare agents.
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Abstract

An optimized approach towards 4-substituted 2,4-methanoproline derivatives is reported. Careful selection of the starting
materials and optimized isolation procedure provided easy access to a key bicyclic building block in a preparative yield of
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H Introduction

Introduced in the 2000s, the “escape from
flatland” concept affected the medicinal chemis-
try paradigm considerably, setting novel trends
in drug design [1, 2]. This catchphrase refers
to shifting from the predominant use of planar
(hetero)aromatic fragments to sp?-enriched moi-
eties with three-dimensional shapes in drug de-
sign [3—-5]. The introduction of non-planar satu-
rated structures may improve the compound’s
physicochemical parameters [6—8], lower bind-
ing entropic penalty [1, 9], provide precise spa-
tial disposition of the side chain fragments [10],

and increase metabolic stability [11]. As a part of

this concept, the intensive development of struc-
turally rigid analogs of naturally occurring com-
pounds (especially amino acids) was observed.
In particular, C,-modified pyrrolidine analogs re-
ceived considerable attention after the introduc-
tion of the antidiabetic agent “Boceprevir” [12]
and the antihepatitic drug “Saxagliptin” [12, 13]
(Figure 1, B). Since then, fused pyrrolidine ana-
logs and approaches to their synthesis have
been thoroughly studied, resulting in more than
6500 compounds reported in Reaxys® [14]. On the
contrary, pyrrolidines with bridged C, units are
less documented, either in biomedical applica-
tion studies or in the development of synthetic
approaches (Figure 1, A).

One of the bridged pyrrolidine scaffolds, 2-aza-
bicyclo[2.1.1]hexane (2,4-methanopyrrolidine), has
been of particular interest since the 1980s when the

Journal of Organic and Pharmaceutical Chemistry 2024, 22 (3)

corresponding a-amino acid — 2,4-methanoproli-
ne (1, Figure 2, A, FG = H) — was isolated from
Ateleia Herbert smithii Pittier [15, 16]. The con-
formational features introduced by the bicyclic
skeleton of 1 were considered to stabilize the trans-
amide bond configuration, which was of poten-
tial use in peptide-based drug design [17-20].
Thus, Stammer and colleagues studied a confor-
mationally constrained analog of thyrotropin-
releasing hormone (TRH) and demonstrated a de-
terminative impact of the bicyclic core on the con-
formation of the whole molecule [21]. Further-
more, derivatives of 2,4-methanopyrrolidine de-
monstrated very promising results in the recent
antimalarial discovery campaign [22] and the
discovery of the potential nicotinic acetylcholine
receptor (NAChR) ligands [23].

To date, several different approaches to the
synthesis of 2,4-methanoproline (1) and its deriva-
tives have been reported (Figure 2, A). The earliest
method included intramolecular photochemical
[2+2] cycloaddition of N-allylic dehydroalanine
derivatives 2 [3, 24, 25]. In this way, carboxy-
alkyl-, alkyl-, F-, or non-substituted 2,4-metha-
noprolines could be obtained in moderate yields.
Modification of the pre-formed 2-azabicyclo-
[2.1.1]hexane core via the C—H lithiation — elec-
trophile addition sequence gave the target un-
substituted product in the yield of 98% [26].
Alternative approaches were based on intra-
molecular nucleophilic substitution reactions.
In particular, one-pot tandem Strecker reaction
— Sy2-type nucleophilic cyclization (STRINC) of

A 4489
examples

74

Fused | Cq—modified
pyrrolidine

Bicyclic 807

examples
Ny &O

N N
H H
LY, NS, &, &
H H H H
803 examples 1283 examples 151 examples 17 examples
H H ON S X
O 0 0]
\‘/ Y o o NH,
HN
HN N o
bl NH, 226
© OH examples
Boceprevir® Saxagliptin® antimalarial
antidiabetic drug HCV protease inhibitor screening
Cox, 2020

Asta Zeneca

Merck

Figure 1. (A) Reported fused (left) and bridged (right) C,-modified pyrrolidines ; (B) Drug substances with C,-modified pyrrolidines
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Figure 2. (A) Known synthesis of 2,4-methanoproline and its derivatives. (B) Results reported in this work

imine 3 produced nitrile 4 that could be easily
converted to amino acid 1 in a few steps [27].
I,-promoted cyclization of methylenecyclobutane 5
gave the corresponding tricyclic carbamate; the
latter compound was converted to amino acid 1
upon the hydrolytic cleavage of the carbamate
moiety with the subsequent oxidation of the hyd-
roxymethyl fragment [28]. Finally, a sophisticat-
ed approach based on the double recyclization of
oxetane ring allowed Vasiuta and Gorichko [29]
the preparation of 4-hydroxymethyl-2-azabicyc-
lo[2.1.1]hexane-1-carboxylic acid derivative (1,
FG = CH,0OH) in only four steps.

In this work, we re-established the previous-
ly reported synthetic protocol towards N-Boc-
4-hydroxymethyl-2,4-methanoproline (6) and
adjusted it for the kilogram-scale production
(Figure 2, B). The optimization of the starting
points of the synthesis, as well as avoiding the
product isolation with ion-exchange chromato-
graphy, allowed for the preparation of the key
building block of up to 0.7 kg scale in a single
run. Simple chemical transformations (including
oxidation, deoxyfluorination, the Curtius reac-
tion, or mesylation — nucleophilic substitution —
azide reduction sequence) offered several valuable
polyfunctionalized building blocks on a 10-60 g
scale in preparative isolated yields.

B Results and discussion

We started our investigation with the syn-
thesis of the first important intermediate — bicy-
clic lactone 7 (Scheme 1). Repeating the origi-
nal procedure [29], the application of dichloride 8
and diisopropyl malonate 9 as precursors led to
spiro-derivative 10 in the yield of 64%, which
upon acidic rearrangement produced compound 7
in the yield of 62% (40% over two-steps). Mean-
while, the use of the corresponding dibromide 11
and diethylmalonate 12 was more effective in
our hands, giving products 13 and 7 in the yield
of 77% (64% over two steps). Using these opti-
mized procedures, the sequence was scaled up
to 1.10 kg of product 7 with no noticeable loss in
efficiency. The Curtius rearrangement of the car-
boxylic acid moiety with the subsequent recyc-
lization of compound 14 under basic conditions
afforded highly hydrophilic amino acid 15 (as a
salt) in the yield of 80% (according to 'H NMR
spectra). The method reported for the isolation
of this compound by ion-exchange column chro-
matography was considered impractical for the
large-scale synthesis. To bypass the limitations
caused by the amphiphilic nature of the amino
acid obtained, compound 15 was converted to the
corresponding N-Boc derivative by the treatment
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Scheme 1. Synthesis of key building block 6

ion-exchange
chromatography,
54 % yield from 7

with Boc,0 without isolation. Upon completion
of the reaction, pure N-Boc amino acid 6 was ex-
tracted from the aqueous solution after the aci-
dification with NaHSO,. This simple methodolo-
gy allowed for the preparation of the key build-
ing block 6 on a 0.7 kg scale in a single run in
the yield of 32% over four laboratory steps.
With a substantial amount of compound 6 in
hand, we aimed to demonstrate its utility as the
source of 2-azabicyclo[2.1.1]hexane derivatives
(Scheme 2). Firstly, interconversions of the
N,O-protective groups were performed. Refluxing
the aqueous suspension of compound 6 led to ami-
no acid 16 in the zwitterionic form in an isolated
yield of 77%. SOCl,-mediated esterification led
to the simultaneous cleavage of the carbamate

fragment, giving amine 17 as a HCl salt. The N-Boc-
protection of the latter compound under basic
conditions gave alcohol 18 (in the yield of 98%)
that could also be obtained directly from N-Boc
amino acid 6 using Mel — K,CO, in DMF in an
isolated yield of 70%.

Since introducing fluorinated substituents into
organic molecules is a widely recognized strate-
gy for fine-tuning the compound’s physicochemi-
cal properties [30—35], we considered installing
a fluorine atom into the 2,4-methanoproline core.
We found that the treatment of the IV,O-protect-
ed building block 18 with commercially available
deoxyfluorination agents (DAST (V,N-diethyl-
aminosulfur trifluoride) or Morph-DAST) led to
the formation of the fluoromethyl derivative 19

Mel, DMF, K,COs, rt

0% 1
OH OH OH OH
S}
cl
0] H2O (@) SOC|2 (o) BOCZO 0
No 1o reflux N MeOH “N Et;N N
H H 77 % Boc OH g969% | § OMeMeOH Boc OMe
0,
16 6 17 B% g
SOCI; /MeOH [80—100 g scale ]
95 %

Scheme 2. Variation of the protective functional groups in the building block 6
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Scheme 3. Preparation of fluoromethyl derivatives 21 and 22

in the unsatisfactory yield of 26—30%. At the same
time, the application of an alternative fluorine
source — XtalFluor-E® (DAST difluorosulfinium
salt) [36, 37] produced target compound 19 in the
preparative yield of 70% (Scheme 3). The subse-
quent cleavage of the N- and O-protection groups
gave the building block 20 and then — amino
acid hydrochloride 21 in the yields of 98% and
96%, respectively. Considering the potential in-
compatibility of the masked neopentyl fluoride
fragment with nucleophilic reagents [38], N-Boc
protected amino acid 22 was prepared by an al-
ternative sequence. The base-promoted benzyla-
tion of amino acid 6 gave hydroxyester 23 that
was transformed into fluoride 24 in the yield of
41%. The hydrogenolysis of the benzyl protection
group cleanly produced the target N-Boc-amino
acid 22 in the yield of 95%.

The amination of the primary alcohol moiety
in the molecule of 6 was achieved by a standard
three-step sequence (Scheme 4) [39, 40]. The me-
sylation with MsCl under mild conditions cleanly
afforded mesylate 25 (in the yield of 99%), which
upon the treatment with NaN, was converted
into azide 26 in a high yield of 94%. The cata-
lytic hydrogenolysis over Pd/C was found to be

sluggish, giving the complex mixture of uniden-
tified compounds. However, using saturated am-
monia methanol as a solvent suppressed the un-
desired reactivity, producing target aminomethyl
derivative 27 in the yield of 91% on a 20 g scale.

Finally, oxidation of the alcohol moiety in 6
with RuCl,/NalO, mixture [41, 42] afforded car-
boxylic acid 28 in the yield of 89% (Scheme 5).
Upon acidic cleavage of derivative 28, a protect-
ed bicyclic glutamate analog 29 was obtained in
the yield of 93% (overall 83% from 6). The latter
compounds can be of special interest to bioorga-
nic and medicinal chemists since promising pep-
tidomimetic properties of its derivatives were dis-
closed previously by Esslinger and co-workers [43].
The Curtius rearrangement of carboxylic acid 28
gave orthogonally protected diamine 30 in the
yield of 62%. Its subsequent hydrogenolysis pro-
duced diamino acid derivative 31 in the yield of
98% (overall 54% from 6) on ca. 20 g scale.

B Conclusions

In this work, the multigram synthesis of 2-aza-
bicyclo[2.1.1]hexane-1-carboxylate (2,4-methanopro-
line) derivatives has been developed. An optimized
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Scheme 5. Ru-mediated oxidation of alcohol 6 and further transformations

protocol for synthesizing the key building block —
N-Boc-4-(hydroxymethyl)-2,4-methanoproline —
has allowed for the preparation of the latter com-
pound on a 700-g scale with the improved overall
yield and avoiding the resource-demanding ion-
exchange chromatography step. Further functio-
nal group transformations have offered several
building blocks valuable for medicinal chemists,
including those bearing CH,F, CH,NH,, COOH,
and NH, groups in position C-4. Operationally
simple transformations, high overall yields, as
well as large amounts of the products obtained,
offer easy access to privileged saturated scaffolds.
We believe that the results of this work will pro-
mote the use of the title chemotype in future drug
development campaigns.

m Experimental part

The solvents were purified according to the
standard procedures [44]. Compound 11, Xtal-
Fluor-E® ((Diethylamino)difluorosulfonium tetra-
fluoroborate), and all other starting materials were
obtained from Enamine Ltd. stock. Melting points
were measured on the MPA100 OptiMelt auto-
mated melting point system. Analytical TLC
was performed using Polychrom SI F254 plates.
Column chromatography was performed using
Kieselgel Merck 60 (230—400 mesh) as the sta-
tionary phase. 'H and *C{!H} NMR spectra
were recorded on a Bruker 170 Avance 500 spec-
trometer (at 500 MHz for 'H NMR, 126 MHz
for *C{{H} NMR), on an Agilent ProPulse 600
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spectrometer (at 151 MHz for *C) and a Varian
Unity Plus 400 spectrometer (at 400 MHz for
'H NMR, 101 MHz for ®*C{'H} NMR and 376 MHz
for YF{*H} NMR). NMR chemical shifts were re-
ported in ppm (6 scale) downfield from TMS as
an internal standard and referenced using resid-
ual NMR solvent peaks at 7.26 and 77.16 ppm
for 'H and '*C in CDCl,, 2.50 and 39.52 ppm for
'H and *C in DMSO-d,. For “F{!H}, NMR CCL,F
was used as an internal standard. Coupling con-
stants (J) were given in Hz. Spectra were report-
ed as follows: chemical shift (6, ppm), integra-
tion, multiplicity, coupling constants (Hz), and
signals assignment if applicable. Elemental ana-
lyses were performed at the Laboratory of Or-
ganic Analysis, Department of Chemistry, Taras
Shevchenko National University of Kyiv. High-
resolution mass spectra (HRMS) were obtained
on an Agilent 1260 Infinity UHPLC instrument
coupled with an Agilent 6224 Accurate Mass
TOF mass spectrometer.

Diethyl 2-oxaspiro[3.3]heptane-6,6-di-
carboxylate (13)

To the suspension of NaH pre-cooled to 0 °C
(60% dispersion in mineral oil, 0.750 kg, 18.8 mol)
in DMF (3.5 L), neat diethyl malonate (3.00 kg,
18.7 mol) was slowly added, keeping the tempe-
rature below 10 °C (CAUTION! Application of
the mechanical stirring apparatus and intensi-
ve ventilation of the fume hood is necessary due
to massive solidification of the reaction mixture
and large amounts of the evolved gas!). The re-
sulting mixture was stirred for 1 h at rt, then slow-
ly heated to 60 °C, and the solution of 3,3-bis-
(bromomethyl)oxetane (11) (2.20 kg, 9.02 mol)
in DMF (0.5 L) was added gradually at this tem-
perature. The resulting mixture was heated to
reflux and stirred for 16 h at the same tempera-
ture. Upon completion of the reaction (concluded
by '"H NMR spectroscopy of the small aliquot of
the reaction mixture), the mixture was cooled to
rt, diluted with water (6 L), and extracted with
tBuOMe (5 L). The organic layer was washed
with water (2x2 L), dried over Na,SO, and the
solvent was evaporated under reduced pressure.
The oily residue was distilled in a high vacuum
to give the title compound 13. The compound was
mentioned previously in the literature without
proper characterization [45].

A colorless liquid. Yield — 1.82 kg (83%). B. p.
95-98 °C (1 mmHg). Anal. Caled. for C,,H,,0,, %:
C 59.49, H 7.49. Found, %: C 59.35, H 7.55. 'H
NMR (400 MHz, CDCl,), 6, ppm: 1.23 (3H, t,
J = 7.1 Hz, CH,CH,0), 2.72 (2H, s, CH,), 4.17

(2H, q, J = 7.1 Hz, CH,CH,0), 4.65 (2H, s, CH,).
BC{'H} NMR (101 MHz, CDCl,), 6, ppm: 171.5,
83.3, 77.2,61.7, 48.1, 39.0, 38.3, 14.1.
5-(Chloromethyl)-2-ox0-3-oxabicyclo-
[3.1.1]heptane-1-carboxylic acid (7)

To a refluxing aq. HCI (6 M, 900 mL), a neat
compound 13 (100.0 g, 0.413 mol) was added
within 2—3 min in a few portions. The resulting
mixture was refluxed for 30 min and then concen-
trated under reduced pressure at 70 °C. The cru-
de residue was triturated with Et,O (400 mL), the
precipitate formed was filtered off, washed with
Et,O (200 mL), and dried under a high vacuum
(1 mmHg) at 50—60 °C with a P,O,dryingtrap to
give a pure compound 7.

A colorless solid. Yield — 65.2 g (77%). M. p.
>250 °C (dec.). 'H NMR (400 MHz, CDCl,), 6, ppm:
2.26 (2H, dd, J =17.3, 2.8 Hz, CH,), 2.72 (2H, dd,
J=1.3,2.9Hz, CH,), 3.62 (2H, s, CH,Cl), 4.55 (2H,
s, CH,0CO). All other spectral data are in accor-
dance with those reported in the literature [29].

1-Amino-5-(chloromethyl)-3-oxabicyclo-
[3.1.1]heptan-2-one hydrochloride (14)

A neat SOCI, (1.92 kg, 16.128 mol) was slow-
ly added to the solution of compound 7 (1.10 kg,
5.376 mol) in CH,Cl, (5.6 L) and DMF (120 mL,
2% vlv) over ca. 1 hour at rt. The reaction mix-
ture was heated to reflux for 3 h, then cooled to rt,
and the solvent evaporated under reduced pres-
sure. The solution of the residual compound, which
was used in the next step as obtained (1.15 kg,
5.16 mol), in THF (2 L) was added to the solution
of NaN, pre-cooled to 0 °C (2.00 kg, 30.8 mol) in
water (4 L). The resulting mixture was stirred
for 1 hour at rt, then poured on water (2 L) and
extracted with toluene (4 L). The organic phase
was separated, dried over anhydrous Na,SO,,
concentrated under reduced pressure to ca. 2.5 L,
transferred to a dropping funnel, and the later
was installed on a separate 10 L three-necked
round bottom flask. A fresh portion of toluene
(2.5 L) was added to this flask, heated to 85 °C,
and the organic solution in a dropping funnel
was slowly added to the heated solvent (ca. 1 h).
The resulting mixture was heated to reflux and
stirred for an additional 30 min at the same tem-
perature, then left stirring without heating bath
upon cooling to room temperature. The inhomo-
geneous mixture was carefully decanted from
the precipitate, and the organic solvent was con-
centrated under reduced pressure to ca. 2—2.5 L.
To the precipitate left, aq. HCI (8 M, 3L) was
added in one portion, and the resulting mixture
was slowly heated to reflux with intensive stirring
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(CAUTION! A possible violent gas evolution!).
To the refluxing aqueous mixture, the toluene so-
lution previously obtained was gradually added,
controlling the addition rate by the rate of gas
evolution. The resulting mixture was refluxed for
an additional 2 hours, then cooled to room tempe-
rature, and the layers were separated. The aque-
ous phase was evaporated under reduced pres-
sure, giving crude amine 14 as a HCl salt, which
was used in the next step without purification.
The analytical sample was obtained by tritura-
tion of the small amount of the crude material
in Et,0.

A colorless solid. M. p. 189-191 °C ({it. 194-196 °C
[29]). 'H NMR (400 MHz, DMSO-d,), 6, ppm: 2.20
(2H, dd, J = 6.7, 3.0 Hz, CH,), 2.64 (2H, d, J =
7.0 Hz, CH,), 3.80 (2H, s, CH,Cl), 4.44 (2H, s,
CH,0CO0), 9.23 (3H, br. s, NH.*). All other spec-
tral and physical data are in accordance with
those reported in the literature [29].

2-[(tert-Butoxy)carbonyl]-4-(hydroxyme-
thyl)-2-azabicyclo[2.1.1]hexane-1-carboxy-
lic acid (6)

Product 14 was dissolved in 4 L of water,
and then a solid NaOH (800.0 g, 20.0 mol) was
added in portions, keeping the internal tempe-
rature below 40—45 °C. After additional stirring
for 15 min, the mixture was cooled to rt, and
the solution of Boc,O (1.80 kg, 8.25 mol) in THF
(1.8 L) was added dropwise. The resulting mix-
ture was stirred for 3 h at rt, extracted with
tBuOMe (2.0 L), and the aqueous layer was se-
parated, acidified with NaHSO, to pH = 2, and
extracted with EtOAc (3X2 L). The organic pha-
ses were combined, dried over Na,SO,, and the
solvent was evaporated under reduced pressure.
The residue was triturated with EtOAc (1.5 L)
until solidification, and the precipitate formed
was filtered to give a pure N-Boc-amino acid 6
(475.0 g, 1.85 mol, 36%). The filtrate was eva-
porated under reduced pressure to give a crude
Boc-amino acid 6 (224.0 g, 0.871 mol, 17%) with
sufficient purity, which could be used in the next
step without purification.

A colorless solid. Yield — 699 g (563% from 7).
M. p. 143-146 °C. *H NMR (500 MHz, DMSO-d,),
6, ppm: 1.36 (9H, s, C(CH,),), 1.52 (2H, d, J=5.0 Hz,
CH,), 1.85 (2H, d, J = 3.3 Hz, CH,), 3.21 (2H, s,
CH,0), 3.56 (2H, d, J=5.0 Hz, CH,N), 4.71 (1H,
t, J = 5.3 Hz, OH), 12.42 (1H, br. s, COOH).
BC{'H} NMR (151 MHz, DMSO-d,), 6, ppm: 27.8,
43.0, 48.0, 53.4, 60.1, 67.8, 79.4, 156.4, 169.5.
HRMS (ESI/QTOF), m/z: caled for C,,H,,NO,Na*
280.1155 [M + Na]*, found 280.1156.
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4-(Hydroxymethyl)-2-azabicyclo[2.1.1]he-
xane-1-carboxylic acid (16)

A crude N-Boc-amino acid 6 (224.0 g, 0.871 mol)
was mixed with 2 L of distilled water and heat-
ed to reflux with intensive stirring. Upon com-
pletion of the reaction (concluded by 'H NMR
spectrum of the small aliquot of the reaction
mixture), the solvent was evaporated under re-
duced pressure to dryness, the solid residue was
washed with a dry EtOH (1.0 L), filtered, and
re-dissolved in a dry MeOH (3.4 L). Insoluble
parts were filtered off, the filtrate was carefully
evaporated under reduced pressure to give a pure
amino acid 16.

A colorless solid. Yield — 105.1 g (77%). M. p.
224-225 °C. Anal. Calcd. for C,H,,NO,, %: C 53.49,
H 7.05, N 8.91. Found, %: C 53.41, H 6.98, N 8.83.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 1.55 (2H,
d,J=5.2 Hz, CH,), 1.90 (2H, d, J=5.3 Hz, CH,),
2.99 (2H, s, CH,N), 3.54 (2H, s, CH,0), 4.82 (1H,
s, COOH). *C{'H} NMR (101 MHz, D,0), 6, ppm:
40.9, 49.4, 50.2, 59.8, 71.3, 172.1.

Methyl 4-(hydroxymethyl)-2-azabicyclo-
[2.1.1]hexane-1-carboxylate hydrochloride (17)

A neat SOCI, (84.0 mL, 1.16 mol) was slowly
added to a suspension of compound 6 pre-cooled
to 0 °C (100.0 g, 0.389 mol) in MeOH (800 mL),
keeping the internal temperature below 10 °C.
The reaction mixture was heated to reflux and
stirred at the same temperature for 40 min.
Upon completion of the reaction (concluded by
'H NMR spectrum of the small aliquot of the re-
action mixture), the reaction mixture was cooled
to room temperature, concentrated under redu-
ced pressure, and co-evaporated the residue with
fresh MeOH portions (2xX350 mL). The residue
was dried under a high vacuum (1 mmHg) to give
a pure compound 17. Yield — 77.3 g (96%).

An alternative method from 16: A neat SOCI,
(97.0 mL, 1.34 mol) was added dropwise to the so-
lution of compound 16 pre-cooled to 0 °C (70.0 g,
0.445 mol) in MeOH (700 mL), keeping the inter-
nal temperature below 10 °C. The reaction mix-
ture was heated to reflux and stirred at the same
temperature for 40 min. Upon completion of the
reaction (concluded by '"H NMR spectrum of the
small aliquot of the reaction mixture), the reac-
tion mixture was cooled to room temperature, con-
centrated under reduced pressure, and co-evapo-
rated the residue with fresh MeOH portions
(2x350 mL). The residue was dried under a high
vacuum (1 mmHg) to give a pure compound 17.

A yellow powder. Yield — 87.8 g (95% from 16).
M. p. 150-153 °C. 'H NMR (500 MHz, DMSO-d,),
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o, ppm: 1.86 (2H, d, J = 5.1 Hz, CH,), 2.18 (2H,
d,J=4.5Hz, CH,), 3.20 (2H, s, CH,0), 3.61 (2H,
s, CH,N), 3.78 (3H, s, CH,), 4.96 (1H, br. s, OH),
10.09 (2H, br. s, NH,*). *C{'H} NMR (151 MHz,
DMSO-d,), 6, ppm: 41.1, 48.7, 50.8, 52.9, 58.8,
67.0, 166.0. HRMS (ESI/QTOF), m/z: caled for
C.,H,,NO,*172.0968 [M + H]*, found 172.0968.

2-tert-Butyl 1-methyl 4-(hydroxymethyl)-
2-azabicyclo[2.1.1]hexane-1,2-dicarboxy-
late (18)

Method A. Mel (11.0 mL, 0.177 mol) was added
to a mixture of compound 6 (22.0 g, 85.51 mmol)
and K,CO, (17.7 g, 128.3 mmol) in DMF (100 mL).
The resulting suspension was stirred at room tem-
perature overnight, poured on water (300 mL),
and extracted with EtOAc (2x250 mL). The or-
ganic phases were combined, dried over Na,SO,
and evaporated under reduced pressure. The re-
sidue was dried in a high vacuum (1 mmHg) to
give a pure compound 18. Yield — 16.21 g (70%).

Method B. The solution of Boc,0O (94.8 g,
0.435 mol) in MeOH (100 mL) was added to the
solution of compound 17 (82.0 g, 0.395 mol) and
Et,N (137.6 ml, 0.987 mol) in MeOH (700 mL).
The reaction mixture was stirred at room tem-
perature overnight and then concentrated under
reduced pressure. The residual oil was triturat-
ed with THF (500 mL), and the resulting cloudy
mixture was filtered. The filtrate was evapo-
rated under reduced pressure, triturated with
tBuOMe (700 mL), and filtered, and the solvent
was concentrated under reduced pressure to
give product 18.

A yellow viscous oil. Yield — 105.3 g (98% from
17). Anal. Calced. for C,;H, NO,, %: C 57.55, H
7.80, N 5.16. Found, %: C 57.46, H 7.72, N 4.96.
'H NMR (400 MHz, CDCl,), 6, ppm: 1.40 (9H,
s, C(CH,),), 1.80-1.67 (2H, m, CH,), 2.00 (2H,
d, J = 3.5 Hz, CH,), 2.44 (1H, s, OH), 3.36 (2H,
s, CH,0), 3.75 (3H, s, CH,), 3.78 (2H, s, CH,N).
BC{H} NMR (126 MHz, CDCl,), 6, ppm: 28.3, 43.7,
48.3, 52.1, 53.6, 61.9, 68.0, 81.0, 157.2, 169.2.

2-tert-Butyl 1-methyl 4-(fluoromethyl)-2-
azabicyclo[2.1.1]hexane-1,2-dicarboxylate (19)

Et.Nx3HF (142.7 g, 0.885 mol) and Xtal-
Fluor-E® (81.1 g, 0.354 mol) were sequentially
added to the solution of compound 18 pre-cooled
to 0 °C (80.0 g, 0.295 mol) in CH,CL, (1 L).
The cooling bath was removed, and the resulting
mixture was left overnight with stirring. The clear
solution was slowly poured on sat. aq. NaHCO,
(700 mL), the organic phase was washed with
sat. aq. NaHCO, (500 mL), water (500 mL), dried
over Na,SO, and evaporated under reduced

pressure. The crude product obtained was puri-
fied by flash column chromatography (hexanes/
EtOAc, gradient = 4:1 to 1:1 v/v) to give a pure
compound 19.

A yellow viscous oil. Yield — 56.5 g (70%).
'H NMR (400 MHz, CDCL,), 6, ppm: 1.34 (9H,
s, C(CH,),), 1.73 (2H, dd, J = 4.5, 1.5 Hz, CH,),
2.00 (2H, d, J=4.5 Hz, CH,), 3.33 (2H, s, CH,N),
3.70 (3H, s, CH,), 4.50 (2H, d, Jy = 47.2 Hz,
CH,F). *C{'H} NMR (126 MHz, CDCL,), 6, ppm:
28.1,43.5(d, J; = 4.6 Hz), 46.2 (d, J . = 21.9 Hz),
51.9, 52.7 (d, J= 5.8 Hz), 67.9, 80.9, 81.9 (d,
Jo = 167.1 Hz), 156.9, 168.5. YF{H} NMR
(376 MHz, CDCL,), 6, ppm: —226.3. HRMS (ESI/
QTOF), m/z: caled for C,;H,,FNO,Na* 296.1269
[M + Na]*, found 296.1267.

Methyl 4-(fluoromethyl)-2-azabicyclo[2.1.1]-
hexane-1-carboxylate hydrochloride (20)

Compound 19 (55.0 g, 0.201 mol) was mixed
with the anhydrous HCI methanolic solution (2 M,
500 mL) and stirred for 30 min at room tempe-
rature. After the gas evolution ceased, the solvent
was carefully evaporated under reduced pressure
at 30 °C. The crude residue was triturated with
CH,CN (100 mL), and the precipitate formed was
collected by filtration to give a pure compound 20.

A colorless solid. Yield — 41.5 g (98%). M. p.
196-199 °C. 'H NMR (500 MHz, DMSO-d,), 6, ppm:
2.03 (2H, d, J = 5.0 Hz, CH,), 2.22-2.32 (2H, m,
CH,), 3.30 (2H, s, CH,N), 3.77 (3H, s, CH,), 4.71
(2H, d, Ju = 47.0 Hz, CH,F), 10.58 (2H, br. s,
NH,". ¥*C{'H} NMR (126 MHz, DMSO-dy), 6, ppm:
40.9(d, Jr=4.9Hz),47.8(d, J=5.3 Hz), 48.0 (d,
Jor=21.8 Hz), 53.0, 67.2, 80.9 (d, J. = 161.7 Hz),
165.6. YF{!H} NMR (376 MHz, DMSO-d,), 6, ppm:
-227.3. HRMS (ESI/QTOF), ml/z: caled for
C.,H,,FNO,"* 174.0925 [M + H]*, found: 174.0925.

4-(Fluoromethyl)-2-azabicyclo[2.1.1]he-
xane-1-carboxylic acid hydrochloride (21)

Compound 20 (13.0 g, 0.062 mol) was dis-
solved in aq. HCI (0.2 M, 100 mL), and the re-
sulting solution was heated to reflux. After ad-
ditional stirring for 2 h, the mixture was cooled
to rt, and the solvent was evaporated under re-
duced pressure to dryness. The residue was ad-
ditionally dried in a high vacuum (1 mmHg) to
give a pure compound 21.

A colorless solid. Yield — 11.6 g (96%). M. p.
205-207 °C. 'H NMR (500 MHz, D,0), 6, ppm:
2.11 (2H, dd, J = 5.9, 2.3 Hz, CH,), 2.58 (2H, d,
J = 5.8 Hz, CH,), 3.60 (2H, s, CH,N), 4.84 (2H,
d, Jyr = 46.6 Hz, CH,F). *C{'H} NMR (151 MHz,
D,0), 6, ppm: 41.0 (d, Jp = 4.5 Hz), 48.3 (d, J &
=21.1 Hz), 49.0 (d, J = 6.0 Hz), 69.1, 81.2 (d,
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Jop = 161.6 Hz), 168.5. YF{{H} NMR (376 MHz,
DMSO-d,), 6, ppm: —227.3. HRMS (ESI/QTOF),
mlz: caled for C;H,,FNO," 160.0768 [M + H]*,
found: 160.0773.

2-[(tert-Butoxy)carbonyl]-4-(fluorome-
thyl)-2-azabicyclo[2.1.1]hexane-1-carboxy-
lic acid (22)

Compound 24 (28.0 g, 0.080 mol) was dissolved
in THF (300 mL), and Pd/C (10% w/w, 5.00 g)
was added in one portion. The flask was vacuumed
and backfilled with H, from the balloon of the
appropriate size, and the resulting mixture was
stirred overnight. After the reaction was com-
plete (concluded by '"H NMR spectra of the small
aliquot of the reaction mixture), the suspension
was filtered through a celite pad, and the fil-
trate was concentrated under reduced pressure
to give a pure compound 22.

A colorless solid. Yield — 19.7 g (95%). M. p.
136—-137 °C. *H NMR (500 MHz, CDCl,), 6, ppm:
1.50 (9H, s, C(CH,),), 1.93 (2H, s, CH,), 2.37 (2H,
s, CH,), 3.49 (2H, s, CH,N), 4.59 (2H, d, Jy =
47.1 Hz, CH,F). *C{*H} NMR (151 MHz, CDCL,),
0, ppm: 28.3, 44.9, 45.7 (d, J = 22.9 Hz), 53.9,
70.0 (d, Jop = 16.5 Hz), 82.1 (d, J = 167.6 Hz),
82.9, 157.6, 169.7. ¥F{{H} NMR (376 MHz, CDCL,),
0, ppm: —226.8. HRMS (ESI/QTOF), m/z: caled for
C,,H,,FNO,Na* 282.1118 [M + NaJ*, found: 282.1112.

1-Benzyl 2-tert-butyl 4-(hydroxymethyl)
bicyclo[2.1.1]hexane-1,2-dicarboxylate (23)

Benzyl bromide (30.5 mL, 0.257 mol) was add-
ed to a mixture of compound 6 (63.0 g, 0.245 mol)
and K,CO, (50.4 g, 0.365 mol) in DMF (400 mL)
at room temperature. The resulting mixture was
stirred at room temperature overnight, then di-
luted with water (1 L) and extracted with EtOAc
(2x600 mL). The organic phases were combined,
dried over Na,SO, and evaporated under reduced
pressure. The residue was dried under a high
vacuum (1 mmHg) to give a pure compound 23.

A colorless solid. Yield — 73.6 g (87%). M. p.
68-69 °C. '"H NMR (500 MHz, CDCl,), 6, ppm:
1.33 (9H, s, C(CH,),), 1.68 (2H, s, CH,), 1.93 (2H,
s, CH,), 2.87 (1H, s, OH), 3.29 (2H, s, CH,0),
3.67 (2H, s, CH,N), 5.11 (2H, s, CH,Ph), 7.26
(5H, s, PhH). *C{H} NMR (126 MHz, CDCL,),
0, ppm: 28.2, 43.6, 48.3, 53.6, 61.6, 66.5, 67.9,
80.9, 128.0, 128.1, 128.5, 135.7, 157.2, 168.5.
HRMS (ESI/QTOF), m/z: caled for C,,H,;O,Na*
370.1630 [M + Na]*, found: 370.1625.

1-Benzyl 2-tert-butyl 4-(fluoromethyl)-2-
azabicyclo[2.1.1]hexane-1,2-dicarboxylate (24)

Et.N-3HF (164.0 mL, 1.01 mol) and XtalFluor-E®
(69.2 g, 0.302 mol) were added sequentially to the
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solution of compound 23 pre-cooled to 0 °C (70.0 g,
0.202 mol) in DCM (1 L). The resulting mix-
ture was slowly warmed to room temperature
and stirred at the same temperature overnight.
Then, the mixture was quenched with saturated
aq. NaHCO, (2x700 mL), the organic layer was
washed with water (700 mL), dried over Na,SO,
and evaporated under reduced pressure. The crude
product obtained was purified by flash column
chromatography (hexanes/EtOAc, 5:1 to 1:1 gra-
dient, v/v) to give a pure compound 24.

A yellow viscous oil. Yield — 28.5 g (41%).
'H NMR (400 MHz, CDCl,), 6, ppm: 1.35 (9H, s,
C(CH,),), 1.75 (2H, d, J=4.6 Hz, CH,), 2.01 (2H,
d,J=4.3 Hz, CH,), 3.33 (2H, s, CH,N), 4.47 (2H,
d, Jyr = 47.0 Hz, CH,F), 5.13 (2H, s, CH,Ph),
6.96—7.59 (m, 5H, PhH). *C{*H} NMR (126 MHz,
CDCl,), 6, ppm: 28.3, 43.6 (d, J.r = 4.6 Hz), 46.4
(d, Jop = 21.9 Hz), 52.9 (d, J = 5.7 Hz), 66.7,
68.1, 81.0, 82.1 (d, J = 167.4 Hz), 128.1, 128.2,
128.6, 135.8, 157.0, 168.0. YF{*H} NMR (376 MHz,
CDCl,), 6, ppm: —226.1. HRMS (ESI/QTOF),
mlz: caled for C, H,,FNO,Na*: 372.1582 [M + Na]*,
Found: 372.1583.

2-tert-Butyl 1-methyl 4-[(methanesulfonyl-
oxy)methyl]-2-azabicyclo[2.1.1]hexane-1,2-
dicarboxylate (25)

To the solution of compound 6 pre-cooled to 0 °C
(31.9 g, 0.118 mol) and Et,N (25.0 mL, 0.179 mol)
in CH,Cl, (300 mL) under Ar atmosphere, a neat
MeSO,Cl (16.2 g, 0.141 mol) was added dropwise
keeping temperature below 5 °C. The resulting
mixture was stirred for 1 h at the same tempera-
ture, washed with water (2x200 mL), dried over
Na,SO, and concentrated under reduced pressure.
The residue was dried in a high vacuum (1 mmHg)
for 1 h at 35—38 °C to give compound 25.

A yellow solid. Yield — 40.5 g (99%). M. p.
91-93 °C. 'H NMR (400 MHz, CDCl,), 6, ppm:
1.39 (9H, s, C(CH,),), 1.83-1.79 (2H, m, CH,),
2.04-2.09 (2H, m, CH,), 3.00 (3H, s, CH,), 3.39
(2H, s, CH,N), 3.74 (3H, s, CH,), 4.36 (s, 2H, CH,0).
BC{H} NMR (151 MHz, CDCl,), 6, ppm: 28.2, 37.5,
44.0, 45.2, 52.1, 53.1, 67.9, 81.2, 156.8, 168.3.
HRMS (ESI/QTOF), m/z: caled for C,,H,;,NNaO,S*
372.1093 [M + Na]*, found: 372.1088.

2-tert-Butyl 1-methyl 4-(azidomethyl)-2-
azabicyclo[2.1.1]hexane-1,2-dicarboxylate (26)

To the solution of compound 25 (40.0 g, 0.114 mol)
in DMF (300 mL), a solid NaN;, (23.0 g, 0.354 mol)
was added in one portion. The resulting mixture
was stirred overnight at 80 °C, diluted with water
(750 mL), and extracted with tBuOMe (750 mL).
The organic layer was separated, washed with
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brine (2x500 mL), dried over Na,SO, and con-
centrated under reduced pressure to give a pure
compound 26.

Yield —31.9 g (94%). A yellow oil. Anal. Calcd.
for C,;,H,,N,O,, %: C 52.69; H 6.80; N 18.91.
Found, %: C 52.38; H 6.87; N 19.25. '"H NMR
(400 MHz, CDCL,), 6, ppm: 1.41 (9H, s, C(CH,),),
1.80 (2H, d, J = 3.6 Hz, CH,), 2.03 (2H, d, J =
3.6 Hz, CH,), 3.37 (2H, s, CH,N), 3.53 (2H, s,
CH,N), 3.76 (3H, s, CH,). *C{'H} NMR (101 MHz,
CDCl,), 6, ppm: 28.3, 44.5, 46.5, 51.8, 52.1, 53.9,
68.0, 81.1, 157.0, 168.6.

2-tert-Butyl 1-methyl 4-(aminomethyl)-2-
azabicyclo[2.1.1]hexane-1,2-dicarboxylate (27)

The mixture of compound 26 (25.0 g, 84.4 mmol)
and Pd/C (10% w/w, 5.00 g) in the saturated NH,
methanolic solution (300 mL) was vacuumed and
backfilled with H, from the balloon of the appro-
priate size. The resulting mixture was left over-
night with intensive stirring. After the reaction
was complete (concluded by '"H NMR spectra of
the small aliquot of the reaction mixture), the
suspension was filtered through a thin celite pad,
and the filtrate was evaporated under reduced
pressure. The crude product was purified by flash
column chromatography (hexanes/EtOAc/Et,N
= 1:4:0.25 v/v) to give a pure compound 27.

A colorless solid. Yield — 20.8 g (91%). M. p.
57-60 °C. '"H NMR (500 MHz, CDCl,), 6, ppm:
1.43 (9H, s, C(CH,),), 1.76 (2H, dd, J = 4.8, 1.8 Hz,
CH,), 1.91 (2H, br s, NH,), 1.98 (2H, d, J=4.5 Hz,
CH,), 2.98 (2H, s, CH,N), 3.37 (2H, s, CH,N), 3.78
(3H, s, CH,). BC{'H} NMR (151 MHz, CDCL,), 6,
ppm: 28.4, 42.4, 43.8, 48.7, 52.1, 54.2, 67.9, 80.9,
157.2, 169.1. HRMS (ESI/QTOF), m/z: caled for
C,;H,;N,0,"271.1652 [M + H]*, found: 271.1646.

2-[(tert-Butoxy)carbonyl]-1-(methoxy-
carbonyl)-2-azabicyclo[2.1.1]hexane-4-car-
boxylic acid (28)

RuCl;xH,0 (1.07 g, 5.16 mmol) was added in
one portion to the solution of alcohol 6 (56.0 g,
0.206 mol) and NalO, (88.3 g, 0.413 mol) in the
H,0/MeCN mixture (900 mL, 2:1 v/v). The re-
sulting solution was stirred for 2 h at rt, diluted
with water (200 mL), and quenched with a solid
NaHCO, to pH = 7 (CAUTION! Intensive stir-
ring is required due to the heavy foaming effect).
The suspension obtained was filtered, and the fil-
trate was extracted with CHCI, (400 mL). The orga-
nic layer was discarded, and the aqueous layer
was acidified with 10% aq. NaHSO, to pH = 2
(CAUTION! Intensive stirring is required due
to the heavy foaming effect) and extracted with
EtOAc (2x700 mL). The combined organic layers

were dried over Na,SO, and concentrated under
reduced pressure to give a pure acid 28.

A colorless solid. Yield — 52.2 g (89%). M. p.
122-125 °C. '*H NMR (500 MHz, DMSO-d,), 6, ppm:
1.36 (9H, s, C(CH,),), 1.88 (2H, d, J = 4.1 Hgz,
CH,), 2.27 (2H, d, J = 4.4 Hz, CH,), 3.48 (2H, s,
CH,N), 3.66 (3H, s, CH,), 12.92 (1H, br. s, COOH).
BC{*H} NMR (151 MHz, DMSO-d,), §, ppm: 27.8,
44.7, 47.0,51.6, 52.4, 66.9, 80.0, 156.0, 167.5, 170.5.
HRMS (ESI/QTOF), m/z: caled for C,;H,,NO,Na*
308.1105 [M + NaJ*, found: 308.1102.

1-(Methoxycarbonyl)-2-azabicyclo[2.1.1]-
hexane-4-carboxylic acid hydrochloride (29)

Compound 28 (25.0 g, 87.6 mmol) was mixed
with an anhydrous HCI ethereal solution (0.5 M,
300 mL). The reaction mixture was stirred for
24 h at room temperature, filtered, and the pre-
cipitate obtained was washed with Et,O (150 mL)
and dried on air to give a pure compound 29.

A colorless powder. Yield — 18.1 g (93%). M. p.
196-198 °C. 'H NMR (500 MHz, DMSO-d,), 6, ppm:
2.19 (2H, dd, J = 5.3, 2.0 Hz, CH,), 2.52 (2H, d,
J = 1.9 Hz, CH, overlapped with the solvent re-
sidual peak), 3.46 (2H, s, CH,N), 3.79 (3H, s, CH,),
10.33 (2H, s, NH,"), 13.29 (1H, br. s, COOH).
BC{{H} NMR (151 MHz, DMSO-d,), 6, ppm:
42.8, 48.2, 49.0, 53.1, 66.7, 165.2, 168.8. HRMS
(ESI/QTOF), m/z: caled for C;H,,NO,* 186.0761
[M + HJ*, found: 186.0760.

2-tert-Butyl 1-methyl 4-{[(benzyloxy)carbo-
nyllamino}-2-azabicyclo[2.1.1]hexane-1,2-
dicarboxylate (30)

To the solution of acid 28 pre-cooled to 0 °C
(30.0 g, 0.105 mol) and Et,N (22.0 mL, 0.158 mol)
in THF (300 mL) under Ar atmosphere, a neat
ethyl chloroformate (13.8 g, 0.127 mol) was added
dropwise with mechanical stirring. The resulting
mixture was stirred at 0 °C for 1 h, then cooled
to —10 °C, and the solution of NaN, (50.0 g,
0.769 mol) in water (200 mL) was slowly added.
The cooling bath was removed, and the reaction
mixture was stirred for another 1 h, diluted
with water (200 mL), and extracted with EtOAc
(2x300 mL). The organic layer was separated,
dried over Na,SO,, concentrated under reduced
pressure to ca. 60 mL, and mixed with the benzylic
alcohol (21.9 mL, 0.211 mol) solution in toluene
(300 mL). The resulting mixture was gradually
heated to reflux (over ca. 30 min) and stirred at the
same temperature overnight. Upon completion, the
mixture was concentrated under reduced pressure,
and the crude residue was triturated with tBuOMe
(75 mL). The resulting precipitate was filtered
and dried on air to give a pure compound 30.
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A colorless solid. Yield — 25.6 g (62%). M. p.
153—-156 °C. 'H NMR (500 MHz, CDCl,), 6, ppm:
1.41 (9H, s, C(CH,),), 2.06 (2H, s, CH,), 2.39 (2H,
br. s, CH,), 3.51 (2H, s, CH,N), 3.76 (3H, s, CH,),
5.07 (2H, s, CH,Ph), 5.48 (1H, s, NH), 7.33 (5H,
s, PhH). *C{*H} NMR (126 MHz, CDCl,), §, ppm:
217.1, 28.3, 46.8, 52.2, 52.3, 53.6, 54.8, 65.3, 67.0,
77.2, 81.3, 128.3, 128.5, 128.7, 136.1, 155.0,
156.9, 168.5. HRMS (ESI/QTOF), m/z: caled
for C,,H,;N,O,Na* 413.1683 [M + Na]*, found:
413.1680.

2-tert-Butyl 1-methyl 4-amino-2-azabi-
cyclo[2.1.1]hexane-1,2-dicarboxylate (31)

Compound 30 (25.0 g, 64.1 mmol) was dis-
solved in MeOH (300 mL), and Pd/C (10% w/w,
5.00 g) was added in one portion. The reaction
vessel was evacuated and backfilled with H,
from a balloon (repeated 2 times), and the sus-
pension was stirred under the H, atmosphere
overnight. After the reaction was completed

(concluded by '"H NMR spectra of the small ali-
quot of the reaction mixture), the catalyst was
filtered off through a short pad of celite, and the
solvent was evaporated under reduced pressure
to give a pure compound 31.

A colorless solid. Yield — 16.1 g (98%). M. p.
98-99 °C. 'H NMR (500 MHz, CDCl,), 6, ppm:
1.42 (s, 9H, C(CH,),), 1.93-2.05 (br. m, 6H,
2xCH,+NH,), 3.33 (s, 2H, CH,N), 3.77 (s, 3H,
CH,). ®*C{'H} NMR (151 MHz, CDCl,), 6, ppm:
28.4, 49.5, 52.1, 55.9, 57.3, 64.7, 81.0, 157.0,
168.9. HRMS (ESI/QTOF), m/z: caled for
C,,H, N,0,"257.1496 [M + H]*, found: 257.1495.
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Reevaluation of the ortho-Carborane Synthesis: Success with
Mono-Substituted Acetylenes in the Presence of Silver Salts

Abstract

The study shows that traditional methods for synthesizing ortho-carboranes from nido-B,,H,, and its complexes (B, H,,L,) us-
ing donor- and acceptor-disubstituted acetylenes yielding low efficiencies (yields 0—12 %). Attempts to improve yields with
ionic liquids and silver salts as catalysts were unsuccessful with disubstituted acetylenes. However, it has been found that
the use of mono-substituted acetylenes (phenylacetylene, ethyl propiolate) in the presence of silver salts in the reaction with
B, H,,L, substrates produces ortho-carboranes in high yields (~90 %). This suggests that the key step is the formation and sub-
sequent addition of silver acetylenides, and not the donor-acceptor m-complexes previously assumed. This finding allows us
to better understand the mechanisms of the ortho-carboranes formation and offers an efficient pathway for their synthesis.
Keywords: ortho-carborane; decaborane; acetylenes; silver; synthesis

0. B. CBansasin'?, A. M. MiweHKo?, 0. /1. NliweHKo?, A. M. Mitiok?3, A. C. YepeaHiueHko?, H. A. LLTinb'?,
B. B. TypueHiok?, P. B. Cmaniit®*, 0. B. PaccyKaHa’, O. €. NaweHKo 3
1 IHcmumym opeaaHivyHoi Ximii HayioHanbHoi akademil Hayk YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02660, YkpaiHa
2 TOB HBI «EHamiH», 8yn. BiHcmoHa Yepyunns, 78, m. Kuis, 02094, YkpaiHa
3 KuiscbKuli HayioHanbHUl yHisepcumem imeHi Tapaca LllegyeHka,

8yn. BonooumupceKa, 60, m. Kuis, 01033, YkpaiHa
‘HauioHanbHuli mexHiyHuUl yHisepcumem YkpaiHu «Kuiecokuli nonimexHiyHuli iHcmumym

imeHi lzopsa Cikopcbkoz20», npocn. lepemoau, 37, m. Kuis, 03056, YKpaiHa
MNepernag cuHTe3sy opmo-KapbopaHiB: ycnix 418 MOHO3aMilL,eHUX aueTUNEeHiB y NPUCYTHOCTI coneit
cpibna
AHoTauin
[JocnigykeHHA 3acBiayye, WO TPaAMLIiNHI MeToan CMHTe3y opmo-KapbopaHis 3 Hido-B, H,, Ta Moro komnnekcis (B, H,,L,) 3 BK-
KOPUCTAHHAM AM3aMiLLEHUX ALLETUNEHIB 3 SOHOPHUMM Ta AKLLENTOPHUMM 3aMICHUKAaMM MatOTb HU3bKY eDEKTUBHICTL (BMXOAM
0—-12%). Cnpobu niaBuLLUTL BMXiZ NPOAYKTIB 33 AOMNOMOro MOHHWUX PiAMH i conel cpibna AK KaTanisaTopis 6ynn Hesaa-
JIMMM 33 BUKOPUCTAHHA AN3aMilLeHUX aueTuneHis. MpoTe 6yno BUABNEHO, LLO BUKOPUCTAHHA MOHO3aMILLEHMX aLEeTUEHIB
(beHinauetnneH, eTanponionat) y NpUCyTHOCTI conelt cpibna B peakuii i3 cybctpatamm B, H,,L, npn3BoamTb A0 yTBOPEHHA
opmo-KapbopaHiB 3 BUCOKMM BUXxoZoM (~90 %). Lle cBiAUNTb NPO Te, LLLO KNHOYOBMM ETanoM B3aEMOZIT € YTBOPEHHA Ta No-
Oanblue NPUEAHaHHS aLeTUNeHiaiB cpibna, a He AOHOPHO-aKLENTOPHMX T-KOMMEKCIB, AK Nepeabayany paHiwe. Le BiakputTs
[03BO/IAE KPaLLE 3p03YMITM MeXaHi3MWN YyTBOPEHHSA opmo-KapbopaHiB i HaAae MOXKAMBOCTI ANA IX ePEKTUBHOIO CUHTE3Y.
Knrouoei cnoea: opmo-kapbopaHu; gekabopaH; aueTmneHu; cpibno; cuHTes
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H Introduction

The transition from academic discovery to in-
dustrial application remains lengthy and com-
plex, often necessitating the development of new
or modification of existing production cycles.
One illustrative example is the principle of isos-
terism proposed by Langmuir in 1919 [1], which
has been successfully employed in medicinal che-
mistry over the years [2]. Recently, this concept
has been expanded to include the replacement
of benzene rings in molecules with more complex
frameworks [3], including carboranes.

Carboranes are polyhedral clusters composed
of boron, carbon, and hydrogen atoms, known for
their unique chemical and physical properties.
Initially investigated for the boron neutron cap-
ture therapy (BNCT), carboranes have emerged
as valuable scaffolds in the development of new
pharmaceuticals and chemical probes [4, 5]. Nume-
rous successful applications of carboranes, spe-
cifically ortho-substituted ones, in medicinal che-
mistry have been reported, underscoring their
great potential in pharmaceutical research [6, 7]
(Figure, B). Beyond medicinal applications, car-
borane-based compounds exhibit exceptional pro-
perties that make them promising candidates in
materials science [8, 9], particularly in the crea-
tion of heat-resistant polymers, ceramic precur-
sors [10] (Figure, A), and extraction agents [11].

Existing methods for the ortho-carborane syn-
thesis typically involve the reaction of decaborane
or its complexes with acetylenes under specific

conditions. These methods are limited to cyclo-
additions of precursors like B, H,, and its com-
plexes B, H,,L., with acetylenes in various con-
ditions. Essentially, these reactions can be sepa-
rated into three groups: a direct reaction between
nido-B, H,,[12, 13] or B, H,,Li,-complexes [14, 15]
and acetylene precursors, and several modifica-
tions of reactions of B, H,,L,-complexes, which
employ the metal catalysis [16, 17] or ionic lig-
uids [18, 19]. For all these groups of reactions,
very similar conditions are suggested, namely
heating in toluene under an inert atmosphere.
Although it looks solid on paper, we have found
that all these approaches lack reproducibility and
are hardly suitable for the up-scale optimization.
Addressing these challenges is crucial for open-
ing the opportunity for wider use of carborane
derivatives in both medicinal chemistry and ma-
terials science. Only increasing the availability
of ortho-carboranes and a systematic study of their
chemical behavior can transform them from “exo-
tic” to “widely used” agents for widespread use.
Considering that synthetic routes to ortho-carbo-
ranes are deeply constrained, there is a pressing
need to develop effective, scalable methods for
their preparation.

In this work, we address the challenges in the
ortho-carborane synthesis by optimizing existing
methods. We conducted a comprehensive screen-
ing by reacting nido-B, H,, or B, H,,L., comple-
xes with various acetylenes under different con-
ditions. The use of disubstituted acetylenes con-
sistently yielded poor results (chromatographic
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yields <12%), and we could not isolate the products.
In contrast, employing mono-substituted acetyle-
nes in the presence of silver salts led to significant
improvements, achieving yields of approximately
90% with both donor (phenylacetylene) and accep-
tor (ethyl propiolate) reagents. This suggests that
the key step in the silver-catalyzed reactions is the
formation and addition of silver acetylenides, not
the previously assumed donor-acceptor m-comple-
xes alone [16]. Our study provides an efficient path-
way for the ortho-carborane synthesis, facilitating
their broader application in various fields.

B Results and discussion

The rigorous analysis of the literature sourc-
es showed that the direct addition of symmetrical
acetylenes (starting from a bare acetylene mole-
cule and expanding to variously substituted de-
rivatives) to nido-decaborane B, H,, (1, Table 1)
was described in the seminal [20] and several
other early works [14] in good details, and offe-
red seemingly straightforward protocols and rea-
sonable yields. Considering that our long-term
plans involved synthesizing all possible carbora-
ne isomers — the “parent” ortho-carborane and
its thermocatalytic isomerization products [21],
specifically meta- and para-carboranes — we opted
for diethyl ester of acetylene dicarboxylic acid as
the first-choice cycloaddition partner. Ortho-car-
borane dicarboxylic acid is not only a very con-
venient starting material for further derivatiza-
tion (see cubane [22], cuneane [23], and stellane
examples [24, 25]). It is also known to undergo

isomerization to meta- and para-carborane dicar-
boxylic acids with good preparative yields [21].
However, our attempts to cyclize 1 with diethyl
ester of acetylene dicarboxylic acid failed, resul-
ting in only starting materials and some uniden-
tified degradation products according to 'H, 'B,
and ¥*C NMR and LC/MS analysis (Table 1, en-
try 1). Repeating the experiment several times
yielded similar results. This led us to assume that
the strong electron-withdrawing character of di-
ethyl ester of acetylene dicarboxylic acid was the
key factor determining the outcome, despite the
opposite being reported in the literature. We re-
turned to the work where comprehensive screen-
ing of acetylene substrates was performed [15],
and selected acetylene dimethoxy acetate as a
new test reagent since it showed the best results
(89% yield of the desired carborane 2b) accord-
ing to the paper. However, reacting this new ace-
tylene with 1 under similar conditions led to the
same outcome: no product was detected, and only
starting materials with signs of degradation were
found (Table 1, entry 2).

Further a logical step was to test the reac-
tivity of decaborane complexes 3 (B, H,,L,) with
various ligands according to the described pro-
cedures. Literature sources suggested that such
complexes can be obtained in situ from B, H,, [15]
or pre-made [26] and directly subjected to cycli-
zation reactions. To avoid multi-parameter opti-
mization within a single set of experiments, and
lacking obviously superior options for acetylene
counterparts, we used the same reagents (acety-
lenes with R = a and b) as in the previous set.

Table 1. Probing nido-decaborane B, H,, (1) in reactions with symmetrically disubstituted acetylenes

R—R
a: R = CO,Et
NidO-B10H14 % b:R = CHzoAC _

Toluene/Ar, Heating

R

C

/\>C/R
Yield =0 %
(chromat.)

1 2
# | Reagents/Reaction Conditions t, °C Reaction Time, hours Yield, LCMS, % Expected Product
(@] OEt
O
Substrate: 1; C.
1 Acetylene:R=a 110 12h 0 /\‘C/U\OE'[
2a
AcOW
Substrate: 1; C.
2 Acetylene: R=b 110 12h 0 /\’C/\OAC
2b
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First, we investigated the methods in situ
(Table 2, entries 1-4). To the toluene solution
of substrate 1, we added the ligand and acety-
lene b, then heated the mixture under vigorous
reflux in an inert atmosphere for approximately
12 h. Heating acetonitrile (¢) together with 1 and
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acetylene b [15] yielded the same results as be-
fore: the recovery of starting materials and the
formation of unidentified degradation products
(Table 2, entry 1). We then switched to a more
basic ligand, dimethylaniline (e) [15], under si-
milar conditions, which allowed us to detect the

Table 2. Probing the decaborane complexes B, H,,L, (3) in reactions with symmetrically disubstituted acetylenes

Nido-B1oH14 R = CO,Et (a), CH,0Ac (b)
1 R
. R————R C. R Yield=0-12%
: = AC (Chromat.)
+ Toluene/Ar, Heating '
L L 2a

L = CH3CN (c); Me,S (d); PhN(Me5) (e)

B10H12|-2

# Reagents/Reaction Conditions t, °C Reaction Time, hours Yield, LCMS, % Expected Product
AcOW
Substrate: 1; C
1 |L=CH,CN (c, 10 equiv., in situ); 110 12h 0% NG\
Acetylene:R=b C OAc
2b
AcO
Substrate: 1; E
2 |L=PhN(CH,), (e, 10 equiv., in situ); 110 12 h 11% e
Acetylene:R=b G OAc
2b
AcOW
1) Substrate: 1 + PhN(CH,), 1) 80; 1)2h C
3 (e, 10 equiv., in situ); 7% ANCTN
2) Acetylene: R= b 2) 120 2)12h C” "OAc
2b
AcOw
1) Substrate*: 1 + PhN(CH,), 1) 80; 1)2h C
4 (e, 10 equiv., in situ); 8% NG\
2) Acetylene: R = b 2) 120 2)48h € "OAc
2b
(0] OEt
Y O
Substrate: 3c; C.
> Acetylene:R=a 110 12h 0 /\‘C/U\OEt
2a
AcOW
Substrate: 3d; o C.
6 Acetylene:R=b 110 12h 12% /\‘C/\QAC
2b
AcOﬁ
7 Substrate: 3c; 110 12 h 10% C

Acetylene:R=b /\SC/\OAC
2b

Note: *The Schlenk technique was used and additional all reagents and gases were subjected to additional drying according to standard protocols
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target carborane 2b using the LC/MS analysis
with an 11% chromatographic yield (Table 2,
entry 2).

Further attempts to improve this result in-
volved implementing a two-step protocol. In the
first step, decaborane 1 was heated with the li-
gand in toluene at 80 °C for 2 h. Then, acetyle-
ne b was added to the mixture, and heating was
continued for an additional 12 h at 120 °C, lead-
ing to a 7% chromatographic yield of carborane 2b
(Table 2, entry 4). Using the Schlenk techniques
and additional drying protocols for reagents,
glassware, and gases did not improve the out-
come, yielding 8% of 2b.

We assumed that the low yields were due to
insufficient time for forming B, H,,L., under the
given conditions and that the addition of acety-
lene hindered this reaction. To address this is-
sue, we prepared samples of 3 (B, H,,L.,) with the
most common and reactive ligands reported in
the literature (acetonitrile (¢) and dimethylsul-
fide (d)) using standard protocols [26]. Applying
this approach to both acetylenes previously tested
resulted in no desired product with acetylene a,
and similar low (chromatographic) yields of car-
borane 2b with acetylene b when 3c and 3d
were used as substrates (Table 2, entries 5-7).

These experiments demonstrate that while we
could detect the formation of carborane 2b ana-
lytically, we could not reproduce the classical me-
thodologies of the carborane synthesis at the pre-
parative level.

Since approaches involving the use of ionic
liquids [18, 19] are impractical for scalability, we
opted for metal-catalyzed cycloadditions of ace-
tylenes to decaborane complexes B, H,L, (3),
in particular reactions catalyzed by silver salts
[16, 17]. The work by Toppino et al. [16] in 2013
suggested that m-complexes of acetylenes with sil-
ver 1ons were the reactive species that interacted
directly with decaborane complexes to yield the
desired carboranes. The following year, El-Zaria
et al. [17] published a manuscript postulating that
it was not the m-complexes, but bimetallic com-
plexes that were the actual active species in these
transformations. However, their reaction system
proposed, while offering mild conditions, utilized
an expensive organophosphorus silver complex
as the source of soluble silver ions [17].

In this context, we decided to optimize the
reaction conditions using readily available sil-
ver nitrate. As the first step in this series of
tests, we reacted substrate 3¢ with acetylene b
in the presence of a catalytic amount of AgNO.,.

Not surprisingly, this attempt (Table 3, entry 1)
yielded results similar to the previous experiments,
namely an 8% chromatographic yield of carbo-
rane 2b. However, when we switched to mono-
substituted acetylenes (entries 2 and 3, Table 3),
we obtained the corresponding carboranes 2f and
2g with preparative yields of 69% and 90%, re-
spectively. This result clearly indicates that the
formation of silver acetylenides is the determin-
ing step in this reaction. These findings provide
an opportunity for further optimization of reac-
tion conditions and offer a potentially prepara-
tive approach to the synthesis of key carborane
precursors suitable for further derivatization.

B Conclusions

Our systematic study of the synthesis of
ortho-carboranes has shown that traditional me-
thods using disubstituted acetylenes with nido-
B, H,, or its complexes B, ,H,,L, consistently yield
low amounts of the desired products (< 12%),
which cannot be isolated. Attempts to enhance
these yields through the silver salt catalysis were
unsuccessful with disubstituted acetylenes.

On the contrary, the use of mono-substituted
acetylenes in the presence of silver salts with
B,,H,,L, where L, = CH,CN resulted in signifi-
cantly higher production of ortho-carboranes,
reaching a yield of up to 90%. This substantial
improvement indicates that the formation and
addition of silver acetylenides are crucial steps
in the reaction mechanism, rather than the for-
mation of donor-acceptor mm-complexes as previ-
ously assumed.

This efficient and scalable method provides
a practical pathway for the synthesis of ortho-
carboranes, facilitating their potential broader
application in medicinal chemistry and materi-
als science. Our findings also offer new insights
into the mechanistic aspects of the carborane
formation, which could inform future research
and optimization of related synthetic processes.

m Experimental part

The solvents were purified according to the
standard procedures. All starting materials were
obtained from Enamine Ltd. Melting points were
measured on an automated melting point system.
H, 1B, *C, and NMR spectra were recorded on
a Bruker Avance 500 spectrometer (at 500 MHz
for 'H, 160 MHz for "B, and 126 MHz for *C) and
Varian Unity Plus 400 spectrometers (at 400 MHz
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Table 3. Probing the decaborane complex B, H,,L, (3c) in reactions with substituted acetylenes in the presence of silver nitrate

R' = R? = OAc (b);

L = CH3CN (c) R"=H, R?=Ph (f);
r1 R'=H;R?=CO,Et(g)
L L R o |
B — C\ R2
DAY ~ R 0
BioHoly /7 Toluene/Ar, Heating Yield =12 -90 %
3 2
# Reagents/Reaction Conditions t, °C Reaction Time, hours Yield, LCMS, % Expected Product

Substrate: 3¢
1 |Acetylene:R=b 110
Catalyst: AgNO,

AcO

Substrate: 3¢
2 |Acetylene: R'=H; R*=Ph 110
Catalyst: AgNO,

A
C.
7h 69* AC

Substrate: 3¢
3 | Acetylene: R' = H; R? = COOEt 110
Catalyst: AgNO,

O
C
1h 90* /\}C/U\OEt
29

Note: *Preparative yields after isolating the title compound as a pure sample from the reaction mixture

for 'H, 128 MHz for ''B and 101 MHz for '3C).
Tetramethylsilane ("H, ''B, *C) was used as a stan-
dard. HPLC analyses were done on Agilent 1200.
Mass spectra were recorded on an Agilent 1100
LCMSD SL instrument (chemical ionization (APCI)).
Column chromatography was performed with si-
lica gel (200—300 mesh).

The general protocol for reacting deca-
borane B, H,, (1) with acetylenes

A mixture of 1.0 equiv. of decaborane 1 (B, H,,),
2.0 equiv. of acetylene (a or b), and toluene 5 L
per mole of decaborane (1) was refluxed for 12 h
under Ar atmosphere. Toluene was removed un-
der reduced pressure, and the residue was treat-
ed with pentane to extract the product.

The general protocol for reacting deca-
borane B, H,, (1) with acetylenes in the pre-
sence of the nucleophilic ligand for in situ
generating B, H,,L, (3)

A mixture of 1.0 equiv. of decaborane 1 (B, H,,),
10.0 equiv. of the ligand (L) source (.= CH,CN (c);
Me,S (d); PhN(Me,) (e)), 2.0 equiv. of acetylene
(a or b), and toluene 5 L per mole of decaborane
(1) was refluxed for 12 h under Ar atmosphere.
Toluene was removed under reduced pressure,
and the residue was treated with pentane to ex-
tract the product.

The general protocol for reacting decabo-
rane complexes B, H,,L, (3) with acetylenes

A mixture of 1.0 equiv. of decaborane com-
plex 3 (B, H,,L,) with ligands L. = CH,CN (c¢) or
Me,S (d), 2.0 equiv. of acetylene (a or b), and to-
luene 5 L per mole of the decaborane complex
(3) was refluxed for 12 h under Ar atmosphere.
The toluene was removed under reduced pres-
sure, and the residue was treated with pentane
to extract the product.

The general protocol for reacting deca-
borane complexes B, H,L, (3) with acety-
lenes in the presence of silver nitrate

1.0 equiv. of B, H,,(CH,CN), (3c) and 2.0 equiv.
of phenylacetylene were combined in the pres-
ence of AgNO, (7 mol%) in anhydrous toluene
(1.2 L per mole of the decaborane complex (3¢))
and heated at 100 °C for 1-8 h depending on the
substrate under Ar atmosphere. After cooling the
resulting mixture to room temperature and eva-
porating the solvent, the residue was purified
via flash chromatography on silica gel.
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High-Temperature Polymer Components Reimagined:
Scalable Syntheses and de novo Routes to Structurally
Versatile Precursors

Abstract

Developing efficient and scalable synthetic protocols for key polymer precursors is crucial to advancing high-performance
materials designed to withstand severe thermal environments. In this article, we report on the development of solid, high-
yield methods for preparing structurally diverse building blocks, including s-triazine derivatives, phenyl-borosilane alkynyl
oligomers, phthalonitrile-based monomers, and novel diamine curing agents on multi-gram to multi-hundred-gram scales.
These carefully optimized procedures use readily available starting materials, mild conditions, and well-known synthetic
transformations, thus addressing the longstanding challenges associated with their practical upscaling. The resulting library
of monomers and oligomers offers a broad range of reactive functional groups (e.g., nitriles, alkynes, borosilane motifs),
enabling future combinatorial-like strategies for the formation of advanced co-polymers with enhanced thermal stability,
mechanical strength, and tunable properties suitable for high-temperature applications.

Keywords: heat-resistant polymers; monomers; oligomers; curing agents; triazine; phthalonitrile; borosilane; diamine;
synthesis
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MepeocmMmuUcieHHA KOMMOHEHTIB BUCOKOTEMMNEPATYPHUX NoNimMmepiB: MmacwiTaboBaHMii cMHTE3
i de novo Wwnaxu Jo CTPYKTYPHO PiSHOMaHITHUX NpeKypcopiB
AHoTauin
Po3pobka epeKTMBHMX i MaclITaboBaHUX CUHTETUYHUX NMPOTOKOAIB /1A OAEPMKAHHA KIOUYOBUX NMPEKYPCOPIB NOAIMEPHUX NPO-
[AYKTiB Ma€ BMpillasibHe 3HAYEHHA A/1A NOAA/bWOro BAOCKOHANEHHA LMX MaTepianiB, 30Kpema po3pobieHnx 3 MeTow BU-
TPMMYBaATK CyBOPi TEPMIYHI YyMOBW. Y Ll CTaTTi MW NOBIAOMIAEMO NPO PO3POOKY HaAiMHMX, BUCOKONPOAYKTUBHUX METOAIB
CUHTE3Y CTPYKTYPHO Pi3HOMaHITHUX BinauHr-6/10KiB, BKAKOYHO 3 NMOXiAHMMU S-TpUasuHy, GpeHinbopocunaH-ankiHinoBUMK oni-
romepamu, MOHOMePamM1 Ha OCHOBI GTANOHITPMUY Ta HOBUMM AiaMiHOBMMM 3aTBEPAKYBAYaMM B MacLUTabax Big, KiIbKOX rpam
[0 KiNIbKOX COTeHb rpam. PeTesibHO ONTMMi30BaHi NpoLeaypU BUKOPUCTOBYIOTb NEFKOAOCTYMHI BUXigHI MaTepiann, m'aki
YMOBM NPOBEAEHHSA B3AEMOAiV Ta A06pe BiAOMI CUHTETUYHI NePEeTBOPEHHA, TAaKMM YMHOM BUPIiLLYIOUM Npobiemu, nos’s3aHi
3 IX NPaKTMYHUM MmaclwTabyBaHHAM. OTpuMaHa 6ibnioTeka MOHOMepIB i oniroMepiB NPONOHYE WNPOKUIA CNEKTP PeaKLiiHO-
30aTHUX QYHKLIOHANbHUX Py (HanpuKknaga, HiTpuAiB, afkiHiB, 6opocnnaHoBUX GparmeHTiB), LLLO A03BOSE B MalibyTHbOMY
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B Introduction

The drive to develop heat-resistant polymers
has been a major focus in material science due to
the ever-increasing demands of industries like
aerospace, electronics, and chemical processing
that require materials capable of operating at
high temperatures without degrading [1]. The in-
herent thermal stability of these materials is at-
tributed to their molecular architecture, which
often incorporates rigid aromatic backbones and
robust heterocyclic structures specifically engi-
neered to withstand high-temperature environ-
ments.

Among the various classes of heat-resistant po-
lymers, several stand out and exhibit remarkable

properties thanks to their unique chemical struc-
tures and bonding characteristics. Aromatic poly-
imides, as well as phthalonitriles, are highly va-
lued for their mechanical robustness and ther-
mal endurance [2—4] (Figure 1). These polymers
are often synthesized using a two-step polyme-
rization process that ensures high molecular weight
and structural integrity [4, 5]. Similarly, poly-
benzoxazoles, polybenzimidazoles, and triazines-
based polymers provide exceptional heat re-
sistance and have been extensively studied for
their application in harsher environments [3, 6].
The integration of elements like boron, silicon,
and phosphorus has also been shown to signifi-
cantly enhance thermal and oxidative stability,
as explored in hybrid systems [3, 7, 8].
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Figure 1. The visualization of the concept of the combinatorial chemistry-fashioned approach to the design of new heat-resistant

materials
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A particularly promising avenue is the deve-
lopment of composite polymers where combining
different types of monomers and oligomers can
lead to enhanced material properties. The com-
patibility of functional groups across these diverse
classes allows for cross-linking and synergistic ef-
fects that optimize performance [9, 10]. This com-
patibility opens up opportunities for innovative
composite designs that leverage the strengths of
various polymer classes as seen in recent stu-
dies on silicon and boron-containing hybrids and
s-triazine reinforced networks [7, 11] (Figure 1).

An effective strategy to further enhance the
properties of these polymers may involve the use
of polyamine curing agents of varying chemical
nature, including aromatic, aliphatic, and satu-
rated cage-like structures (Figure 1). These cu-
ring agents can react with functional groups pre-
sent in the monomers and oligomers, such as nit-
riles and alkynes, facilitating cross-linking and
the network formation [12, 13]. By selecting poly-
amines with different structural characteristics,
it is possible to tailor the flexibility, cross-link
density, and thermal properties of the resulting
polymers. For example, aromatic polyamines can
contribute to increased rigidity and thermal stabi-
lity, while aliphatic and cage-like polyamines may
improve toughness and impact resistance [14].
The incorporation of these diverse curing agents
expands the potential of developing advanced
materials with customized performance profiles
suitable for demanding applications.

However, the synthesis of these monomers and
oligomers, as well as amine curing agents, must
be both efficient and scalable. Despite the avail-
ability of several synthetic pathways, few are op-
timized for large-scale production, which is cru-
cial for practical applications. The challenge lies
in developing protocols that maintain the integ-
rity of the production sequence and use readily
available and safe reagents in mild conditions,
allowing for scale-up. It is critical to address this
gap to transition these materials from the lab to
industry, as highlighted in work on phthaloni-
triles, borosilane oligomers, and triazine-based
precursors [4, 7, 11].

To address the need for scalable synthetic me-
thods, our research focuses on developing robust,
high-yield protocols for compounds, such as phtha-
lonitriles, triazine-based monomers, aromatic bo-
rosilane oligomers, and a number of diamine cu-
ring agents [15]. These compounds are designed
to participate readily in cross-polymerization re-
actions, leveraging their compatible functional

groups to form complex, high-performance ma-
terials [10]. In the further stages of our research,
through a parallel combinatorial-inspired series
of polymerizations, we aim to assess the impact
of each component on the final polymer charac-
teristics (Figure 1). This systematic approach
not only facilitates the identification of optimal
polymer formulations, but also paves the way for
novel applications in high-temperature environ-
ments.

Our effort to establish scalable synthetic pro-
tocols is motivated by the promising potential of
these materials in various technological fields.
By examining the interaction and effects of dif-
ferent polymer components, we seek to develop
a comprehensive framework for producing ad-
vanced heat-resistant polymers that meet the
stringent demands of modern industry.

B Results and discussion

Monomers based on polynitriles, triazines with
terminal alkynes, and borosilane alkynyl hybrid
oligomers individually yield polymers renowned
for their exceptional thermal and mechanical pro-
perties [4, 7, 11]. Each class contains functional
groups that are chemically compatible for copol-
ymerization, such as nitrile groups, terminal al-
kynes, and boron-silicon moieties. Grounding on
the previous studies, we assume that when these
monomers (oligomers) are combined in composite
materials, the synergistic interactions among their
functional groups can lead to enhanced proper-
ties, surpassing those of polymers derived from
the individual components.

As the first step, we focused on the synthe-
sis and study of the scale-up opportunities for
s-triazines, particularly 2,4,6-tris(4-(prop-2-yn-
1-yloxy)phenyl)-1,3,5-triazine (3, Scheme 1, A)
proven high properties when used as the main
component for polymerization [11] and borosi-
lane alkynyl hybrid oligomers, which also exhib-
ited excellent thermo-resistant performance [7].
For this purpose, we used reaction conditions si-
milar to those described in the literature [11, 16],
suggesting a two-step preparation using readily
available components like 4-hydroxybenzonitri-
le (1) for the acid-catalyzed cyclization to 2,4,6-
tris(4-(prop-2-yn-1-yloxy)phenyl)-1,3,5-triazine (2)
at first, and then propargyl bromide for alkylat-
ing its phenol groups (Scheme 1, A). By opti-
mizing reaction conditions, we were able to scale
the preparation of triazine 3 to approximately
200 g per operation. Based on the scope of the
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hybrid oligomers (B, compounds 9a—c)

borosilane alkynyl hybrid oligomers reported in
the literature [7], we opted to prepare all three
variants using different dichlorosilanes: dichlo-
romethylsilane, dimethyldichlorosilane, and di-
phenyldichlorosilane. This approach was chosen
to evaluate how various substituents influence
the compatibility and, ultimately, the properties
of the resulting polymers. The target oligomers
(9a, 9b, 9c, Scheme 1, B) were synthesized via
the Grignard reaction on a multigram scale,
achieving high yields. To begin, a commercially
available isopropylmagnesium bromide (1 equiv.
of 3 M solution in 2-methyltetrahydrofuran
(Me-THF), compound 4, Scheme 1, B) was add-
ed to 1 equiv. of 3 M ethynylmagnesium bromide
(5, Scheme 1, B) in the same solvent, and the
mixture was refluxed for 2 h, forming a white pre-
cipitate of organic magnesium reagents. Utilizing
commercial reagents significantly streamlined the
process from a technological standpoint, and using
Me-THF as a solvent enabled higher reaction tem-
peratures, shorter reaction times, and improved
yields while avoiding solvent decomposition pro-
ducts at every stage. To access three borosilane
alkynyl hybrid oligomers (9a-c, Scheme 1, B),
dichlorosilane, dimethyldichlorosilane, or diphe-
nyldichlorosilane (0.45 equiv) in Me-THF were
added dropwise over 30 min to the reaction mix-
ture, which was then refluxed for additional 3 h.

Subsequently, boron trifluoride etherate (0.3 equiv.)
was introduced, and the reaction proceeded for
5 more h at room temperature. Quenching with
aqueous hydrochloric acid, extracting with ethyl
acetate, washing to neutrality, drying over so-
dium sulfate, and concentrating gave the cor-
responding yellowish viscous oligomers. Under
these conditions, yields ranged from 73% to 78%
for three oligomers (9a—c, Scheme 1, B) on up
to 100 g per the operation scale (Scheme 1, B).

Polymers derived from tetranitriles, especially
phthalonitriles, are renowned for their excep-
tional thermal stability and mechanical strength,
making them highly valuable in advanced mate-
rial applications. These superior properties arise
from the extensive cross-linking facilitated by the
multiple cyano-groups, which undergo cyclotri-
merization to form stable triazine and phthalo-
cyanine structures within the polymer matrix.
Although the literature often treats phthaloni-
triles 11 and 17 (Scheme 2) as readily accessi-
ble [4], no single source actually describes their
synthesis, even on the laboratory scale. To fill
this gap, we started from inexpensive phthalimi-
de (12) and converted it into the dicyanamine in-
termediate (15) in three straightforward steps.
Using (15) and commercially available dianhy-
drides (10 and 16, Scheme 2) in refluxing DMF,
we obtained target phthalonitriles 11 and 17 in

DMF, reflux, 12 h
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Scheme 2. The preparation of 4,4’-(oxybis(phthalimide))diphthalonitrile (11) and 4,4’-( carbonylbls(phthal|m|de))d|phtha|on|tr||e (17)
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Scheme 3. The preparation of diamine-based curing agents: 1,3-diaminoadamantane (21) and 1,1’-bi(cyclohexane)]-4,4’-diamine (26)

the yield of about 90% each on over 200 g scale.
This reliable, high-yield route not only provides
these key phthalonitriles on a large scale, but
also opens new opportunities for the subsequent
(co-)polymerization studies and material devel-
opment.

Amine curing agents are effectively utilized
in the copolymerization of polynitriles with ter-
minal alkynes to form highly cross-linked poly-
mer networks with enhanced thermal and me-
chanical properties [17]. The amine groups react
with nitrile functionalities through nucleophilic
addition, forming amidine linkages, and they fa-
cilitate cyclization reactions that incorporate he-
terocyclic structures, such as triazine rings, into
the polymer backbone [12]. Additionally, amines
can interact with terminal alkynes via the hyd-
roamination or addition reactions, further increas-
ing the cross-link density [17]. This synergistic
approach not only accelerates the polymerization
process, but also allows for tailoring material pro-
perties, making it valuable for advanced appli-
cations in high-performance composites and ad-
hesives. In this part of our study, we focused on sa-
turated diamines, considering that aromatic coun-
terparts like 4,4’-oxydianiline [4] were readily
available from commercial sources. Two comple-
mentary synthetic routes (Scheme 3, C and D)
were developed to access structurally diverse ami-
ne curing agents on a multi-gram scale, giving
adamantane-based diamine (21) and diamine (26)
featuring a flexible bis-cyclohexane backbone.
In route C (upper pathway, Scheme 3), 1,3-ad-
amantanedicarboxylic acid (18) was converted
into a diisocyanate intermediate (19) via the re-
action with diphenyl phosphoryl azide (DPPA)
in refluxing toluene. The treatment of 19 with
benzyl alcohol (BnOH) gave a Cbz-protected de-
rivative (20), and the subsequent Pd/C-catalyzed

hydrogenation allowed to completely remove the
protecting group, yielding diamine 21 [15] in an
excellent overall yield of 87% at a 100 g scale.
In route D (lower pathway, Scheme 3), at the
first step, a Suzuki coupling between 4-bromo-
aniline (22) and 4-aminophenylboronic acid pina-
col ester (generated in situ from 22 and bis(pi-
nacolato)diboron) yielded bis-aniline 23 (Sche-
me 3). A direct Rh-(or Pd-)-catalyzed hydroge-
nation of diamine 23 did not allow to completely
reduce the substrate and led to the inseparable
mixtures of the products. To address this issue,
we first prepared the corresponding diacetyl ami-
de (24). After optimizing the catalytic conditions,
the Rh(5% on Carbon)-catalyzed hydrogenation
was applied to fully saturate the aromatic rings,
giving diacetamido-bis-cyclohexane (25) with a
quantitative yield. After evaluating various hy-
drolysis conditions for 25, including both acidic
and basic protocols, we found that the HBr-me-
diated hydrolysis in acetic acid provided the best
outcome. Under these optimized conditions, di-
amine 26 (Scheme 3, B) could be obtained in the
77% overall yield over five steps on a 50 g scale.
It is worth noting that [1,1-bi(cyclohexane)]-
4,4’-diamine (26, Scheme 3) was synthesized
for the first time using a de novo developed pro-
tocol. Together, routes C and D demonstrated
robust, scalable methods for accessing diamines
with distinct structural features.

B Conclusions

This study has substantially advanced the me-
thods available for producing critical building
blocks of high-temperature polymers. We have
shown that by fine-tuning synthetic conditions,
employing cost-effective and readily available raw
materials, and integrating mild reaction conditions,
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it is possible to achieve reliable multi-gram to
multi-hundred-gram scale preparations of struc-
turally diverse intermediates, ranging from s-tri-
azine derivatives and phthalonitriles to borosi-
lane oligomers and novel diamine curing agents.
Unlike many reports that focus solely on polym-
erization outcomes, our work has focused on de-
veloping reproducible procedures and adapting
them to industrially significant quantities. This has
allowed us to demonstrate that even complex com-
ponents can be obtained in high yields, high pu-
rity, and at scales that transcend typical bench-
level experiments.

Such an expanded synthetic toolkit promises
a significant impact on the rational design of fu-
ture advanced materials. Although we did not
perform polymerizations here, the compounds pre-
pared open the door to tailor-made architectures
with specifically tuned properties. The presence
of multiple reactive functionalities, including nit-
riles, alkynes, boron-silicon motifs, and amine
groups, encourages a combinatorial-like approach
to explore various cross-linked networks. This com-
binatorial exploration may help researchers sys-
tematically correlate structural modifications with
the thermal, mechanical, and oxidative charac-
teristics of the resulting polymers. Over time,
this knowledge is expected to guide the develop-
ment of new classes of polymers optimized for
extreme operational conditions.

Ultimately, our work provides a practical foun-
dation for bridging the gap between conceptual
molecular designs and real-world material ap-
plications. The scalable production of key poly-
mer precursors will be instrumental in ensuring
a steady pipeline of innovative components, pav-
ing the way for next-generation materials with
enhanced longevity, durability, and reliability
in demanding high-temperature settings.

B Experimental section

The general information and materials

The solvents were purified according to the
standard procedures. All starting materials were
obtained from Enamine Ltd. Melting points were
measured on an automated melting point system.
'H, "B, ¥*C, and NMR spectra were recorded on
a Bruker Avance 500 spectrometer (at 500 MHz
for 'H, 160 MHz for "B and 126 MHz for '*C)
and Varian Unity Plus 400 spectrometers (at
400 MHz for 'H, 128 MHz for ''B and 101 MHz
for 13C). Tetramethylsilane (*H, !B, '*C) was
used as a standard. HPLC analyses were done
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on Agilent 1200. Mass spectra were recorded on
an Agilent 1100 LCMSD SL instrument (chemi-
cal ionization (APCI)). Column chromatography
was performed with silica gel (200-300 mesh).

Experimental protocols

4,4’,4”-(1,3,5-Triazine-2,4,6-triyl)triphe-
nol (2)

In a dry flask, 200 g (1.68 mol) of p-cyanophe-
nol (1) was dissolved in a minimal portion of dry
chloroform, and 300 mL (2-fold molar excess) of
trifluoromethanesulfonic acid was added slowly
at stirring as one portion. During the first two
hours of stirring at room temperature, a brown
precipitate of target 4,4’,4”-(1,3,5-Triazine-2,4,6-
triyl)triphenol (2) was formed. The precipitate
was collected and washed with several portions
of cold water, upon which it turned pale yellow.
Additional washes with hot chloroform were per-
formed to stripe off the residual starting mate-
rial, then product 2 was collected and dried on
air. The yield of purified triazine (2) was 195 g
(98%).

2,4,6-Tris(4-(prop-2-yn-1-yloxy)phenyl)-
1,3,5-triazine (3)

Triazine 2 (150 g, 0.42 mol) was partially
dissolved in 1500 mL of anhydrous acetonitrile
(acetone may be used as an alternative solvent).
Potassium carbonate (176 g, 3.1-fold excess) was
then slowly added to the reaction mixture in one
portion while stirring. The resulting mixture was
brought to a gentle reflux, and an excess of pro-
pargyl bromide (156 g, 100 mL, 3.1 mol) was in-
troduced as a slow stream via a dropping funnel.
The heating at 80 °C continued for 24 h. After the
completion, the mixture was poured into water,
and the precipitated solid product was collected
by filtration. The crude product 3 was thorough-
ly washed with several portions of cold water,
followed by several portions of cold hexane. The
final yield of triazine 3 was 198 g (99%).

Borosilane alkynyl hybrid oligomer (9b)

Under an argon atmosphere, 0.5 M solution
of acetylene magnesium bromide 5 in Me-THF
(700 mL, 0.45 mol) was placed in a dry flask.
2 M solution of isopropylmagnesium bromide 4
in Me-THF (245 mL, 0.5 mol) was then added
dropwise, monitoring the course of the reaction
by gas evolution (propane release). Once the gas
evolution ceased, a white precipitate (6) formed,
indicating the reaction had reached its comple-
tion. Next, dichlorodimethylsilane (7) (563.2 g,
0.21 mol) was added dropwise. As the addition
proceeded, the white precipitate partially dis-
solved, and the mixture became nearly clear.
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The reaction was stirred at room temperature for
5 h. Afterward, boron trifluoride etherate (20.3 g,
0.14 mol) was introduced gradually, and the mix-
ture was stirred for an additional 15 h. Upon the
completion, the reaction was quenched by cau-
tiously adding dilute hydrochloric acid under con-
tinuous stirring. The resulting mixture was trans-
ferred to a separation funnel and extracted with
ethyl acetate. The combined organic phase was
washed with water until a neutral state, dried
over sodium sulfate, and concentrated under
reduced pressure to give a thick brown liquid.
To remove impurities, the product was reprecip-
itated from ethyl acetate into hexane. After the
evaporation of the solvents, the borosilane oli-
gomer (9b) was obtained as a brown oil, which
crystallized upon standing. The yield of oligomer
(9b) was 80 g (75%).

Borosilane alkynyl hybrid oligomer (9a)
was prepared according to the protocol used for
the preparation of 9b, its yield was 68 g (73%).

Borosilane alkynyl hybrid oligomer (9c¢)
was prepared according to the protocol used for
the preparation of 9b, its yield was 97 g (78%).

4-Nitrophthalimide (13)

Phthalimide (12) (240 g, 1.63 mol) was added
into the mixed acid, which was prepared from
the fuming nitric acid (65%, 300 g) and the con-
centrated sulfuric acid (98%, 1500 g) at 10 °C.
The reaction mixture was then allowed to warm
slowly to 25 °C. After 12 h, the reaction product
was precipitated by pouring into ice, filtered and
washed with water until it was free of acid, and
purified by crystallization from ethanol. The yield
was 294 g (94%).

4-Nitrophthalonitrile (14)

Step 1. 4-Nitrophthalimide (13, 220 g, 1.14 mol)
was suspended in 2 L of ethanol in a 5 L round-
bottom flask equipped with a mechanical stir-
rer and a reflux condenser. A 25% aqueous hyd-
roxylamine solution containing 3.42 mol NH,OH
(3.0 equiv. relative to 4-nitrophthalimide 13) was
added dropwise with vigorous stirring. The mix-
ture was heated to 75—80 °C under reflux for 5 h,
ensuring the complete conversion as monitored
by HPLC. After cooling to room temperature,
the mixture was further chilled in an ice bath to
facilitate precipitation. The resulting solid was
collected by the vacuum filtration, washed thor-
oughly with cold ethanol followed by cold water,
and then dried under reduced pressure to give
4-nitrophthalamide 14 with the yield of 90%
(200 g). The product was taken to the next step
without the additional purification.

Step 2. Thionyl chloride (3.81 mol, 453 g,
278 mL) was added slowly to INV,N-dimethylfor-
mamide (667 mL) at a temperature below 5 °C
under the argon atmosphere. After the addition
was complete, 4-nitrophthalamide from the pre-
vious step (200 g) was introduced slowly in one
portion, and the mixture was stirred for 18 h at
room temperature. The reaction mixture was then
poured into ice-cold water, causing the product
to precipitate. The solid was collected by filtra-
tion, washed thoroughly with cold water, and
dried under reduced pressure to give the desired
product in the yield of 89% (178 g).

4-Aminophthalonitrile (15)

4-Nitrophthalonitrile 14 (125 g, 0.72 mol) and
Pd/C (10% on carbon, 18 g) were suspended in 5 L
of 95% ethanol in a hydrogenation vessel. Hydro-
gen gas was passed through the vigorously stir-
red suspension for 3 h at ambient temperature
and pressure. After the completion, the catalyst
was removed by filtration through celite, and the
solvent was evaporated under reduced pressure
to yield 4-aminophthalonitrile as an off-white so-
lid (97 g, 97% yield).

4,4-(Oxybis(1,3-dioxoisoindoline-5,2-diyl))-
diphthalonitrile (11)

In a 5 L round-bottom flask, bis-anhydride 10
(124 g, 0.70 mol) was combined with 4 L of glacial
acetic acid and heated to reflux at 120 °C while
stirring. Dinitrile 15 (94.7 g, 0.65 mol) was then
added, and the reaction was maintained by stir-
ring under reflux for an additional 12 h. Initial-
ly, the solution was clear and yellow, and as the
reaction proceeded, a white precipitate of imide 11
formed. After the completion of the reaction (mo-
nitored by HPLC), the mixture was cooled to room
temperature, and the solid was collected by fil-
tration. The precipitate was thoroughly washed
with water to remove residual acetic acid, then
with ethyl acetate and finally with hexane. Drying
the white solid under reduced pressure gave 210 g
of imide 11 (95% yield).

4,4’-(Carbonylbis(1,3-dioxoisoindoline-
5,2-diyl))diphthalonitrile (17)

In a 5 L round-bottom flask, compound 16
(132 g, 0.75 mol) was combined with 4.5 L of gla-
cial acetic acid and heated to 120 °C under re-
flux while stirring. Dinitrile 15 (80 g, 0.54 mol)
was then introduced, and the reaction mixture
was stirred under reflux for an additional 12 h.
Initially, the solution was clear and yellow; as
the reaction progressed, imide 17 precipitated
from the mixture. After the completion, the re-
action was cooled to room temperature, and the
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solid was collected by filtration. The precipitate
was thoroughly washed with water to remove re-
sidual acetic acid, then with ethyl acetate, and
finally with hexane. Drying the white solid un-
der reduced pressure gave 220 g of imide 17
(95% yield).

Dibenzyl-(adamantane-1,3-diyl)dicarba-
mate (20)

In a 2 L round-bottom flask, 1,3-adamanta-
nedicarboxylic acid (18) (50.5 g, 0.23 mol) was dis-
solved in 900 mL of toluene and heated to 80 °C un-
der reflux. Triethylamine (70 mL, 50 g, 0.49 mol)
was added, followed by the careful dropwise addi-
tion of diphenyl phosphorazidate (DPPA; 97 mL,
110 g, 0.35 mol). The reaction mixture was main-
tained at 80 °C for 1 h until the gas evolution
ceased. The solution of benzyl alcohol (60 mlL,
61 g, 0.56 mol) in triethylamine (70 mL, 50 g,
0.49 mol) was then introduced, and the mixture
was kept at 80—85 °C for 48 h. After cooling to
room temperature, the mixture was poured into
cold water, the layers were separated and the
aqueous layer was additionally extracted twice
with ethyl acetate, and the combined organic layers
were dried and concentrated under reduced pres-
sure. The recrystallization of the residue from
ethanol gave 96 g (99% yield) of carbamate 20.

Adamantane-1,3-diamine dihydrochlori-
de (21)

In a 2 L round-bottom flask, carbamate 20
(98 g, 0.32 mol) was dissolved in methanol (1.5 L).
Palladium on carbon (Pd/C, 10%, 9.8 g) was added,
and the flask was purged with hydrogen. The hyd-
rogen atmosphere (1 atm) was maintained above
the solution, ensuring a hydrogen supply of 110 mL
per gram of substrate 20. The mixture was stir-
red at room temperature for 18 h. After the com-
pletion, the catalyst was removed by filtration
through celite, and the solvent was evaporated
under reduced pressure, yielding a white pow-
dery diamine 21. Diethyl ether (500 mL) was
added, followed by dioxane/HCI until the mix-
ture became acidic. The resulting suspension was
stirred, and the precipitated diamine 21 as a di-
hydrochloride salt was collected by filtration,
washed, and dried under reduced pressure to
give 96 g (98% yield) of the desired product.

1,1’-Biphenyl-4,4’-diamine (benzidine, 23)

4-Bromoaniline (107 g, 0.62 mol) was combi-
ned with bis(pinacolato)diboron (249 g, 0.94 mol)
and potassium acetate (183.6 g, 1.87 mol) in an-
hydrous ethanol (1 L) within an argon-flushed,
three-necked, 2 L round-bottom flask. To this
mixture, 10% Pd/C catalyst (6.6 g) was added,
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and the reaction mixture was stirred and heat-
ed to 60 °C. The mixture was maintained at this
temperature with continuous stirring for the du-
ration necessary to achieve the complete con-
sumption of the starting materials, as confirmed
by HPLC. After the reaction was complete, the
reactor was cooled to room temperature, and the
reaction mixture was filtered through celite to re-
move the catalyst. The filtrate was concentra-
ted under reduced pressure, and the residue was
taken up in dichloromethane (3 X 0.5 L)). The com-
bined organic layers were then washed twice with
water (2 X 0.5 L) and once with brine (0.25 L).
The organic phase was dried over anhydrous mag-
nesium sulfate and concentrated under reduced
pressure to yield a thick brown residue. This cru-
de product was purified by flash chromatogra-
phy on silica gel using petroleum ether as an
eluent. The purified bis-aniline 23 was obtained
as a white solid in the amount of 54 g, corre-
sponding to the yield of 94%.

N,N’-([1,1’-biphenyl]-4,4’-diyl)diacetami-
de (24)

In a 2 L round-bottom flask, compound 23
(66 g, 0.36 mol) was dissolved in 600 mL of dichlo-
romethane at room temperature. Triethylamine
(99 mL, 72 g, 0.71 mol) was added, followed by
the dropwise addition of acetyl chloride (50 mL,
55.7 g, 0.71 mol) under ice-cooling. The mixtu-
re was stirred for 5 h, then the solvent was re-
moved under reduced pressure. The resulting re-
sidue was washed thoroughly with water mul-
tiple times. After drying, diacetamide 24 was
obtained in a quantitative yield (100%) as 96 g
of the solid.

N,N’-([1,1’-bi(cyclohexane)]-4,4’-diyl)di-
acetamide (25)

N,N-([1,1’-biphenyl]-4,4’-diyl)diacetamide 24
(100 g, 0.37 mol) was dissolved in glacial acetic
acid (1 L) and transferred into an autoclave
equipped with mechanical stirring. Rhodium on
carbon (Rh/C) catalyst (5 g of 5% Rh/C) was add-
ed, and the vessel was sealed under hydrogen
at 120 °C. The mixture was stirred under these
conditions for 7 days, and the reaction progress
was monitored by 'H NMR until aromatic sig-
nals completely disappeared, indicating the full
hydrogenation to N,N-([1,1’-bi(cyclohexane)]-
4,4’-diyl)diacetamide (25). After cooling to room
temperature, the mixture was filtered to remove
the catalyst, and the solvent was evaporated un-
der reduced pressure to give the product as an
oil. The yield was 99%, providing 103 g of fully
saturated acetamide 25.
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[1,1’-Bi(cyclohexane)]-4,4’-diamine (26)

N,N’-([1,1-bi(cyclohexane)]-4,4’-diyl)diacet-
amide (25) (569.8 g, 0.21 mol) was dissolved in
a mixture (1:1, v/v) of glacial acetic acid (1 L)
and hydrobromic acid (1 L) and heated at 115 °C
for 5 days. During the hydrolysis, water (100 mL)
and additional HBr (50 mL) were added as need-
ed. After the complete hydrolysis was confirmed
by the mass spectrometric analysis, the mixture
was concentrated under reduced pressure. The re-
sidue was neutralized with an aqueous base and
extracted three times with MTBE (3 x 500 mL).
The combined organic extracts were dried
and evaporated to yield an oily residue, which
was dissolved in anhydrous MTBE (200 mL).

The dioxane/HC1 solution was added until an aci-
dic state, causing the precipitation of diamine 26
as dihydrochloride (white solid). After the filtra-
tion and drying, 55 g of the product was obtained,
corresponding to a yield of 92%.
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