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Abstract The acylation of Se-nucleophiles with N-acylbenzotriazoles was investigated.
Samarium phenylselenolate and benzylselenolate (RSeSml,) reacted with N-aroyl and
N-alkanoylbenzotriazoles smoothly and afforded the corresponding selenol esters in good
yields. Treatment of the RSeSmly with o,B-unsaturated N-acylbenzotriazoles afforded the
anticipated «, B-unsaturated selenol esters in moderate yields, due mainly to the side reaction
of conjugate addition.

Keywords N-Acylbenzotriazole; samarium(II) iodide; diselenides; Se-acylation; selenol esters

INTRODUCTION

N-Acylbenzotriazoles have found wide applications in organic synthesis. Being
less sensitive toward moisture, milder in reactivity, and more readily to crystallize, N-
acylbenzotriazoles often offer great advantages over the corresponding acid chlorides.
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They can acylate the N-, C-, O-, and S-nucleophiles smoothly under mild conditions
with satisfactory yield.! Usually, racemization does not occur during the reaction>* and
good chemoselectivity could be obtained readily.>® However, despite their general use and
remarkable advantages in organic synthesis, the acylation of N-acylbenzotriazoles with
Se-nucleophiles has not been reported.

Selenol esters are useful intermediates in organic synthesis”® and a variety of meth-
ods have been developed for the preparation of them. These include: (a) acylation of
acyl halides with selenols,’ selenium anions generated in situ from diselenides,!0a-¢.10-
or phenyl tributylstannyl selenide (PhSeSnBus);'%¢ (b) reaction of carboxylic acids'' or
their triethylammonium salts'?> with phenylselenocyanate or benzeneselenenyl chloride in
the presence of tributylphosphine; (c) ring opening of isopropylidene malonate derivatives
by samarium aryl selenolate;'? (d) reaction of acylzirconene chlorides with ArSeBr or di-
aryldiselenides;'* (e) reaction of aldehydes and diisobutylaluminum selenoate (iBu, A1SeR)
under Tishchenko-type conditions;'> and (f) free-radical Se-acylation of the diselenides
with In and acyl halides.'>® However, although some of these synthetic approaches could
afford good, even excellent, yields of the selenol esters, they either utilized acyl halides,
which were moisture-sensitive and sometimes difficult to prepare and purify, or were lim-
ited to a narrow substrate scope. Sometimes, rarely available reagents, tedious procedures,
and/or harsh conditions were employed. Therefore, alternative methods for the preparation
of selenol esters were still required.

In continuation of our ongoing study on the nucleophilicity of heteroatom nucle-
ophiles toward N-acylbenzotriazoles, herein we employed samarium selenolates (RSeSml,)
as the Se-nucleophile and the potential of the Se-acylation for the preparation of selenol
esters were explored.

RESULTS AND DISCUSSION

Samarium selenolates (RSeSml,) were generated by the reductive cleav-
age of RSeSeR with Sml,.'% First, dibenzyldiselenide was subjected to the
Sml,—tetrahydrofuran (THF) solution. One hour later, the resulting mixture was
treated by N-benzoylbenzotriazole. The usual work-up afforded the desired selenol esters,
but the yield was rather unsatisfactory (Table 1, Entries 1 and 2).

Addition of hexamethylphosphoramide (HMPA), which was reported to enhance the
reactivity of Sml, and facilitate the solubility of the selenolates,'®*® was attempted in the
reductive cleavage process and improvement in the yields of the selenoesters was observed
(Table 1, Entries 1 and 2). Especially the reaction of BnSeSml, and N-acylbenzotriazole
2c¢ in the presence of HMPA afforded the expected product in 70% yield and thus made
the reaction synthetically valuable (Table 1, Entry 3). Fortunately, the acylation with N-
aroylbenzotriazoles of samarium phenylselenolate (PhSeSml,) generated from diphenyldis-
elenide afforded more satisfactory yields (Table 1, Entries 4—13), tolerating both electron-
donating and electron-withdrawing substituents on the aryl. N-Alkanoyl benzotriazole
worked equally well (Table 1, Entries 14-16). It should be noted that the acylation be-
tween the samarium selenolate and N-acylbenzotriazole was very fast and the reaction was
quenched immediately after the addition of the N-acylbenzotriazole (in 3 min). In fact, pro-
longing the reaction time would lead to regeneration of the starting N-acylbenzotriazoles.
It may suggest that the leaving benzotriazolyl could reattack the selenol ester carbonyl and
make the reaction reversible (Table 1, Entry 4).
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Table 1 Se-acylation with N-aroyl and N-alkanoylbenzotriazoles

O
R —« 2 O
_Se_ R, SmL/HMPA " )J\ R 157
R ~ 1 N
: Se THF R s Bt= ©i N
1 3 N
Entry R, R, Product Yield%*
1 Bn Ph-2a 3a 33 (28%)
2 Bn P-MeO(CgHy)-2b 3b 42 (8P
3 Bn p-Cl(CeHa)-2¢ 3c 70
4 Ph Ph-2a 3d 78 (48°)
5 Ph p-Cl(CgHy)-2¢ 3e 83
6 Ph P-MeO(CgHy)-2b 3f 71
7 Ph 0-Cl(C¢Hy)-2d 3g 80
8 Ph P-NO»(CgHy)-2e 3h 61
9 Ph o) 2f 3i 68
M 2
10 Ph 0-CH3(CgHy)-2g 3j 52
11 Ph p-CH3(CgHy)-2h 3k 78
12 Ph m-CH3(CgHy)-2i 31 86
13 Ph “ 2j 3m 83
SON
14 Ph CH3CH,-2k 3n 66
15 Ph CH3(CH,)4CH,-21 30 60
16 Ph (CH3),CH-2m 3p 66

[solated yields based on N-acylbenzotriazoles. ’In the absence of HMPA. “The acylation proceeded for more
than 15 min.

Compared with the acyl halides method,'®* the acylation of the samarium selenolates
with N-acylbenzotriazoles was more efficient and the use of excess acylating reagent was
unnecessary. The reason may be that acyl halides could also induce the ring opening of
THF in the presence of the resulting Sm(III) salt,!” while N-acylbenzotriazoles would not.

We then extended the substrates to a,b-unsaturated N-acylbenzotriazoles. Thus, cin-
namoyl benzotriazole 4a was added to the samarium selenolate. After usual work-up, the
residue was purified by flash column chromatography on silica gel to give a solid, but 'H
NMR spectrum showed that the solid was crude Sa contaminated with a byproduct resulting
from Michael addition as indicated by the three characteristic dd peaks: § 3.32 (dd, J =
6.4Hz,J=16.0Hz, 1H),3.51 (dd, J =9.2 Hz, J = 16.0 Hz, 1H), and 4.77 (dd, J = 6.4 Hz,
J =9.2 Hz, 1H) (see supporting information). The byproduct could not be isolated because
of its similar polarity to Sa, but pure 5a could be obtained by further recrystallization.
Both the "H-NMR spectra of pure 5a and crude 5a (containing the byproduct) indicated the
absence of benzotriazolyl group. The liquid chromatography-mass spectrometry (LC-MS)
spectra of crude Sa showed two characteristic peaks: 311 and 467 (m/z). The LC-MS com-
bined with the IH NMR spectra suggested that the byproduct should be compound 6a (467
was ascribed to the molecular ion peak of 6a [M (444)+Na] and 311 was ascribed to that
of 5a [M (287)+Na+H]; see supporting information). The ratio of 5a and 6a was 1:0.4 as
determined by '"H NMR analysis (Table 2, Entry 1).
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Table 2 The reaction between samarium phenylselenolate and unsaturated N-acylbenzotriazoles 4

O R
4
I,/HMPA
PhSeSePh T2 R/\)J\ + @

O
THF S¢ Se
5 6

Entry R Product Temperature (°C) Time (h) Ratio® Yield%"
1 Ph-4a 5a:6a 20 0.5 1:0.42 -
2 Ph-4a 5a:6a 60 0.5 1:0.07 43
3 Ph-4a 5a:6a 70 0.5 1:0.19 55
4 p-Cl(C¢Hy)- 4b 5b:6b 60 0.5 1:0.27 39
5 p-Cl(CgHy)- 4b 5h:6b 60 5 1:0.07 39
6 p-MeO(CgHy)- 4¢ Sc 60 0.5 1:0 72
7 Q 4d 5d 60 0.5 1:0 49

|

- 4d

p-CH3 (CgHy)-4de Se:6e 60 5 1:0.14 64
9 Ph-4a 5a:6a 60 1 1:0.6° 40 (24%

aDetermined by 'H-NMR. "Isolated yields of product 5. “Four equivalents of PhSeSmI, were used. PMR yield
of 6a.

Subsequent optimization of the conditions found that performing the acylation step
at 60 °C could improve the yield of 5a (Table 2, Entry 2). Increasing the temperature
could give better yield of 5a, but at the same time resulted in poorer selectivity (Table 2,
Entry 3). It was also found that prolonging the time could improve the selectivity for the
unsaturated selenol esters; thus, Sb/6b and 5e/6e were obtained in a ratio of 1:0.07 and
1:0.14 (Table 2, Entries 5 and 8). Again, the isolation of pure 6b and 6e failed, and only
pure S5b and Se were obtained by further recrystallization. Under the optimized conditions,
it was gratifying to find that substrates 4¢ and 4d underwent clean Se-acylation, providing
the corresponding selenol esters Sc and Sd in 72% and 49% yield, respectively (Table 2,
Entries 6 and 7). In addition, we tried to use excess PhSeSml, in hope of getting byproduct
6 as the main or sole product. Thus, four equivalents of PhSeSml, and one equivalent of
cinnamoyl benzotriazole 4a were used as the substrates. However, the reaction resulted in
a mixture of 5a and 6a in a molar ratio of 1:0.6 (Table 2, Entry 9).

It may be interesting to compare the reactivity of samarium selenolate and samarium
thiolate. Samarium thiolate attacked preferably on the carbonyl of a,b-unsaturated N-
acylbenzotriazoles and afforded a,b-unsaturated thioesters exclusively,18 while the softer
samarium selenolate could also attack the electron-deficient olefin carbon, which combined
with the Se-acylation and finally afforded the b-phenylselanyl selenol ester 6.

CONCLUSION

The Se-acylation ability of N-acylbenzotriazoles has been demonstrated. With samar-
ium selenolate as the Se-nucleophile, N-aroyl and N-alkanoylbenzotriazoles underwent
the acylation smoothly and afforded the selenol esters in moderate to good yields. The
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Se-acylation with «,8-unsaturated N-acylbenzotriazoles could also be achieved with high
regioselectivity.

EXPERIMENTAL

THF was distilled from sodium benzophenone immediately prior to use. All reactions
were conducted under a nitrogen atmosphere. Melting points are uncorrected. 'H (400 MHz)
and '3C (100 MHz) NMR spectra were recorded on a Bruker AV400 NMR instrument in
CDCl; [with tetramethylsilane (TMS) as internal standard]. Chemical shifts (§) are reported
in ppm and coupling constant J is given in Hz. IR spectra were recorded using KBr disks with
a NEXUS 670 FTIR spectrometer. Elemental analyses were performed on a Vario-ELIII
instrument. MS spectrum was analyzed on a Varian 500-MS equipped with an electrospray
ionization source and ion trap analyzer in the positive ionization mode, with data acquisition
using the Varian MS Workstation (Varian, America). LC-MS was carried on Agilent 1100
LC/MSD SL.

General Procedure for the Preparation of Selenol Esters 3a-n and 5a-e

General Procedure for the Preparation of Selenol Esters 3a-n. To a so-
lution of Sml, (1.3 mmol) in dry THF (10 mL) under a nitrogen atmosphere was added
HMPA (0.6 mL) and diselenide (0.6 mmol) in anhydrous THF (2 mL) by syringe. After
the mixture was stirred at room temperature for 1 h, N-acylbenzotriazole 2 (1.0 mmol)
in anhydrous THF (2 mL) was added at room temperature. When the purple color of the
mixture faded (after 3 min), hydrochloric acid (0.1 N, 3 mL) was added immediately to
quench the reaction followed by extraction with EtOAc (20 mL x 3). The organic layer
was washed successively with Na,S,0j3 (aq), Na,COj3 (aq), and brine, and dried over anhy-
drous Na;SOy,. The solvent was removed under reduced pressure to give a residue, which
was purified by flash column chromatography on silica gel (petroleum ether/ethyl acetate
80:1-50:1) to give the corresponding selenol ester.

General Procedure for the Preparation of Selenol Esters 5a—e. To the
solution of Sml, (1.3 mmol) in dry THF (10 mL) under nitrogen atmosphere was added
HMPA (0.6 mL) and diselenide (0.6 mmol) in anhydrous THF (2 mL) by syringe. After
the mixture was stirred at room temperature for 1 h, the temperature was raised to 60 °C.
N-Acylbenzotriazole 4 (1.0 mmol) in anhydrous THF (4 mL) was then added and stirring
was continued for the time indicated in Table 2. Hydrochloric acid (0.1 N, 3 mL) was added
followed by extraction with EtOAc (20 mL x 3). The organic layer was washed successively
with Na,;S,03 (aq), Na,COs (aq), and brine, and dried over anhydrous Na; SO,. The solvent
was removed under reduced pressure to give a residue, which was purified by flash column
chromatography on silica gel (petroleum ether/ethyl acetate 80:1-50:1) to give a mixture
of 5 and 6 as solid. Crystallization in THF afforded pure 5.

Benzenecarboselenoic acid Se-benzyl ester 3a.">" Yellow oil; IR (neat): v (cm-1)
1670; 1H NMR § 4.36 (s, 2H), 7.23-7.32 (m, 3H), 7.38 (d, J/ = 7.6 Hz, 2H), 7.46 (t,
J = 8.0 Hz, 2H), 7.48-7.52 (m, 1H); 7.90 (d, J = 8.0 Hz, 2H).

Benzenecarboselenoic acid, 4-methoxy-Se-benzyl ester 3b. Light brown solid; mp
40 °C—41 °C; IR (KBr): v (cm™') 1659; '"H NMR § 3.87 (s, 3H), 4.33 (s, 2H), 6.92 (d,
J = 8.0 Hz, 2H), 7.20-7.38 (m, 5H), 7.88 (d, J = 7.6 Hz, 2H); '*C NMR § 28.9, 55.6,
114.0, 126.9, 128.6, 129.0, 129.6, 132.3, 139.6, 164.1, 193.2; MS m/z (Jre1.,%): 307 (100)
[M+H]™. Anal. Calcd. for C;5H;40,Se: C, 59.02; H, 4.62. Found: C, 59.53; H, 4.61.
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Benzenecarboselenoic acid, 4-chloro-Se-benzyl ester 3¢.!9 Colorless solid; mp 68
°C—69 °C (lit. mp 70-71 °C); IR (KBr): v (cm~!) 1671; 'H NMR § 4.36 (s, 2H), 7.21-7.36
(m, 5H), 7.43 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 8.4 Hz, 2H).

Benzenecarboselenoic acid Se-phenyl ester 3d.">" Yellow solid; mp 37 °C-38 °C
(lit. mp 37 °C-38 °C); IR (neat): v (cm™!') 1678; 'H NMR § 7.31-7.39 (m, 5H), 7.49-7.51
(m, 3H), 7.83 (d, J = 7.6 Hz, 2H).

Benzenecarboselenoic acid, 4-chloro-Se-phenyl ester 3e. Beige solid; mp 84 °C-85
°C (lit.'"! mp 83.5 °C-84.5 °C); IR (KBr): v (cm~') 1690; '"H NMR § 7.42-7.52 (m, SH),
7.58 (d, J = 6.4 Hz, 2H), 7.87 (d, J/ = 8.0 Hz, 2H).

Benzenecarboselenoic acid, 4-methoxy-Se-phenyl ester 3f.!! White solid; mp 76
°C-78 °C (lit. mp 62-63 °C); IR (KBr): v (cm~') 1683; '"H NMR 6 3.88 (s, 3H), 6.96 (d,
J = 8.0 Hz, 2H), 7.41-7.42 (m, 3H), 7.58-7.60 (m, 2H), 7.91 (d, J = 7.6 Hz, 2H); 13C
NMR § 55.6, 114.1, 126.0, 128.9, 129.3, 129.7, 131.3, 136.4, 164.2, 191.4.

Benzenecarboselenoic acid, 2-chloro-Se-phenyl ester 3g.'>® Light brown solid; mp
57 °C-58 °C (lit. mp 59 °C); IR (KBr): v (cm™!) 1701; '"H NMR § 7.37-7.45 (m, 6H),
7.60-7.62 (m, 2H), 7.73 (d, J = 1.2 Hz, 1H).

Benzenecarboselenoic acid, 4-nitro-Se-phenyl ester 3h.!'>® Yellow solid; mp 127
°C-128 °C (lit. mp 136 °C—138 °C); IR (KBr): v (cm~!) 1676; '"H NMR § 7.45-7.48 (m,
3H), 7.64 (d, J = 6.4 Hz, 2H), 8.09 (d, J = 8.8 Hz, 2H), 8.35 (d, / = 8.8 Hz, 2H).

Furan-2-carboselenoic acid Se-phenyl ester 3i.'% Pale yellow solid; mp 60 °C-61
°C; IR (KBr): v (cm™!) 1679; "THNMR § 6.59-6.61 (m, 1H), 7.22-7.23 (m, 1H), 7.42-7.43
(m, 3H), 7.58-7.60 (m, 2H), 7.65-7.66 (m, 1H).

Benzenecarboselenoic acid, 2-methyl-Se-phenyl ester 3j. Light brown solid; mp
46 °C—47 °C; IR (KBr): v (cm™!) 1699; 'H NMR § 2.48 (s, 3H), 7.26-7.35 (m, 2H),
7.43-7.46 (m, 4H), 7.60-7.62 (m, 2H), 7.91 (d, J = 7.6 Hz, 1H); '*C NMR § 20.9, 126.1,
127.0, 128.9, 129.0, 129.4, 131.9, 132.3, 136.1, 136.6, 138.3, 195.5; MS m/z (J1e1.,%): 277
(100) [M+H]+. Anal. Calcd. for C14H;,0Se: C, 61.10; H, 4.40. Found: C, 60.97; H, 4.36.

Benzenecarboselenoic acid, 4-methyl-Se-phenyl ester 3k.'°! White solid; mp 97
°C-98 °C; IR (KBr): v (cm~') 1689; '"H NMR § 2.43 (s, 3H), 7.29 (d, J = 8.0 Hz, 2H),
7.42-7.44 (m, 3H), 7.59-7.61 (m, 2H), 7.84 (d, J = 8.0 Hz, 2H); '*C NMR § 21.8, 126.0,
127.5,129.0, 129.4, 129.6, 136.0, 136.4, 144.9, 192.8.

Benzenecarboselenoic acid, 3-methyl-Se-phenyl ester 31. Light brown solid; mp 47
°C—48°C; IR (KBr): v (cm™') 1680; "H NMR § 2.44 (s, 3H), 7.38-7.44 (m, 5H), 7.59-7.61
(m, 2H), 7.73-7.75 (m, 2H); '>*C NMR § 21.4, 124.6, 125.9, 127.8, 128.8, 129.1, 129.4,
134.7, 136.4, 138.6, 138.9, 193.5; MS m/z (J1e1.,%): 277 (100) [M+H]". Anal. Calcd. for
C14H,0Se: C, 61.10; H, 4.40. Found: C, 61.17; H, 4.43.

Naphthalene-1-carboselenoic acid Se-phenyl ester 3m.'* Light brown solid; mp
68-69 °C; IR (KBr): v (cm™!) 1696; '"H NMR § 7.47-7.60 (m, 6H), 7.67-7.69 (m, 2H),
7.90 (d, J = 7.6 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 8.20 (d, J = 7.2 Hz, 1H), 8.56 (d, J =
8.4 Hz, 1H); 13C NMR § 124.6, 125.3, 126.9, 127.3, 127.3, 128.4, 128. 4, 128.4, 129.1,
129.5, 133.6, 133.9, 136.2, 136.3, 195.4.

Propaneselenoic acid Se-phenyl ester 3n.2° Yellow oil; IR (neat): v (cm™!) 1721;
"HNMR 6 1.22 (t,J = 7.6 Hz, 3H), 2.74 (q, J = 7.6 Hz, 2H), 7.38-7.40 (m, 3H), 7.52-7.54
(m, 2H).

Heptaneselenoic acid Se-phenyl ester 30.32 Yellow oil; IR (neat): v (cm™!) 1724;
'H NMR 6 0.88 (t, J = 6.8 Hz, 3H), 1.24-1.37 (m, 6H), 1.67-1.70 (m, 2H), 2.69 (t, J =
7.6 Hz, 2H), 7.36-7.38 (m, 3H), 7.49-7.51 (m, 2H).
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2-methylpropaneselenoic acid Se-phenyl ester 3p.'% Yellow oil; IR (neat): v
(cm™1) 1720; '"H NMR § 1.25 (t, J = 7.2 Hz, 6H), 2.86-2.93 (m, 1H), 7.36-7.37 (m,
3H), 7.48-7.51 (m, 2H).

(E)-2-propeneselenoic acid, 3-phenyl-Se-phenyl ester 5a.'*" Yellow solid; mp 82
°C-83 °C (lit. mp 80 °C-81 °C); IR (KBr): v (cm™!) 1685, 1607; 'HNMR 6 6.78 (d, J =
16.0 Hz, 1H), 7.41-7.43 (m, 6H), 7.56-7.60 (m, 5H).

(E)-2-propeneselenoic acid, 3-(4-chlorophenyl)-Se-phenyl ester 5b.'** Yellow
solid; mp 103 °C—~104 °C (lit. mp 99-100 °C); IR (KBr): v (cm~') 1674, 1602; '"H NMR §
6.74 (d, J = 15.6 Hz, 1H), 7.37-7.59 (m, 10H).

(E)-2-propeneselenoic acid, 3-(4-methoxyphenyl)-Se-phenyl ester Sc. Yellow
solid; mp 83 °C-84 °C; IR (KBr): v (cm™") 1690, 1592; 'H NMR § 3.86 (s, 3H), 6.65 (d,
J =16.0 Hz, 1H), 6.92 (d, J = 8.8 Hz, 2H), 7.40-7.43 (m, 3H), 7.51-7.60 (m, 5H); 13C
NMR § 55.5, 114.6, 123.9, 126.5, 128.9, 129.4, 130.5, 136.0, 141.1, 162.0, 190.5; MS m/z
(Jre1.,%): 307 (100) [M+H]*. Anal. Calcd. for C;sH40,Se: C, 60.58; H, 4.45. Found: C,
60.41; H, 4.41.

(E)-2-propeneselenoic acid, 3-(furan-2-yl)-Se-phenyl ester 5d. Brown solid; mp
56 °C-57 °C; IR (KBr): v (cm™') 1666, 1607; 'H NMR § 6.51 (d, J = 2.0 Hz, 1H), 6.67
(d, J = 15.2 Hz, 1H), 6.74 (d, J = 3.2Hz, 1H); 7.34 (d, J = 15.2 Hz, 1H), 7.40-7.42 (m,
3H), 7.54-7.59 (m, 3H); 3CNMR § 112.9, 117.2, 123.6, 126.4, 126.7, 129.0, 129.4, 135.9,
145.5, 150.5, 190.7; MS m/z (Jye1.,%): 279 (100) [M+H]*. Anal. Calcd. for C;3H;(O,Se:
C, 56.33; H, 3.64. Found: C, 56.18; H, 3.64.

(E)-2-propeneselenoic acid, 3-(4-methylphenyl)-Se-phenyl ester Se. Yellow solid;
mp 86 °C-87 °C; IR (KBr): v (cm™) 1697, 1608; 'H NMR § 2.39 (s, 3H), 6.74 (d, J =
16.0 Hz, 1H), 7.22 (d, J = 8.0 Hz, 2H), 7.41-7.47 (m, 5H), 7.58-7.62 (m, 3H); '*C NMR
§21.7,125.3,126.4,128.7, 129.0, 129.4, 129.9, 131.2, 136.0, 141.3, 141.6, 191.1; MS m/z
(Jre1,%): 303 (100) [M+H]*. Anal. Calcd. for Ci¢H40Se: C, 63.79; H, 4.68. Found: C,
63.87; H, 4.67.
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