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Efficient Synthesis of Unsymmetrical Selenides Promoted by
Titanocene Perfluorobutanesulfonate/Zinc Catalytic System
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Abstract In the presence of 10 mol% titanocene perfluorobutanesulfonate (1+H,OTHF), reductive cleavage Se—Se bond by
zinc dust (1.2 equiv.) at room temperature led to nucleophilic selenium anion species, which reacted with bromoalkanes to
afford unsymmetrical selenides in good to excellent yield using commercial tetrahydrofuran (THF) as solvent under N,
atmosphere. The possible reaction mechanism is that zinc dust reduces Cp,Ti'V(OPf), (Pf=S0,C,F,) to produce Cp,Ti'"'OPf,
which reacts with diaryl diselenides to form the intermediate Cp,Ti'VSeAr(OPf). Then it further reacts with bromoalkanes to
produce unsymmetrical selenides. In this paper, the synthesis of asymmetrical selenides catalyzed by 1<H,0<THF/Zn system is
first reported. This method has the advantages of mild reaction conditions, simple operation and high yield.

Keywords titanocene perfluorobutanesulfonate; zinc dust; diaryl diselenides; bromoalkanes; unsymmetrical selenides
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BEE AT T =S e SRR M A WU B, T
ZHE, BATREHE T — R/RVI% 2 S Fa 8 FIsRiR
FR TR R 4 SR e 5 (OF 25 ) B PR BRI &, RS A A
C—C B R R B o (AL R R 728, 2 iy
FIREFE R, FRATR DU ER A T IR £h B R I =
ARaE A E R AL TE M. ATREIR AR, AT REER
EHEERIE, S5 T RMMARERS, 5% HAEILSE
IR e, AR 125 5 550 & R BK 1 I 4
WAL AR, AT BRI A Y (PFBS)XT A BhHAI
KRENFEZERTEREEBREMLED
(PFOS)%0 fr i il 41, Bt —FE R . B, L
FHEE. B, WATRE 7Rk &/ T IR &%
[Cp,Ti(OH,),(0SO,C,4Fo),*H,OTHF  (1eH,0THF)]/ %% %3
TR, W LU UL 35 JE R S A S A AN
SRR Y, AR, RGBT 1eH,OTHF/Zn {4 %
BB 1 5 b — 5 3 A 1k 5 YA e B . ] 4% N Sk R
FLAT % (Scheme 1).

(1) 1*HyO*THF (10 mol%)
(2) Zn (1.2 equiv.)

ArSeSeAr + 2RBr
2 3

B 1 AKX FR A 5 AR

Scheme 1  Synthesis of unsymmetrical selenides
1 HR5e

1 Cp,TiCl, Al AgOSO,C,Fg S5 I ] K43 1 B 42 3
TR L (1-H,0-THF). ZIEC &M EAREH TS5
EMEEE RSP AR =D ALL), 8k 5wtk
(0.8<<H,<<3.3) M ay Ay #h A e M. J8 ik [y o 60 1Y 1K il
(THR)H 3 BOE e ] 3k43 1oH,0THF (1) X 514 AiT
SRR B 2 s, BRIP4 A IR T L
TR EE REOS AR B8 T AR i, T Sk o TR ER 0
AT RIE. TR 5 AT LA I SR M R B X 3
PEEARE TR AL, 2R R A RSB, %A R I
SER A LA VE PR I B T = S R R AR =
B Hh . DRSS A0 = 96 R R B A AR BN, TEvE
BB SR BT, KT 0T DARIE &R O S 80
Rig. BeAh, SRR B L Sh AR L, BRI 4

2ArSeR
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Figure 2 X-Ray structure of complex 1¢H,O<THF

DA 83 TRl IE AR L e AT S N, 25 5 R
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Table 1 Influence of catalyst dosage and solvent, time to the
reaction of diphenyl diselenide with ethyl bromide

(1) 1-H,0* THF

() zn
PhSeSePh + 2CH;CH,Br N, 2PhSeCH,CHg
Entry 2O THE ol Solvent  Timerh  Yield®/%
mol%

1 0 0.0 THF 12 0

2 0 1.0 THF 12 0

3 5 0.0 THF 12 0

4 5 1.0 THF 6 56

5 10 1.0 THF 6 82

6 10 1.2 THF 6 92

7 5 1.2 THF 6 76

8 10 1.2 THF 2 92

9 10 1.2 THF 1 70
10 10 1.2 DMF 2 73
11 10 1.2 CH;CN 2 64
12 10 1.2 CH,CI, 2 32
13 10 1.2 Toluene 2 20

@ PhSeSePh: 0.5 mmol; CH3CH,Br: 1.1 mmol; temp: r.t.; ®jsolate yield.

http://sioc-journal.cn/ 1803
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FIAEAERS, [N AENs K 24 (Entry 4). BfE EALFIE R
ARG, =AW, 2 1-H,0THF 24 10 mol%
BEX N 1.2 mmol B, R 2 B i (Entries 5~8). 4k
LIS (B4R 42 2 hiF, 7= 2T imik 92%. (HZ, 4B
(45524 1 hisF, W= 28T [ B 2 (Entries 8~9). #f—
o, BATERVT T LS 77 6] 72 26 1) 52 1A (Entry 8 ~13),
5K W], [T DMF. CH3CN. CH,Cl, FlHIZRAE 17
i), FRREANERAR, A THR ARIAFRI, 7= i m.
R, SR 25 14 1eH,0-THF (10 mol%) AT 45
(1.2 mmol)ZH Bififb ik &, VARG THF REFI, fE£=iR
A, BAGEI R 2 h,

BT A0 R A ) 45 1 — RV AR A U R (O )
WERRAC &4, R G075 &AM R S DA EE AL AR R 11
EALROR, g5 LK 2. B 2 7740, 1eH,0-THF/Zn K3
HARLF AL RIOR, [N 28 508 92% (Entry 4). AT,
TR SRRV R R R AE T FH THE LT B ATE
TR = F R o R R B B A R R I — P A
(Entries 1, 2), X 7] fet H T =& AR ER = 5 H
Bl R £ ) 55 4 5 IR v B K UK, R THF A
I T AR FR I VE PR AR B T A R vs . R R ER 42 R
I BE (R L) T R 6 /88 B A 2R 3 It 00 1 i A s
(Entries 3, 5), {HAZMALIGHEIC T AR 2 50 T S RE1R
ERIEER R R, T AR R DR R R A R S R (O 25 ) R SR 7E
PR THFE 3R R e 22, DR B 1) 4 3 o SR i
frg A e SR, BhAh, 5 oCERRIE L AR R AH L

@A RIEES, MR R, () Mk THF O
T, BRI (©) SN AR AN, 7107 2 .
FERMRFAET, REFHE T FMRAS =573

TR RONE. SRR 3, H1E#E 3 HI A, 1eH,0°THF/Zn
Ak A 250 5% i A I AT AN [ AR e 1 s B LA AR
TP AL BUR, BT — RIS R SRR R S 4.
ANV S EBE I 2 7 SCBE I — AR B 1R O M X B
(4a~4c), ST, —ZIRARKE IS AR R (4d). Stk
TRACPIAH EL, 5 TR JEE IR0 S5 R I L o s 1) S R i
(de, 4F), TTRER HH T 0V A I B0 280 S A At AT D% 12 18
HOIEA 1P B FEZE 5 — 2RI Tk S B 3 A LT
e, dhah, BATEWF T &0 AR 2Kk
TR AL AR SON . SERG R, 2 T 3 A
IER R THE(CL NOy) (4i~4n)if, P s, nlkE
JE R M H 7 JE A Se—Se HEMIZYL; 24 55 A
fik I3 45 T (CHa) I, [N~ PRAG, P& 4
TH(CHa) % H A3 0, 25 1A BH K, SN 7= 2 2
F#{ (40, 4p).

I 5 S B L Sk ARaE e, s T —
% BERY N iR 4E. W1 Scheme 3 iR, 5 Cp,TiCly/Zn
AL AN, Bk 12 S 8 s SR A
g, BERYIE R DU AREL A9 Cp,TivV (0P, ()AEK =M
ERBEA ) Cp,TiMOPE (111)F1 Zn(OP), (I1). 7E 2563t %
LB (O E AR Zn(OPF), M. RJ5, Cp,Ti""OPf
5 ArSeSeAr J WA i B A SR A% 1 6K AT EC A )
Cp,Ti"VSeAr(OPf) (IV). ZH AR &4 IV 50k HE
— 35 A A FR LA E ArSeR R Cp,Ti'VBr(OPf)
(V). o, BB JE A Rk VNI 5E B IEER. V40
WLERLEE— D 702 .

2 g
g LRTR, AR T SRR Ao T SRR Eh ek

R 2 TR R MG B X FR L L
Table 2 Catalyst comparison of titanocene compounds/Zn and other catalytic systems for synthesis of unsymmetrical selenides

Entry Catalytic Systems Conditions Time/h Yield“/% Ref.
1 Cp,TiCl,/zn* THF, r.t., N, 2 <5 —
2 Cp,Ti(OH,),(0SO,CF3),* THF/Zn? THF, r.t., N, 2 53 —
3 Cp, Ti(OH,),(0S0,CgF17),* THF/Zn? THF, r.t., N, 2 76 —
4 1 H,0 THF/zn? THF, r.t., N, 2 92 —
5 Cp,Ti(OH,),(0S0,CeF5)/Zn* THF, r.t., N, 2 84 —
6 Inl (1.1 equiv.)” Dry CH,Cly, r.t., N, 4.2 80 9]
7 InBr; (2.5 mol%)/Zn (1.6 equiv.)* DMF, 100 C, Ar 1 85 [20]
8 PPh, (1.1 equiv)® [pmIm]Br, 75 C 35 80 [8]
9 RuCl; (2 mol%)/Zn (1.6 equiv.)® DMF, 60 C, N, 1 77 [16]
10 BiCl3(1 equiv)/Sm (2 equiv.)’ THF/H,0, 60 C, N, 6 84 [13]
11 SnCl, (1.2 equiv)/CuBr, (20 mol%)? [bmim]BF,, r.t., N, 1 68 [33]
12 MCM-41-2N-RuCl; (2 mol%)/Zn (1.6 equiv.)" DMF, 100 C, Ar 2 90 [34]

2phSeSePh: 0.5 mmol, n-C,HsBr: 1.1 mmol, Cat.; 10 mol%, Zn dust, 1.2 mmol, commercial THF, ® phSeSePh: 0.5 mmol, n-CsH1:Br: 1.0 mmol, ¢ PhSeSePh: 0.5
mmol, n-C4HgBr: 1.2 mmol, 4phSeSePh: 0.6 mmol, n-C4HgBr: 1.0 mmol, [pmIm]Br: 40 mol%, ¢ PhSeSePh: 0.5 mmol, H,C=CHCH,Br: 1.2 mmol, fPhSeSePh: 0.5
mmol, PhCH,Br: 1.5 mmol, V(THF) : V(H,0)=4 : 1, ® PhSeSePh: 0.5 mmol, n-C,HsBr: 1.0 mmol, [bomim]BF,: 0.5 mL, " PhSeSePh: 0.5 mmol, n-CsHy;Br: 1.2
mmol.

1804 http://sioc-journal.cn/ © 2019 Chinese Chemical Society & SIOC, CAS Chin. J. Org. Chem. 2019, 39, 1802~1807
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Table 3 Preparation of unsymmetrical selenides by reaction of
diaryl diselenides with bromoalkanes catalyzed byl<H,O<THF/Zn
system

(1) 1-H,O - THF (10 mol%)
(2) Zn (1.2 equiv.)

ArSeSeAr + 2RBr 2ArSeR
2 3 N2, THF, r.t. 4a ~ 4p
Compd. Ar RBr Time/h Yield®/%
4a Ph C,H:Br 2 92
4b Ph CH3(CH,);CH,Br 3 89
4c  Ph (CH3),CHCH,Br 3 87
4d Ph (CH,),CHBr 5 79
4e Ph 2> CH,Br 2 90
4f  Ph PhCH,Br 2 92
49 Ph PhCH,CH,Br 3 84
CH,Br
o P -
4i  p-CICqH, (CH3),CHCH,Br 3 91
4j  p-CICgH, Z CHoBr 2 95
4k p-CICqH, CH3(CH,)sCHBr 3 90
41 m-NO,CgH, (CHs3),CHCH,Br 3 91
4m  m-NO,CgH, CH3(CH,);CH,Br 3 90
4n  0-NO,CgH, CH3(CH,)3sCH,Br 3 90
40 p-CH4CeH, 2 CH,Br 4 84
4p  2,46-(CHy)sCeH, 77 CHoBr 6 80

2 ArSeSeAr: 0.5 mmol, RBr: 1.1 mmol, 1+H,O<THF: 10 mol%, Zn dust: 1.2
mmol, N, THF; temp.: r.t.;b isolate yield.

2Cp,Tiv(OPf),
|

zZn°
Zn'Br, Zn'(OP),
n

2 Cp,Ti"opf

0
Zn n

ArSeSeAr

2Cp,TiVBr(OPF)
v

ZA'SQR/_\&\ 2 Cp,Ti'VseAr(OPY)

2RBr v

B 3 1-H,0-THF/Zn A AL G BASKT FRAR B FT BE FR) S5 2
MLER

Scheme 3 Possible mechanism for the synthesis of unsymmet-
rical selenides catalyzed by 1+H,0+THF/Zn system

TR 2R, B 5% 3 Al S R A SN v R
B ANKTFR BRI I 1 V. Z AR R S 4R &AM
(M=2Zn, Sm, Al, Fe){E{b ik ZAMEL, EAA [ A4
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BAEDIRE R WRER K, AR, >
RS ATE N,

3 EES
31 {UE5RH

'H NMR 5 C NMR (LA CDCly 1E¥#5), TMS 9
#5)FH BRUKER AC-P400 By illzE, i VG Auto
Spec-30 fMIsE, 75 AR, JRA RS JFURHA M 2
i 75 23 7] A Aldrich 23 7] 1 3%, THF Rl IE SUbe Al AR 77
AT IR A B, RN T SR )

3.2 WK
3.2.1  Cp,Ti(OH,),(0SO,C4Fs),*H,OTHF  (1+H,00
THF) & %) 47

¥¥EA Cp,TiCl, (0.249 g, 1.0 mmol) f) THF (20
mL) W FIEA AgOSO,C,F, (0.832 g, 2.05 mmol)[
THF (10 mL)¥H0IR S, ST, #Bahidr: 1 h, i,
FIJER A 40 mL IE Ok, fEVKFH(—20 C)ME
24 h, 15 E3 4514631 mg, 70%).

3.2.2 AR AHER 6 S AR

BT E, [ 25 mL Scheck Sz B & Him A
1eH,0+THF (45 mg, 10 mol%). Ab¥id %45 (80 mg, 1.2
mmol). 77 THGE£(0.5 mmol). ERACKE(L.1 mmol),
THF (3 mL), %EPEEE 2 h, )2 Ak (TLC)RE: R M 5
k. ZEEREEL(15 mL X 3), ibJE, BT, sk
ENTES RS, VR E) V(SR ZER)=30 1 1 fEN
BB,

I 70 T K (4a)R Wk B O K. TH O NMR
(CDCls, 500 MHz) 6: 7.51~7.47 (m, 2H), 7.26~7.24 (m,
3H), 2.95~2.90 (m, 2H), 1.45~1.40 (m, 3H); *C NMR
(CDCl3, 125 MHz) ¢6: 132.55, 131.53, 129.00, 126.70,
21.36, 15.49; MS m/z: 186.0 (M").

S IE T 5 A 5 (4b)O: 9% 8 K. TH O NMIR
(CDCls, 400 MHz) 6: 7.55~7.52 (m, 2H), 7.33~7.25 (m,
3H), 2.96 (t, J=7.6 Hz, 2H), 1.80~1.72 (m, 2H), 1.48~
1.43 (m, 2H), 1.42~1.31 (m, 2H), 0.93 (t, J=7.2 Hz, 3H);
3C NMR (CDCl,, 100 MHz) 6: 132.34, 130.71, 128.97,
126.57, 32.02, 29.85, 27.91, 22.18, 13.98; MS (El) m/z:
228.0 (M").

T HL TR B (40): Wik, H NMR
(CDCl3, 400 MHz) 6: 7.54~7.51 (m, 2H), 7.31~7.24 (m,
3H), 2.88 (d, J=6.4 Hz, 2H), 1.97~1.90 (m, 1H), 1.06 (d,
J=6.8 Hz, 6H); *C NMR (CDCl;, 100 MHz) ¢: 132.28,
131.13, 128.95, 126.49, 37.76, 29.03, 22.65; MS (EI) m/z:
214.0 (M").

http://sioc-journal.cn/ 1805
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H I S P9 K (4d)®) vk A, TH NMR
(CDCls, 400 MHz) §:: 7.31~7.27 (m, 2H), 6.97~6.90 (m,
3H), 4.60~4.54 (m, 1H), 1.36 (s, J=6 Hz, 6H); *C NMR
(CDCl;, 100 MHz) d:: 157.92, 129.45, 120.49, 115.94,
69.78, 22.10; MS (EI) m/z: 200.0 (M").

5 LA TR I A Ik (4e)) MR AR, TH O NMR
(CDCl3, 500 MHz) 6: 7.45~7.37 (m, 2H), 7.23~7.13 (m,
3H), 5.91~5.84 (m, 1H), 4.93~4.83 (m, 2H), 3.48~3.40
(m, 2H); *C NMR (CDCl;, 125 MHz) §: 133.35, 132.31,
131.95, 127.91, 126.11, 115.82, 29.65; MS (EI) m/z: 198.0
(M™).

TEIE A (A1) W3 it 'H NMR (CDCls,
500 MHz) &: 7.38~7.36 (m, 2H), 7.18~7.10 (m, 8H),
4.03 (s, 2H); *C NMR (CDCl,;, 125 MHz) §: 137.58,
132.52, 129.38, 127.93, 127.81, 127.39, 126.26, 125.82,
31.20; MS (El) m/z: 248.0 (M").

P 0B KTk (49)Y: Wk HE AR . TH NMR
(CDCls, 500 MHz) ¢6: 7.50 (d, J=12.5 Hz, 2H), 7.30~
7.26 (m, 5H), 7.22~7.16 (m, 3H), 3.14 (t, J=8 Hz, 2H),
2.99 (t, J=8 Hz, 2H); *C NMR (CDCl;, 125 MHz) o:
141.06, 132.65, 130.25, 129.12, 128.54, 128.42, 126.89,
126.44, 36.64, 28.74; MS (EI) m/z: 262.0(M").

o- 25 HJE ZE I Ik (4h)2%: 9k s ik, tH NMR
(CDCls, 400 MHz) 6: 7.87 (t, J=8 Hz, 2H), 7.82 (t, J=6.8
Hz, 1H), 7.75 (s, 1H), 7.55~7.50 (m, 3H), 7.42~7.40 (m,
2H), 7.33~7.30 (m, 2H), 7.27~7.23 (m, 1H), 4.34 (s,
2H); ®C NMR (CDCl;, 100 MHz) §: 136.29, 134.95,
133.34, 132.63, 130.07, 128.88, 128.32, 127.85, 127.73,
127.68, 127.43, 127.00, 126.47, 125.83, 39.48; MS (El)
m/z: 298.0 (M").

Xof SR ST IR (i) A E AWM. TH NMR
(CDCls, 400 MHz) 6:7.23 (s, 4H), 2.77 (d, J=6.8 Hz, 2H),
1.88~1.81 (m, 1H), 1.02 (d, J=6.8 Hz ,6H); °C NMR
(CDCl;, 100 MHz) §: 136.00, 131.50, 130.18, 128.92,
42.86, 28.23, 22.02; MS (El) m/z: 248.0 (M"); HRMS
(ESI) m/z caled for CioH13CISe [M ] 247.9871; found
247.9874.

o G LA P LA R (4) ) v K. TH NMR
(CDCls, 400 MHz) 6: 7.28~7.23 (m, 4H), 5.90~5.80 (m,
1H), 5.09 (t, J=14.2 Hz, 2H); 3.51 (d, J=6.8 Hz, 2H); **C
NMR (CDCl;, 100 MHz) 6: 134.37, 133.27, 132.32,
131.35, 128.93, 117.96, 37.45 ; MS (EI) m/z: 232.0 (M ™).

Sof SR I TF TR LA K (AK) B v B k. 'H NMR
(CDCls, 400 MHz) 8: 7.29 (s, 4H), 2.94 (t, J=7.4 Hz, 2H),
1.71~1.65 (m, 2H), 1.47~1.35 (m, 4H), 0.95 (t, J=7.2

1806 http://sioc-journal.cn/
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Hz, 3H); *C NMR (CDCls, 100 MHz) §: 135.63, 131.59,
130.21, 128.91, 33.87, 30.95, 28.73, 22.22, 13.93; MS (EI)
m/z: 262.0 (M").

TR JE 2R 3 5 T AR (AD): R IR O A. TH NMR
(CDCls, 400 MHz) 8: 8.04 (s, 1H), 7.87 (d, J=8 Hz, 1H),
7.48 (d, J=8 Hz, 1H), 7.33 (t, J=7.8 Hz, 1H), 2.80 (d, J=
6.8 Hz, 2H), 1.88~1.78 (m, 1H), 0.98(d, J=6.8 Hz, 6H);
3C NMR (CDCls, 100 MHz) 6: 147.54, 139.79, 132.54,
128.36, 120.90, 118.98, 40.80, 27.11, 21.01; MS (El) m/z:
259.0 (M"); HRMS (ESI) m/z calcd for CioH1,NO,Se”
[M™] 259.0112; found 259.0116.

TF1) il 36 2% 366 1F 7 25 A ik (4m): R B Ak, TH
NMR (CDCls, 400 MHz) §: 8.14 (s, 1H), 8.02 (d, J=8 Hz,
1H), 7.61 (d, J=8 Hz, 1H), 7.47 (t, J=8 Hz, 1H), 3.04 (t,
J=7.4 Hz, 2H), 1.78~1.70 (m, 2H), 1.50~1.35 (m, 4H),
0.95 (t, J=7.2 Hz, 3H); C NMR (CDCl;, 100 MHz)
9:148.62, 140.51, 133.55, 129.38, 121.94, 120.06, 32.95,
30.93, 28.37, 22.17, 13.88; MS (El) m/z: 273.0 (M");
HRMS (ESI) m/z calcd for C1,H;:sNO,Se’ [M '] 273.0268;
found 273.0263.

AT FE 2 IE TR IEA K (4n): RO E. 'H NMR
(CDCls5, 400 MHz) 6: 8.10 (d, J=8 Hz, 1H), 7.47 (t, J=
7.8 Hz, 1H), 7.33 (d, J=8.4 Hz, 1H), 7.20~7.13 (m, 1H),
2.88 (t, J=7.4 Hz, 2H), 1.70~1.63 (m, 2H), 1.43~1.36
(m, 2H), 1.32~1.24 (m, 2H), 0.84 (t, J=7.2 Hz, 3H); °C
NMR (CDCl;, 100 MHz) o6: 145.98, 138.31, 133.43,
126.57, 126.11, 124.26, 32.31, 31.22, 27.54, 22.27, 13.90;
MS (El) m/z: 273.0 (M"); HRMS (ESI) m/z calcd for
C1H1sNO,Se '[M ] 273.0268; found 273.0262.

it B 2 I A D 2 i TRk (40)™°: v B B Ak, TH
NMR (CDCls, 400 MHz) §: 7.32 (d, J=8 Hz, 2H), 7.15 (d,
J=8 Hz, 2H), 5.96~5.88 (m, 1H), 5.17~5.09 (m, 1H),
3.56 (d, J=7.2 Hz, 2H), 2.38(s, 3H); *C NMR (CDCls,
100 MHz) §: 136.41, 133.86, 130.71, 129.57, 128.58,
117.41, 37.91, 21.02; MS (EIl) m/z: 212.0 (M").

2,4,6- = F 3 S L Js 7 K 1 Tk (4p) %L vk B 4K
'H NMR (CDCl;, 400 MHz) §: 6.92 (s, 2H), 5.91~5.85
(m, 2H), 4.82 (m, J=8.8 Hz, 2H), 3.27 (d, J=7.6 Hz, 2H),
2.51 (s, 6H), 2.24 (t, J=8.8 Hz, 3H); *C NMR (CDClIs,
100 MHz) o: 143.28, 138.30, 134.78, 128.95, 128.38,
115.98, 30.31, 24.57, 23.19, 20.95; MS (El) m/z: 240.0
(M").

¥ BhAHEl(Supporting Information)  ##4L7] *H NMR,
UFNMR FIFE TS, DU A9 'H NMR Al

Chin. J. Org. Chem. 2019, 39, 1802~1807
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