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Abstract The selective functionalization of o-carboranes is a popular topic in carborane chemistry. o-Carborane has been
widely used in aggregation-induced luminescent materials, nonlinear luminescent materials and other function materials due to
its special 3D-aromaticity. The w conjugated systems-tethered o-carboranes could further broaden its applications in the field of
luminescent materials. Herein, we have developed a palladium-catalyzed Heck-type mono-alkenylation of o-carboranes fea-
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turing phosphine oxide as the directing group.
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1 Introduction

The rich properties of carborane lead to a series of ap-
plications in many fields.["! It can be used in coordination
chemistry®®! and the construction of functional mole-
cules!'®3! because of rigid structure, 3d-aromaticity and
unique electronic property. It also can be introduced into
pharmaceutical molecules®! due to its non-toxic and high
boron content. Generally speaking, the m conjugated
systems-tethered o-carboranes™ have many unexpected
optical properties.l®! Recently, Yan and her co-worker(®
reported many studies about luminescent materials con-
taining carborane. Thereinto, alkenylation of o-carborane,”
like Heck-type reaction, is one of the most effective ways to
give the © conjugated systems-tethered o-carboranes.

Heck reaction, i.e., palladium-catalyzed alkenylation of
aryl halides and alkenes, is arguably one of the most widely
used catalytic reactions to form diverse C—C bonds.[®
Recent investigations also show that the unactivated aro-
matics are also promising candidates involved in this type

transformation via an interesting C—H activation step.!”!
Analogously, the g-aromatic carboranes!'? are anticipated
to undergo similar Heck-type functionalization with olefins
via a B—H activation step.!''! Indeed, Cao and co-work-
ers'!4 have demonstrated that the o-carboranes could be
employed in the palladium-catalyzed alkenylation reaction,
in which the most electron-rich B(8)/B(9) sites were
mono-alkenylated almost non-selectively (Schemes 1A and
1B).['2] The installment of a carboxylic acid directing group
provided opportunities to outcompete the innate reactivity
of the o-carboranes.['?! Both the palladium!'%-1%! and rho-
dium('% catalysts have been shown to be capable to cata-
lyze the carboxylic acid directed Heck-type functionaliza-
tion toward mono-alkenylation and bis-alkenylation at B(4)
and B(4,5), respectively (Scheme 1C).

We have recently unveiled a palladium-catalyzed B(3)-H
Suzuki-type arylation of o-carboranes!'?! featuring the eas-
ily prepare, air and moisture stable phosphine oxide!'¥ as
the competent directing group. Herein, we showed that the
phosphine oxide-tethered o-carboranes could be further
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(A) Numbering system of o-carborane chemistry
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(B) Undirected Heck-type functionalization of o-carborane
(previous work)
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(C) Carboxylic acid directed Heck-type functionalization of o-carborane
(previous work)

Ar Ar
A A
R R Ar R
o AN [Pd] or [Rh] . N\
CO,H H H
B(4) B(4, 5)

(D) Phosphine oxide-directed directed Heck-type functionalization of
o-carborane (this work)
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Scheme 1 Transition-metal-catalyzed B—H bond functionali-
zation of o-carboranes

applied in the Heck-type mono-functionalization of o-car-
boranes with styrenes in a highly site selective manner
(Scheme 1D).

2 Results and discussion

Initial trial on the phosphine oxide-directed palladi-
um-catalyzed Heck-type reaction between phosphine ox-
ide-tethered o-carborane (1a) and styrene (2a) [reaction
conditions: 10 mol% Pd(OAc), as catalyst, 2 equiv. of
AgOAc as oxidant in toluene at 80 C for 24 h] only led to
a marginal yield (Entry 1, Table 1). Extensively reaction
condition optimization revealed that the trifluoroacetate
(TFA) was crucial to the desired reactivity since improved
yields were observed (Entries 2~3). Interestingly, the im-
plementation of both Pd(TFA), as catalyst and AgTFA as
oxidant afforded the desired Heck-type product in 32%
yield (Entry 4). Further improved results could be obtained
by the employment of 3 equiv. of styrene and 20 mol%
palladium catalyst (Entries 5~6). Accordingly, the desired
alkenyl functionalized o-carborane (3) was isolated in 46%
yield. Unfortunately, the efforts to further improve reaction
yield were not fruitful (see Supporting Information for
details). The X-ray diffraction analysis of compound 3
(CCDC 2057524) unambiguous confirmed that this phos-
phine oxide-directed Heck-type reaction took place highly
selectively at B(4) vertice in the o-carborane scaffold (Fig-
ure 1).

The scope and limitation of this phosphine oxide-di-
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Table 1 Reaction condition optimization?

o Ph
‘ben cat. (10 mol%) N O
2 Ag salt (x equiv.) \
PNy ), PPh,
Ph toluene, 80 °C
Ar, 24 h Ph
2
1a a 3
Entry Cat. Ag salt X Yield?/%
1 Pd(OAc):  AgOAc 2 <5
2 Pd(TFA)  AgOAc 2 13
3 Pd(OAc):  AgTFA 2 21
4 Pd(TFA).  AgTFA 2 32
5¢ Pd(TFA).  AgTFA 3 46
64 Pd(TFA).  AgTFA 3 54 (46) ¢

© 2021 Chinese Chemical Society & SIOC, CAS

40.05 mmol of 1a, 0.1 mmol of 2a, 10 mol% Pd(TFA); in 1 mL of toluene
under an argon atmosphere. * Yield determined by 3'P NMR of the crude reac-
tion mixture. ¢ 0.15 mmol of 2a. 20 mol% Pd(TFA),. ¢Isolated yield.

Figure 1 X-ray diffraction analysis of 3

rected palladium-catalyzed Heck-type reaction were fur-
ther evaluated (Table 2). Styrene and its derivatives bear-
ing electron-donating group (4-Me, 3-Me) or elec-
tron-withdrawing group (4-F, 4-Cl) were generally well
tolerated under current reaction conditions (4~7, 34%~
48%). The strong electron-withdrawing groups, like CF3,
could dramatically reduce the yield (see Supporting Infor-
mation for details). However, there was no conversion with
reaction between 1a and 4-vinylpyridine or styrenes which
bore a strong electron-withdrawing groups (such as NO).
2-Naphthalene (8) and 4-phenylstyrene (9) could also be
efficiently incorporated into the o-carborane scaffold. In
addition, p-tolyl substituted phosphine oxide-tethered o-
carboranes were also amenable to this Heck-type reaction
with a variety of substituted styrenes (10~13, 27%~
42%). The reaction between alkyl groups substituted di-
phenylphosphinoyl-o-carborane (1f) and 4-vinyl-1,1'-bi-
phenyl could lead to three products with similar polarity.
Unfortunately, they could not be isolated.

Chin. J. Org. Chem. 2021, 41, 3249~3255
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Table 2  Substrate scope of the palladium-catalyzed B(4)-alkenylation of o-carboranes”

Ar?
'F',Ph2 PA(TFA), (20 mol%) X
AgTFA (3 equiv. I
b a2 _POTFA (3equiv) PPh,
. toluene, 90 °C, Ar
Ar
Ar'

9, 45% 10, 35% 11, 39%

12, 27% 13, 42%

40.05 mmol 1, 3.0 equiv. 2, 20 mol% Pd(TFA)2, 3.0 equiv. AgTFA, 1.0 mL toluene for 24 h under an argon atmosphere.

Consistent with our previous observation in the Suzuki
coupling reaction, this Heck-type reaction was also very
sensitive to the substitution ortho (14) to the phenyl group.
Both the hydron (15) and m-tolyl (16) substituted phos-
phine oxide-tethered o-carboranes were sluggish under
current reaction conditions. Activated alkenes, such as
ethyl acrylate (17), were not sufficiently reactive in this
transformation (Scheme 2).

PPh,

16, <5%

17, 12%

Scheme 2 Unsuccessful substrates
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A plausible mechanism was then proposed based on our
experimental observation and literature precedence
(Scheme 3). The use of phosphine oxide as the directing
group was previously found to prefer the B(3)-selectivity
in the Suzuki coupling reaction. The B(4)-site selectivity 11
in this study might be due to the cooperative effects be-
tween palladium catalyst and silver salt though much ef-
forts still needed to elucidate the reaction mechanism.[!3¢]
Migratory insertion of the Pd—B bond into styrene then
produced the seven-membered palladacycle III. Finally,
p-H elimination delivered the intermediate IV, which
could be further oxidized by the superstoichiometric
amount of AgTFA to give the alkenylated o-carborane
close the catalytic cycle.

3 Conclusions

In summary, we have developed a phosphine oxide-di-
rected highly regioselective palladium-catalyzed Heck-
type B(4)-alkenylation of o-carboranes with styrenes under
mild reaction conditions. Further extension of the substrate
scope and synthetic application of this protocol are ongo-
ing in our lab.

4 Experimental section

4.1 General experimental information
All reactions were performed under an atmosphere of

http://sioc-journal.cn/ 3251



BIKE

MRILX

argon using standard Schlenk techniques, unless otherwise
indicated. All commercial reagents were used without fur-
ther purification, unless otherwise noted. Reactions were
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Scheme 3 Proposed mechanism

monitored by thin layer chromatography (TLC) analysis.
TLC plates were viewed under UV light and stained with
potassium permanganate. Yields refer to products isolated
after purification by column chromatography, unless oth-
erwise stated. Proton nuclear magnetic resonance (‘H
NMR) spectra were recorded on a Bruker AV-400 MHz or
a JEOL JNM-500 MHz. NMR samples were dissolved in
CDClI; (unless specified otherwise) and chemical shifts are
referenced to residual nondeuterated solvent. Carbon nu-
clear magnetic resonance ('*C NMR)/boron nuclear mag-
netic resonance (''B NMR)/phosphorus nuclear magnetic
resonance (*'P NMR)/fluorine nuclear magnetic resonance
("F NMR) spectra were recorded on the same Bruker in-
strument (10 /128/162/376 MHz) or the same JEOL in-
strument (126/160/1202/471 MHz). HRMS were obtained
on a Waters Micromass GCT Premier (EI) and Exactive
Plus LC-MS (ESI) mass spectrometers.

4.2 Procedure for the synthesis of material 1f

To a 50 mL dried Schlenk tube with a stir bar were se-
quentially added 2-hexyl-o-carborane!'> (2 mmol), tetra-
hydrofuran (THF, 5 mL), n-BuLi (1.3 mol-L "', 2.2 mmol)
at —78 C under argon. After 2 h, Ph,PCl (2.2 mmol)
was added and the reaction mixture was kept stirring for 2
h. The reaction was quenched by adding water, to which an
excess amount of 30% H»O, was then added (6 mmol) at
0 °C. The mixture was stirred at room temperature for 4~
6 h. The mixture was washed by saturated aqueous
Na»S0s, extracted with ethyl acetate 3 times. The organic
layer was then dried by using Na,SO4 and filtered. After
evaporation of the solvent, the residue was purified by
column chromatography on 200~300 mesh silica gel with
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petroleum ether/dichloromethane (V'@ V=5:1~3 1) as
eluent and afforded 1-diphenylphosphinoyl-2-hexyl-o-
carborane (1f),['! white solid, yield 86%. m.p. 167~
168 °C; 'H NMR (400 MHz, Chloroform-d) ¢: 8.15~8.04
(m, 4H), 7.65~7.58 (m, 2H), 7.58~7.51 (m, 4H), 2.57~
247 (m, 2H), 1.42~1.31 (m, 2H), 1.29~1.21 (m, 2H),
1.21~1.13 (m, 4H), 0.86 (t, J/=7.0 Hz, 3H); '*C NMR
(101 MHz, Chloroform-d) J: 133.1 (d, *Jpc=2.9 Hz),
132.4 (d, 2Jpc=8.9 Hz), 130.1, 129.0, 128.6 (d, 'Jpc=
12.8 Hz), 85.0, 75.8 (d, 'Jpc=55.9 Hz), 36.0, 31.2, 29.8,
28.7, 22.4, 14.0; "B NMR (128 MHz, Chloroform-d) J:
0.34 (d, J/=149.5 Hz, 1B), —3.62 (d, J=146.6 Hz, 1B),
—6.34~—16.74 (m, 8B); *'P NMR (162 MHz, Chloro-
form-d) : 21.9.

4.3 General procedure for the synthesis of 1-aryl-
2-diphenylphosphinoyl-(E)-7-alkenyl-o-carbora- ne

To a 10 mL dried Schlenk tube with a stir bar were se-
quentially added 4 (0.05 mmol), styrene (0.15 mmol),
Pd(TFA), (20 mol%), toluene (1 mL) and AgTFA (0.15
mmol) under argon. After the reaction mixture was stirred
at 90 ‘C for 24 h, the reaction mixture was cooled to room
temperature and filtered through a short silica gel column
using dichloromethane as eluent. After evaporation of the
solvent, the residue was purified by preparative TLC with
petroleum ether/1,4-dioxane (V' =20 : 1) as eluent to
give the rude product which was purified further by re-
crystallization with petroleum ether.

1-Diphenylphosphinoyl-2-phenyl-(E)-4-styryl-o-carbo-
rane (3): White solid, 36.04 mg, yield 46%. m.p. 218~
220 °C;'H NMR (500 MHz, Chloroform-d) J: 7.73~7.68
(m, 2H), 7.60~7.54 (m, 2H), 7.44~7.38 (m, 1H), 7.37~
7.32 (m, 3H), 7.35~7.24 (m, 1H), 7.30~7.27 (m, 2H),
7.27~7.23 (m, 2H), 7.23 (d, J/=3.6 Hz, 1H), 7.21 (d, J=
3.2 Hz, 1H), 7.19 (d, J/=3.7 Hz, 1H), 7.18~7.17 (m, 1H),
7.17~7.14 (m, 1H), 7.05 (t, J=7.7 Hz, 2H), 6.76 (d, J=
18.0 Hz, 1H), 5.62 (d, J=18.0 Hz, 1H); '3C NMR (126
MHz, Chloroform-d) J: 144.5, 137.7, 132.9 (d, 2Jpc=9.0
Hz), 132.6 (d, 2Jpc=9.3 Hz), 132.43 (d, 3Jpc=3.0 Hz),
132.35 (d, 3/»c=3.0 Hz), 131.9, 130.3, 130.1, 129.9,
129.0, 128.5, 128.3, 128.0, 127.89 (d, 'Jpc=12.6 Hz),
127.88 (d, 'Jpc=12.7 Hz), 127.8, 126.6, 86.3, 77.6 (d,
\Jpc=53.7 Hz).; '"B NMR (160 MHz, Chloroform-d) &:
0.8 (d, J=144.5 Hz, 2B), +2.2 (d, J=139.5 Hz, 2B),
—6.8~+183 (m, 6B); *P NMR (202 MHz, Chloro-
fOI‘Il’l-d) o: 18.7. HRMS (ESI) calcd for ngH:;zB]oOP [M+
H]": 523.3188; found 523.3188.

1-Diphenylphosphinoyl-2-phenyl-(E)-4-(p-fluorostyryl)-
o-carborane (4): White solid, 29.99 mg, yield 37%. m.p.
262~263 C; 'H NMR (500 MHz, Chloroform-d) &:
7.85~7.68 (m, 2H), 7.70~7.51 (m, 2H), 7.44~7.38 (m,
1H), 7.38~7.31 (m, 3H), 7.30~7.26 (m, 1H), 7.27~7.16
(m, 4H), 7.15~7.09 (m, 2H), 7.09~7.03 (m, 2H), 7.03~
6.94 (m, 2H), 6.69 (d, J=17.8 Hz, 1H), 5.53 (d, J=17.9
Hz, 1H); 3C NMR (126 MHz, Chloroform-d) J: 162.5 (d,
lJrc=247.4 Hz), 143.0, 134.0 (d, *Jrc=3.1 Hz), 132.9 (d,
2Jpc=9.0 Hz), 132.5 (d, 2/pc=9.2 Hz), 132.4 (d, 3Jpc=
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2.9 Hz), 132.3 (d, 3Jpc=3.0 Hz), 131.9, 130.3, 130.0,
129.8, 128.9 (d, 3Jrc=12.2 Hz), 128.2, 128.1, 127.90 (d,
Jpc=12.3 Hz), 127.89 (d, 'Jpc=12.7 Hz), 127.8, 115.1
(d, 2Jrc=21.5 Hz), 86.3, 77.7; "B NMR (160 MHz,
Chloroform-d) ¢: 0.8 (d, J/=180.6 Hz, 2B), —2.5 (d, J=
97.5 Hz, 2B), —6.7~—29.7 (m, 6B); 3'P NMR (202
MHz, Chloroform-d) J: 18.3; '”F NMR (471 MHz, Chlo-
roform-d) 0: —113.7. HRMS (ESI) caled for CasHsi-
BioOPF [M~+H]": 541.3094; found 541.3099.
1-Diphenylphosphinoyl-2-phenyl-(£)-4-(p-chlorostyryl)-
o-carborane (5): White solid, 28.37 mg, yield 34%. m.p.
222~224 ‘C; 'H NMR (400 MHz, Chloroform-d) d&:
7.81~7.72 (m, 2H), 7.63~7.52 (m, 2H), 7.47~7.42 (m,
1H), 7.42~7.34 (m, 3H), 7.32~7.20 (m, 7H), 7.15~7.03
(m, 4H), 6.71 (d, J=17.9 Hz, 1H), 5.63 (d, J/=17.9 Hz,
1H); 3C NMR (101 MHz, Chloroform-d) &: 142.8, 136.2,
133.5, 132.9 (d, 2pc=8.9 Hz), 132.5 (d, 2Jpc=8.9 Hz),
132.4 (d, 3Jpc=3.0 Hz), 132.3 (d, 3Jpc=3.2 Hz), 131.9,
130.3, 130.0, 129.8, 129.0, 128.8, 128.4, 127.92 (d, 'Jpc=
11.7 Hz), 127.89 (d, 'Jpc=11.4 Hz), 127.84 , 127.80, 86.3,
77.7; "B NMR (128 MHz, Chloroform-d) J: 1.8 (d, J=
157.0 Hz, 2B), —1.1 (d, J=125.7 Hz, 2B), —5.5~
—14.6 (m, 6B); 3P NMR (162 MHz, Chloroform-d) &:
17.5. HRMS (ESI) caled for CysH3B1oCIOP [M+H]":
557.2794; found 557.2799.
1-Diphenylphosphinoyl-2-phenyl-(£)-4-(p-methylstyryl)-
o-carborane (6): White solid, 38.61 mg, yield 48%. m.p.
180~181 C; 'H NMR (400 MHz, Chloroform-d) o:
7.74~7.65 (m, 2H), 7.64~7.56 (m, 2H), 7.47~7.40 (m,
1H), 7.41~7.32 (m, 3H), 7.33~7.17 (m, 5H), 7.16~7.01
(m, 6H), 6.76 (d, J=17.9 Hz, 1H), 5.55 (d, /=18.0 Hz,
1H), 2.36 (s, 3H); '*C NMR (101 MHz, Chloroform-d) ¢:
144.5, 137.9, 135.0, 1332.0 (d, 2/pc=9.0 Hz), 132.7 (d,
2hc=9.4 Hz), 13240 (d, 3Jrc=3.0 Hz), 132.35 (d,
3Jpc=3.0 Hz), 132.0, 130.2, 130.13, 130.10, 129.0, 128.4,
127.9 (d, Jpc=12.9 Hz), 127.8 (d, 'Jpc=13.2 Hz), 127.8,
127.3, 126.6, 86.3, 77.7 (d, 'Jpc=51.4 Hz), 21.3; ''B
NMR (128 MHz, Chloroform-d) ¢: 1.8 (d, J/=135.9 Hz,
2B), —1.0 (d, J/=157.6 Hz, 2B), —3.0~—16.0 (m, 6B);
3P NMR (162 MHz, Chloroform-d) 6: 18.2. HRMS (ESI)
caled for CH3Bi1oOP [M + H] ' : 537.3345; found
537.3345.
1-Diphenylphosphinoyl-2-phenyl-(E)-4-(m-methylstyryl)-
o-carborane (7): White solid, 34.60 mg, yield 43%. m.p.
227~229 ‘C; 'H NMR (400 MHz, Chloroform-d) d&:
7.79~7.70 (m, 2H), 7.68~7.59 (m, 2H), 7.50~7.44 (m,
1H), 7.44~7.37 (m, 3H), 7.35~7.20 (m, 7H), 7.15~7.06
(m, 3H), 7.05~6.98 (m, 2H), 6.81 (d, J/=17.6 Hz, 1H),
5.62 (d, J=17.8 Hz, 1H), 2.40 (s, 3H); '*C NMR (101
MHz, Chloroform-d) J: 144.6, 137.8, 137.6, 133.0 (d,
2 c=8.9 Hz), 132.7 (d, 2/pc=9.1 Hz), 132.4 (d, 3Jpc=
3.3 Hz), 132.3 (d, 3Jpc=3.3 Hz), 132.0, 130.2, 130.11,
130.08, 129.0, 128.8, 128.2,127.88 (d, 'Jpc=13.0 Hz),
127.87 (d, 'Jpc=13.0 Hz), 127.8, 127.4, 127.2, 124.0,
86.4, 77.9, 21.4; "B NMR (128 MHz, Chloroform-d) ¢:
1.8 (d, J=144.0 Hz, 2B), —1.0 (d, /=109.4 Hz, 2B), —
5.3~—15.3 (m, 6B); 3'P NMR (162 MHz, Chloroform-d)
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0: 18.2. HRMS (ESI) caled for CyH34B10OP [M+H]':
537.3345; found 537.3343.

1-Diphenylphosphinoyl-2-phenyl-(£)-4-(2-(naphthalen-
2-yl)vinyl)-o-carborane (8): White solid, 41.21 mg, yield
48%. m.p. 262~264 C; 'H NMR (500 MHz, Chloro-
form-d) 6: 7.82~7.77 (m, 2H), 7.75~7.68 (m, 3H), 7.58
(s, 1H), 7.59~7.53 (m, 2H), 7.48~7.42 (m, 2H), 7.39 (4,
J=17.4 Hz, 1H), 7.35 (d, J="7.7 Hz, 2H), 7.31~7.27 (m,
2H), 7.25~7.18 (m, 3H), 7.17~7.11 (m, 2H), 7.04 (t, J=
7.6 Hz, 2H), 6.92 (d, J=17.9 Hz, 1H), 5.73 (d, J=17.9
Hz, 1H); *C NMR (126 MHz, Chloroform-d) J: 144.4,
135.2, 133.4, 133.2, 132.9 (d, 2/pc=9.0 Hz), 132.6 (d,
2 c=9.2 Hz), 132.4 (d, 3Jpc=3.0 Hz), 132.3 (d, 3Jpc=
2.8 Hz), 131.9, 130.3, 130.1, 129.9, 129.0, 128.6, 128.1,
127.92 (d, 'Jpc=12.8 Hz), 127.90 (d, 'Jpc=12.8 Hz),
127.81, 127.77, 127.6, 126.9, 126.2, 126.0, 123.7, 86.4,
77.7 (d, 'Jpc=51.4 Hz); "B NMR (128 MHz, Chloro-
form-d) J: 2.0 (d, J/=165.0 Hz, 2B), —1.1 (d, J=141.3
Hz, 2B), —4.1~—15.2 (m, 6B); 3'P NMR (162 MHz,
Chloroform-d) o: 18.0. HRMS (ESI) caled for
C3:H34B10OP [M+-H] ' 573.3345; found 573.3340.

1-Diphenylphosphinoyl-2-phenyl-(E)-4-(4-phenylstyrene)-
o-carborane (9): White solid, 40.39 mg, yield 45%. m.p.
234~236 C; 'H NMR (500 MHz, Chloroform-d) &:
7.74~7.67 (m, 2H), 7.63~7.58 (m, 2H), 7.58~7.56 (m,
2H), 7.55~7.51 (m, 2H), 7.46~7.37 (m, 3H), 7.36~7.30
(m, 4H), 7.28~7.16 (m, 7H), 7.03 (t, J/=7.2 Hz, 2H), 6.78
(d, J=17.9 Hz, 1H), 5.64 (d, J/=17.9 Hz, 1H); *C NMR
(101 MHz, Chloroform-d) d: 143.9, 140.6, 140.5, 136.8,
133.0 (d, 2Jp,c=9.0 Hz), 132.6 (d, 2Jpc=9.2 Hz), 132.45
(d, *Jpc=2.8 Hz), 132.35 (d, *Jp.c=2.8 Hz), 131.9, 130.3,
130.1, 130.0, 129.0, 128.8 , 128.6, 127.90 (d, 'Jpc=13.0
Hz), 127.89 (d, 'Jpc=13.0 Hz), 127.8, 127.5, 127.4, 127.1,
126.9, 86.3, 77.9; ''B NMR (128 MHz, Chloroform-d) ¢:
1.8 (d, J/=1359 Hz, 2B), —1.1 (d, J=90.0 Hz, 2B),
—55~—15.0 (m, 6B); P NMR (162 MHz, Chloro-
fOI‘Il’l-d) 0: 18.0. HRMS (ESI) calcd for C34H36B100P [M+
H]": 599.3501; found 599.3495.

1-Diphenylphosphinoyl-2-(p-tolyl)-(£)-4-(p-fluorostyryl)-
o-carborane (10): White solid, 29.10 mg, yield 35%. m.p.
187~190 C; 'H NMR (400 MHz, Chloroform-d) &:
7.79~7.69 (m, 2H), 7.60~7.51 (m, 2H), 7.43~7.37 (m,
1H), 7.37~7.31 (m, 1H), 7.25~7.18 (m, 5SH), 7.16~7.06
(m, 3H), 7.03~6.94 (m, 2H), 6.83 (d, J=7.6 Hz, 2H),
6.68 (d, /=18.0 Hz, 1H), 5.56 (d, /=18.0 Hz, 1H), 2.31
(s, 3H); 3C NMR (101 MHz, Chloroform-d) 6: 162.5 (d,
\Jrc=247.4 Hz), 142.9, 140.7, 134.1 (d, “)rc=3.1 Hz),
133.3 (d, 3Jr,c=9.4 Hz), 132.9 (d, 2/pc=9.0 Hz), 132.5 (d,
2 c=9.2 Hz), 132.4 (d, 3Jpc=2.8 Hz), 132.1 (d, 3Jpc=
2.8 Hz), 131.7, 130.0, 129.2, 128.5, 128.8, 128.1, 127.8 (d,
=128 Hz), 127.7 (d, 'Jpc=12.8 Hz), 115.1 (d,
2Jrc=21.5 Hz), 86.6, 78.0, 21.0; "B NMR (128 MHz,
Chloroform-d) ¢: 1.7 (d, J/=157.6 Hz, 2B), —1.5 (d, J=
117.4 Hz, 2B), —53~—17.8 (m, 6B); 3'P NMR (162
MHz, Chloroform-d) 6: 17.4; '°F NMR (376 MHz, Chlo-
roform—d) 0. —113.8. HRMS (ESI) calcd for C29H33B10F—
OP [M+H]": 555.3246; found 555.3251.
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1-Diphenylphosphinoyl-2-(p-tolyl)-(E)-4-styryl-o-carbo-
rane (11): White solid, 31.38 mg, yield 39%. m.p. 162~
163 °C; 'H NMR (500 MHz, Chloroform-d) 6: 7.74~7.66
(m, 2H), 7.61~7.52 (m, 2H), 7.42~7.35 (m, 1H), 7.34~
7.31 (m, 1H), 7.31~7.28 (m, 1H), 7.28~7.26 (m, 1H),
7.24~7.22 (m, 1H), 7.22~7.20 (m, 2H), 7.20~7.18 (m,
3H), 7.18~7.13 (m, 3H), 6.81 (d, J=7.7 Hz, 2H), 6.72 (d,
J=18.0 Hz, 1H), 5.62 (d, J/=17.8 Hz, 1H), 2.28 (s, 3H);
3C NMR (126 MHz, Chloroform-d) J: 144.3, 140.6,
137.7, 132.9 (d, 2Jpc=9.0 Hz), 132.6 (d, 2Jpc=9.4 Hz),
132.4 (d, 3Jpc=3.0 Hz), 132.2 (d, 3Jpc=3.0 Hz), 131.8,
130.0, 129.1, 128.6, 128.5, 128.2, 127.9, 127.77 (d, 'Jpc=
12.8 Hz), 127.76 (d, 'Jpc=12.8 Hz), 127.3, 126.6, 86.6,
77.75 (d, 'Joc=51.6 Hz), 21.0; '"B NMR (128 MHz,
Chloroform-d) ¢: 1.6 (d, J=175.7 Hz, 2B), —1.6 (d, J=
112.1 Hz, 2B), —4.9~—18.0 (m, 6B); 3'P NMR (202
MHz, Chloroform-d) J: 18.3. HRMS (ESI) calcd for
CH33B10OP [M+-H] ' 537.3345; found 537.3349.

1-Diphenylphosphinoyl-2-(p-tolyl)-(£)-4-(p-chlorostyryl
)-o-carborane (12): White solid, 23.10 mg, yield 27%. m.p.
182~184 C; 'H NMR (400 MHz, Chloroform-d) o:
7.86~7.75 (m, 2H), 7.65~7.54 (m, 2H), 7.54~7.41 (m,
1H), 7.41~7.35 (m, 1H), 7.35~7.20 (m, 8H), 7.17~7.10
(m, 2H), 6.95~6.84 (m, 2H), 6.71 (d, J=17.7 Hz, 1H),
5.68 (d, J=17.8 Hz, 1H), 2.35 (s, 3H); '*C NMR (101
MHz, Chloroform-d) J: 142.7, 140.7, 136.3 , 133.4, 132.9
(d, Jpc=8.9 Hz), 132.5 (d, 'Joc=9.1 Hz), 132.4 (d,
=24 Hz), 132.1 (d, Jpc=2.5 Hz), 131.7, 129.9,
129.1, 128.8, 128.5, 128.4, 127.81 (d, 'Jp, c=12.6 Hz),
127.79, 127.80 (d, 'Jpc=12.6 Hz), 127.2, 86.6, 77.9, 21.0;
"B NMR (128 MHz, Chloroform-d) J: 1.8 (d, J=166.4
Hz, 2B), —1.4 (d, /=108.8 Hz, 2B), —4.6~—16.6 (m,
6B); 3'P NMR (162 MHz, Chloroform-d) J: 17.2. HRMS
(ESI) calcd for CooH33B1oCIOP [M+H]": 571.2955; found
571.2948.

1-Diphenylphosphinoyl-2-(p-tolyl)-(E)-4-(p-methylstyry
)-o-carborane (13): White solid, 34.67 mg, yield 42%.
m.p. 109~111 °C; 'H NMR (400 MHz, Chloroform-d) ¢:
7.75~7.67 (m, 2H), 7.64~7.56 (m, 2H), 7.46~7.40 (m,
1H), 7.39~7.32 (m, 1H), 7.30~7.17 (m, 6H), 7.16~7.03
(m, 4H), 6.84 (d, J/=7.2 Hz, 2H), 6.74 (d, J=17.9 Hz,
1H), 5.57 (d, J=18.0 Hz, 1H), 2.36 (s, 1H), 2.31 (s, 1H);
3C NMR (101 MHz, Chloroform-d) J: 144.4, 140.6,
137.8, 135.1, 133.0 (d, 2Jpc=8.9 Hz), 132.7 (d, 2Jpc=9.1
Hz), 132.4 (d, *Jpc=2.6 Hz), 132.2 (d, 3Jpc=2.8 Hz),
131.8, 130.2, 129.1, 129.0, 128.4, 127.76 (d, 'Jpc=12.8
Hz), 127.75 (d, 'Jpc=12.8 Hz), 127.5, 127.4, 126.6, 86.7,
77.8 (d, 'Jpc=51.5 Hz), 21.3, 21.0; "B NMR (128 MHz,
Chloroform-d) ¢: 1.7 (d, J=136.5 Hz, 2B), —1.2 (d, J=
111.5 Hz, 2B), —3.2~—14.3 (m, 6B); 3'P NMR (162
MHz, Chloroform-d) J: 18.0. HRMS (ESI) calcd for
C30H36B10OP [M~+-H]": 551.3501; found 551.3497.

Supporting Information Crystal data of 3 and NMR

spectra of 3~13 are available free of charge via the Inter-
net at http://sioc-journal.cn/.
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