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Abstract Icosahedral carboranes are carbon-boron molecular clusters, sharing many features with benzene such as aroma-
ticity, high thermal and chemical stability. On the other hand, carboranes have their own unique characteristics like spherical
geometry and three-dimensional electronic delocalization. These properties render carboranes unique building blocks for
various applications ranging from versatile ligands to functional materials to medicine. In this regard, functionalization of
carboranes, particularly regioselective functionalization of cage B-vertexes has recently received much attention. Based on
our recently developed Pd-catalyzed iodine-migration on o-carborane cage, a Pd-catalyzed regioselective difunctionalization
of 3-iodo-o-carborane in a one-pot manner has been achieved to afford a series of 3-alkenyl-4-Nu-o-carboranes (Nu=
arylamino, alkoxyl, alkyl and arylthio) in 47%~99% yields. This protocol combines the sequential activation of cage B(3)—
I and B(4)—H bonds by Pd migration, as well as further Pd-catalyzed transformation of B(4)—1I bond, leading to the con-
struction of B—C and B—Heteroatom bonds. A general procedure for the synthesis of 3-alkenyl-4-Nu-o-carboranes is de-
scribed as follows: to a tetrahydrofuran (THF) solution (1 mL) of NuH (1.0 mmol) was added base (1.0 mmol) at 0 C
under an atmosphere of dry nitrogen. The reaction mixture was stirred for another 10 min to obtain the NuM solution (NuM
= ArNHMgBr, base=EtMgBr; NuM=Ar,NLi, base="BuLi). Another oven-dried Schlenk flask equipped with a stir bar
was charged with 3-iodo-o-carborane (1, 27 mg, 0.1 mmol), Pd(PPh;3), (12 mg, 0.01 mmol), diphenylacetylene (89 mg, 0.5
mmol) and dry toluene (1 mL) under an atmosphere of dry nitrogen. The flask was closed, and stirred at 80 C for 72 h.
Then, the resulting solution was cooled to 0 ‘C, to which was slowly added NuM (0.15 mmol) (NuM=ArNHMgBr, Ar,NLi,
‘BuONa and RSNa). The reaction mixture was warmed to room temperature, and stirred at 80 ‘C for 24 h. After quenching
with water (1 mL) and extraction with ethyl acetate (5 mL X 3), the organic portions were combined and concentrated to dry-
ness in vacuo. The residue was subjected to flash column chromatography on silica gel (300~400 mesh) using n-hexane as
eluent to give the product.

Keywords carborane; palladium catalysis; metal migration; B—C bond; B—Heteroatom bond
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(a) Cage B(3)-amidation Hawthorne, 2010
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(b) Cage B(3)-amination/aryloxylation Spokoyny, 2016
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(c) Cage B(3)-thiolation Hawthorne, 2013
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(d) This work One-pot construction of B-C and B-heteroatom bonds

Ar
| (1) cat. [Pd] Ar\~
| Ar—=——Ar
///‘\‘ AN ~Nu
|\7/| (Z)NU- l N\ /7
N7 N7

Nu = RNH, R;N, RO, RS

B A 3-XR-4-BIN 5T H) B—Heteroatom F 4 &
Figure 1 Palladium catalyzed B—Heteroatom bond construction from
3-halo-o-carborane

PhC=CHPh)-4-PhNH-1,2-C,B,,H,, (4a); 1M 4 equiv.ff]
PhNHLi J&{f 1 52 & BMI(GE 1, Entries 1, 2). ¥
PhNHLi # > PhNHNa(H PhNH, 5 1 equiv. NaH J& /7
Sz Biffil) %) 8 PANHMgBr(HH PhNH, 5 1 equiv. EtMgBr
JRAT [ S 4), BEAT LA 44%F0 87%HIAZ WL %45 5]
4a (3 1, Entries 3, 4). J#&/> PANHMgBr [ 2 FHUx
MANTE4:, Tk PhNHMgBr ] &2 SR, #2
i8R SR AR (GR 1, Entries 5~7). #E TP SR,
e T —RE s R BN Entry 4, W2
B 74%. ST %, DL PhoNH /R BRI i
AT AL TAE. A 1.5 equiv. [ Ph,NMgBr /5 28 — 2
RN AGEREAT(F 1, Entry 10); MifEH 1.5 equiv.f
Ph,NLi & LA 55% %S %45 2 H bR =4 3-(cis-PhC=
CHPh)-4-Ph,N-1,2-C,B,oH,, (4h) (% 1, Entry 8). fElt3E
fith K s NI [R] 42 48 h, TUIRE LA 60% FRAZEICR A5 2]
Hbrr=4, a4 TR BN 47%K 1, Entry 9).
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Table 1 Optimization of reaction conditions for one-pot construction of
B—C and B—N Bonds

R., ~[M =

| U
AN N

L' Pd(PPhy), (10 mol%)

N\S; Ph—==—Ph (5 equiv.) Ph ,

N\

Ph

<X~ Toluene, 80°C, 72 h 80°C, 24 h <7

1 4
Entry R M] equiv. of 3 Yield’/% of 4
1 H Li 1.5 49
2 H Li 4.0 —*
3 H Na 1.5 44
4 H MgBr 1.5 87 (74)°
5 H MgBr 12 75
6 H MgBr 2.0 73
7 H MgBr 3.0 69
8 Ph Li 1.5 55
9 Ph Li 1.5 60 (47)"
10 Ph MgBr 15 N.R.

“Reactions were conducted on a 0.1 mmol scale of 1 in 1.0 mL of toluene.
"Yield determined by "H NMR spectroscopy using CL,CHCHCI, as an internal
standard. ¢ Deboronation of 2. “Isolated yield. ¢ Reaction time of the second
step was prolonged to 48 h.

R2 ANEGR 3R EE-4- e -0 -RRA G ¢
Table 2 Substrate scope for one-pot synthesis of 3-alkenyl-4-amino-o-
carboranes

R*=H Ph
| Pd(PPh3), (10 mol%) Method A: -
| ph—=—ph R'NHMgBr (1.5 equiv.) Y R
AN . |
[ e 2= AN
77 Toluene, 80°C, 72h R?=Ar |<7}|
1 Method B: N7
R'R2NLi (1.5 equiv.) 4
80°C, 48 h
Entry R' R? 4 Yield®/%
1 Ph H 4a 74
2° 0-Me-CeH, H 4b 58
3 m-Me-CeH, H 4c 65
4 p-Me-CH, H 4d 82
5ed p-MeO-CH, H 4e 61
6 p-F-C6H4 H 4f 75
7 p-CF;-C5H4 H - N.R.
8 2-Nap H 4g 83
9 4-Py H — NR.
10 ‘Bu H — Messy
11 Bn H — Messy
12 Ph Ph 4h 47
13 p-MeO-C5H4 p-MeO-C6H4 4i 51
14 Ph p-F-CeH, 4j 60

“Reactions were conducted on a 0.1 mmol scale of 1 in 1.0 mL of toluene.
bIsolated yield. ¢ Reaction time of the second step was prolonged to 48 h. “3
equiv. of 3e.
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UL, SR BT (3R 2, Entries 1~4). [A]],
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T R H ARSI, OB BL 61%0K 4 B R 15 3
Y 4e, HRBPR R EEL B NMR S S5
WA= R A 1l 2RI At A W F T R AR 2
B, RSLEELL 75% 007 B W A5 2 H AR =4 4f; Tix AL
G R R )3 R D O VR AT, X AT RE A TR
W FEL - PR A, — B FR 3 B 3 PRI T 2R B B A% EGAR R 1)
SERZHE(ER 2, Entries 4~7). ZEIREAR I — 2005 i 3&E
TARBE, FHAeLL 83% 4 ECR1F 2] HARr=4) 4g; {HIL
W 6 EAR 5 Jie ) G230 47 56 — 25 )l Bi(3 2, Entries 8, 9).
T ot J2E it BRSNS Ak R AR S R 4, TEiks 3
HFRP=¥I(FE 2, Entries 10, 11). H—J7H, 754
R RN R BB L — B I R A5 B H AR 4h~4j(R 2,
Entries 12~14).

1b&% 4 #5382 "H NMR, °C NMR, "B NMR i
B RS AT T RAE. b 4a, 4d F1 4h IS5 REE
X-ray B AT ] T HNE 2~4). (L&Y 4h AR
T B =AM SR 360°, ST = A T A J LT R

.

B2 da 05 T4

Figure 2 Molecular structure of 4a

B3 4d 5 T4H

Figure 3 Molecular structure of 4d
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B4 4h (5 T450

Figure 4 Molecular structure of 4h

2.2 BEU—REHIE 3-E R4 E BB

FERE R ORI —4R I 5 B—C B B—O BT
B S DU 4 JE R AR IR 3k AT & B P
Fe. SRIMAE 28 B AR B & B A8 Bl PhONa 5%
PhOMgBr(Hi 1 equiv. PhOH 5 EtMgBr < M il %), B—0
AR KA. G 2R T e REHN MeONa, Je v H
AEfS 2 iR P24 3-(cis-PhC=CHPh)-1,2-C,B oH;; 1M
‘BuONa RELL 51%1) 5 BSWCRAZ 2] H bR=4) 6a, HLE
# 8] P24 3-(cis-PhC=CHPh)-4-1-1,2-C,B,H o (2)4E LA
b 5E (K 3).

R3 —HWEMHB—CRMB—OR"
Table 3 One-pot construction of B—C and B—O0 bonds

Ph

I Ph_~
| Pd(PPhs)s (10 mol%)

/X5 Ph—==—Ph (5 equiv.) RO[M] (5) (1.5 equiv.) ///\\\\ _OR
| \ /

N7 Toluene, 80 °C,72h 80°C, 24 h

74

1 6

Entry RO[M] 6 Yield"/%

1 PhONa _ NR.

2 PhOMgBr — NR.

3 MeONa - e

4! ‘BuONa 6a 51

“Reactions were conducted on a 0.1 mmol scale of 1 in 1.0 mL of toluene.
b Isolated yield. ¢ 3-(cis-PhC=CHPh)-1,2-C,B,oH;; was obtained. ¢ Reaction
time of the second step was prolonged to 72 h.

&) 6aiEid 'TH NMR, °C NMR, "B NMR i & /&
SRR AT 7 RAE. R ML Xoray SEEATHAH]
THNA 5).

23 PBEAX—HENE 3-HE-4-KK/FRE-B-ER
T

CLe ik 85 SRR AN F NI, D0 T
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B 5 6afoT48H

Figure 5 Molecular structure of 6a

VAR B—C A B—S B SNE. e S0 P A A %
FYENER REIR I Hb 2 5 58— AR, DL SRR R
BENE A=) 8a~8f. 41 F bt i BEA A N SR,
i BEAEL K 1 S N B 8] A BB A R R P2 ) 3-(cis-PhC=
CHPh)-4-1-1,2-C,BoHyo (2)5E 4= HE 4k, T S5 7R F2L i 1% 4
T B 0 SRR . H A B 3 s B A AS
), BEAEALBHIE R, A FIE, 25 ek 5 7 SR I Ak o
HILL 99%, 81%K 78%[H 73 BS U #4592 H #57=4) 8a~8c
(3% 4, Entries 1~3). f# FRBREYENRE LA 99%[1 7 B iR
53 B(4)- B34k 774 8d(F 4, Entry 4). 1) 430}
I A A 2 FEL T I PR AR R O FR T IR AR B I,
RELL 62%F1 66% 1S 2 7373 15 21 H AR =4 8e F1 8£(3% 4,
Entries 5, 6); 1M 2K 5 47 5 W FEL T~ 1 = 960 HH 6 A,
BB ORI R N TCVERT. X AT RE A B TR R T

F4 —RFEHHB—CHAMB—SH
Table 4 One-pot construction of B—C and B—S bonds

Ph
Ph._~
} Pd(PPhg), (10 mol%)
N\, Ph—==—Ph (5 equiv.) RSNa (7)(15 equiv.) SR
A Toluene, 80 °C, 72 h 80°C, 48 h I}“@J, |
i\'/ ?\.//
1 8
Entry R 8 Yield"/%
1 Me 8a 99
2° Et 8b 81
3% pr 8c 77
4 Ph 8d 99
5 p-MeO-CH, 8e 62
6 p-F-C5H4 8f 66
7 p-CFg-C6H4 - N.R.

“Reactions were conducted on a 0.1 mmol scale of 1 in 1.0 mL of toluene;
® Isolated yield; ¢ Reaction time of the second step was prolonged to 7 d;
?Reaction temperature of the second step was increased to 130 C.
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Figure 6 Molecular structure of 8a

24 RNHIEFTIE

P T RS 7, RN EEH 3--40-
TRl E i B(3)—1 #8%) PA(0) AN B 31, 2P 3R
Je—ANAL A RERE, P O 1) T SR ik
et N PA—BQR)HAS R T AR AE B, Bl S AR EL
B exo-ME% kM B(4) AT A R 1 H ik C, thidiz
TERI% BB FPY Ak © R AR JETH BRAE &
a2 F PAO)IFE. S — 5T, TEIIN SEAZ AT
Ja, H5Ek C 1) Pd—I1 3F— 0 R AE R 4 R L F2 15 3
B-Pd-Heteroatom #)#7 D, Fdlidid @ ERAE K B—
Heteroatom BE=Y). RN H&EITHLEB & OH
DX 38 5 1 U PT84 P B(4)—H 845 B(8)—H #gAR 1
W, SN B—H—>Pd Wb InfasE T EL A
B—Heteroatom fHEDIRA, 452/ F5 ML JEIEAL T FE
ORI T fe S Ak, 5 R AT DLd i S il S A A G
AR R B R, BV PA(I) & i@ Hh O 5
)b S R T I P AR, 8745 3 (144 D A= B A A

3 g

EEAMM 3--2B -l 5 2K LB A AL
WRBIR R, R e a7 bR AL
GR R AIHINN, RRSEEL T — 8T A B Al A )
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X=NH,NR', O, S

Bl 7 )RR Sk ST (R I S R AL 2R
Figure 7 Metal migration and B—heteroatom coupling reaction mech-
anism

P RE. S B A 3 /e S 3 /ot (05 ) Bl 22 4 Ja k) #0
REZ 528 DAL 2% SR TR IK, A RS S
— B R SRR B A 2 SR TR, S A P AN TR R
ARIE [ BB A e T 2E 4.

4 SERSY

VL 4a (& BONBI: ETEH PR PhNH, (93 mg,
1.0 mmol)¥% - 1 mL PUSPKI(THF), 7£0 C FIMA L%
JRAEEE(1.0 mmol, 1.0 mol/L in THF, 1 mL)¥&¥, itk 10
min, 3% PhANHMgBr & 7& A .

TEF-E R R UREL 3-M- 48~ b 1 (27 mg, 0.1
mmol), PU(=ZFEBHH(12 mg, 0.01 mmol)Fl K 2%k
(89 mg, 0.5 mmol)IIAF] 25 mL FJE VY% 2.9 liE FE 1)
Schlenk &9, WA 1 mL HRG%E RBAR, T80 C
INEGERE 72 he BEJER RBIRAEIE 0 C, AR NAR &R
rH 22183 in PANHMgBr (0.15 mmol, 0.5 mol/L in THF,
0.3 mL). ¥ MR T 80 CHIskdiiFE 24 h. Mgk
Je, N1 mL KK, LR ZERGS mLX3)REEL. HHL
A I, FTOKBREREN T 8. w4, M= et
BT JZ AT 4 B (I DR E ke i), 15203 Al 4E 4a
(30 mg, 74%).
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