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A palladium catalyzed selective mono-arylation of o-
carboranes with aryl iodides has been developed, and a series
of B(8)/B(9)-Ar-o-carboranes anchored with active groups
have been synthesized with moderate to good yield as well as
good selectivity. The mechanism involving a Pd" catalyzed
electrophilic B-H activation was also proposed.

Carboranes are a class of boron hydride cluster with three-
dimensional aromaticity, which have extensive applications in boron
neutron capture therapy (BNCT)," supramolecular chemistry® and
coordination chemistry.? Thus, regioselective synthesis of carbon and
boron functionalized carboranes has been an attractive subject as
their importance in diverse applications. In the past decades, the
carbon functionalization of carboranes including transition metal
mediated/catalyzed method has been well developed.* On the
contrary, the boron functionalization of carboranes with
regioselectivity is more challenge because of the slight difference in
reactivity among the 10 B-H bonds, thus led the boron
functionalization more complicated than that of carbon. ° The typical
method for regioselective synthesis of boron-substituted carboranes
developed by Jones Jr. and Hawthorne is based on boron-halogenated
carboranes.® Due to low activity of the boron-halogen bonds, the
subsequent coupling with Grignard reagent proceeds sluggishly and
has limited application values in synthetic chemistry. Therefore, the
development of new approach, especially with selective mode, for the
boron functionalization of carboranes is eagerly desired but still a
challenging subject.

To synthesize boron-substituted carboranes, transition metal
catalyzed direct functionalization via B-H activation would be an ideal
approach, which would avoid the pre-functionalization of carboranes
and generate of versatile carborane derivatives for their diverse
applications. Although selective B-H activation of o-carboranes has
been found in transition metal complex by forming B-M (M =
transition metal) bonds,’ utilization of selective B-H activation for the
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synthesis of boron functionalized o-carboranes with regioselectivity
has been rarely reported.® 5

For o-carboranes, molecular orbital calculation indicates the B(8, o,
10,12) owned higher negative charge density than other boron atoms,
which led them favour to take electrophilic reaction.® However, the
four boron atoms of B(8, 9, 10,12) are not full equally, among them,
B(g9) and B(z2), B(8) and B(10) are equivalence, respectively.
Additionally, B(g9,12) possess slight higher negative charge density
than that of B(8,10), hence, the electrophilic reaction of B(9,12)
showed prior to that of B(8,10). Based on the three-dimensional
aromaticity of o-carboranes and transition metal catalyzed direct C-H
functionalization of arenes, we envisioned that if o-carboranes would
display similar chemical reactivity to that of arenes to coupling with
organic partners via B-H activation, and if we can distinguish the slight
difference in reactivity of B(g9,12) and B(8,10) to achieve their selective
mono-functionalization. With this idea in mind and our recent
research interest in boron cluster chemistry,” we found that the
selective mono-arylation of B(8) and B(9) could be realized by
palladium catalyzed direct functionalization of B-H bond with aryl
iodides.” Herein, we are pleased to present our results.

To initial of our research, o-carborane (1a) and iodobenzene were
selected to screening conditions and the results were summarized in
Table 1. Extensive investigation indicated palladium salts were
suitable for the coupling reaction. Pioneering work has demonstrated
the capture of iodide by silver salt is crucial in palladium catalyzed
direct arylation of arenes with iodobenzene.” Therefore, various silver
salts were examined. With Ag,O as additive, the coupling product 2a
could be obtained in only 5% yield (entry 1, Table 1). The yield was
slightly increased with AgOAc (entry 2). To our delight, when Ag,CO,
was used, the yield was enhanced to 36% (entry 3), and the arylation
was selective on B(8) and B(9) with a ratio of 1:8.* Control
experiments demonstrated that Pd(OAc), and Ag,CO; were essential
for this coupling reaction, the reaction could not proceed at all
without Pd(OAc), or Cs,CO, instead (entries 4-5). When the reaction
was conducted in dioxane and toluene, the corresponding product
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Table 1. Palladium catalyzed arylation of o-carborane with iodobenzene.?

R
. I@ conditions @7@
R
®-C
other vertex= BH 2a R=H
2b R=Me
entry 1 catalyst additive  solvent vyield %"
(10 mol%)
1 la Pd(OAc), Ag,0 DCE® 5
2 la Pd(OAc), AgOAc DCE 8
3 la Pd(OAc), Ag,CO; DCE 36°
4 la - Ag,CO; DCE -
5 la Pd(OAc), Cs,CO3 DCE -
6 la Pd(OACc), Ag,CO; dioxane 12
7 la Pd(OACc), Ag.CO;  toluene 24
8 la Pd(PPh;).Cl, Ag,COs DCE 13
9 la Pd(dppf).Cl, Ag,CO4 DCE trace
10 1b Pd(OAc), Ag,COs DCE 82°

2 All reactions were carried on 0.25 mmol 1a or 1b, 0.025 mmol catalyst,
0.75 mmol iodobenzene, 0.50 mmol additive and 1 mL solvent at 60°C for
48h under argon atmosphere. ° Isolated yields. ¢ DCE: 1,2-dichloroethane. ¢
The ratio of arylation on B(8)/B(9) was 1:8 and determined by GC-MS. © The
ratio of arylation on B(8)/B(9) was 1:1.6.

was afforded in 12% and 24% vyields, respectively (entries 6-7). The
palladium source was also examined, the catalytic efficiency of

Pd(PPh,).Cl, and Pd(dppf).Cl. behaved lower activity than that of
Pd(OAc), (entries 8-9). When 1, 2-dimethyl-o-carborane (1b) was
employed, the coupling product 2b was obtained with 82% yield
(entry 10), and the structure of B(9)-Ph-1,2-dimethyl-o-carborane was
confirmed by X-ray crystallographic analysis (Figure S1, ESI).” The
similar phenomenon of prominent yield enhancement has also been

b,16

found in fluorination of o-carboranes.®>*® It is worth noting that we

have not detected poly-arylated o-carboranes.

coupling products with moderate to good yields (2b-2e). However, af
was very sluggish for this coupling and only generated trace amount
of the expected product (2f). These results indicate the substituent
groups on Cege play an important role in the reaction as well as
selectivity.

Table 3. Palladium catalyzed selective mono-arylation of 1, 2-Me,-0-

Table 2. Palladium catalyzed selective mono-arylation of o-carboranes with
Pd(OAc)z 10 mol%
Ag2C03 2eq.

iodobenzene. *°

@ /\:\/ /\:\/ @Rl
R,

DCE, 60°C, 48h

H
O O O

4\\¥/; H Me

2b, 82% (B8/B9=1/1.6)

2a, 36% (B8/B9=1/8)
O :
Ph

2e, 56% (B8/B9=1/1.6)

2¢, 60% (B8/B9=1/1.4)

2d, 62% (B8/B9=1/1.4) 2f, trace

2 All reactions were carried on 0.25 mmol scale in 1 mL DCE for 48h at 60°C
under argon atmosphere. ° Isolated yields, the ratio of B(8) and B(9) isomers
was determined by GC-MS is given in parentheses.

Based on the optimized conditions, the scope of o-carboranes was
then examined and the results were summarized in Table 2. As we can
see, except o-carborane 1a, Cc.ge-substituted o-carboranes were all
compatible with this transformation, and gave the corresponding

2| J. Name., 2012, 00, 1-3

carborane with various aryl iodides. ®°

Me Me

R Pd(OAc), 10 mol% R
@ o /X (OAc), 10 mol% SN @
— A 2eq. —

Me £CO0; 2¢q Me
Me MeO OMe
MCOQ@ Me Me
SRaL -

DCE, 60°C, 48h
Me Me
2g, 64% (B8/B9=1/1.8)

2h, 67% (B8/B9=1/1.7) 20 0%

Me By Me

Me Me
Me

2j. 61% (B8/B9=1/1.5) 2Kk, 50% (B&/B9=1/2.5) 21, 48% (B8/B9=1/1.6)

Me Cl

~O¥. oo

Me
2n, 41% (B8/B9=1/2.2)

0
2m, 0% 20, 49% (B8/B9=1/1.9)
Me o Me o) Me
ey OB SO
Me EtO Me Me

- 2r, 43% (B8/B9=1/2.1)
2p, 50% (B8/B9=1/1.8) 24, 51% (B8/B9=1/2.7)

2 All reactions were carried on 0.25 mmol scale in 1 mL DCE for 48h at 60°C
under argon atmosphere.® Isolated yields, the ratio of B(8) and B(9) isomers
was determined by GC-MS is given in parentheses .

Figure 1. Crystal structure of 2q-B(9) (up) and 2q-B(8) (down)

From the aspect of aryl iodides, further investigations demonstrated
this transformation has a broad substrate scope. Various substituent
groups were compatible with this reaction with moderate to good
yields (Table 3). Aryl iodides substituted with electron donating
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groups such as methoxyl, ethyoxyl and tert-butyl favored the
transformation, and the expected products were isolated in good
yields (2g, 2h, 2j, 2k). Halogenated iodobenzenes showed slightly
lower reactivity and gave the desired products with moderated yields
(2l, 2n-2p). Importantly, bromide, chloride and fluoride substituents
were all untouched, which offered an opportunity to further
derivatization the products through transition metal catalyzed cross-
couplings. Furthermore, aryl iodides decorated with electron
withdrawing groups such as ethyl 4-iodobenzoate and 4-
iodoacetophenone were also tested, and the corresponding products
were obtained with 51% and 43% yields, respectively (2q, 2r).
Meanwhile, both isomers of 2q could be separated by column
chromatography, and the structures were confirmed by X-ray
crystallographic analysis.” (Figure 1) Additionally, the steric hindrance
of aryl iodides also has a large influence on the coupling. When 2-
lodoanisole and 1-Bromo-2-iodobenzene were subjected to the
conditions, the coupling could not proceed at all (2i, 2m).

Comparing to the documented method, in which, large excess of
Grignard reagents are required and has poor group tolerance, for
synthesis of boron arylated carboranes by palladium catalyzed cross

103, 17-18

coupling of Grignard regents with iodocarboranes, we can see
this method offers an efficient and economical way for synthesis of
8(9)-aryl-o-carboranes with active groups.

Although the exact mechanism is not clear, based on the experiment
results, a plausible mechanism was proposed as shown in Scheme 1.
An electrophilic substitution of more nucleophilic B(g9,12) and B(8,10)
to Pd(OAc), takes place first leading to intermediate I. Then, forming
Pd" intermediate Il by oxidation addition of iodobenzenes to I, after
reductive elimination give rise to product and release IlIl. Finally,
regenerating the active Pd(OAc), by cleavage of Pd-I bond by Ag,CO,.
29 \We consider the ratio of regioisomers is reasonable in view of the
preference of electrophilic reaction for B(g,12) over B(8,10), and the
mono-arylation might ascribed to the steric hindrance of the aryl
anchored on boron atom, the congested environment would hinder
secondary arylation by forming transition state 1.

Pd(OAc),

Agl
Ag,CO;4
AgOAc -=—————— AcOH
AgCO; %g ¢ n-@

AcO—Pd—I Ry
@- @: Ac0-Pi—E)
R 1

1
Ry
1%< §
!
AcO—Pd™
; 1

Ry

Scheme 1. Plausible mechanism for the Pd-catalyzed arylation of o-carboranes
with aryl iodides.
Conclusions

In summary, we have developed a palladium catalyzed mono-
arylation of o-carboranes selectively at B(8) and B(9) under mild
conditions, and a Pd(ll) catalyzed electrophilic B-H activation was also
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proposed. A series of 8(g)-aryl-o-carboranes anchored with active
groups have been synthesized with moderate to good yields. It offers
an opportunity for further chemical transformation and diverse
applications of B-substituted-o-carboranes in related fields. This work
represents the first example in cross-coupling of boron hydride cluster
with organic partner by direct B-H functionalization, which would be
useful in the design of other coupling reactions of o-carboranes.

This work is supported by Scientific Research Fund of Sichuan
Provincial Education Department (Nos.13ZBo173, 13TDo022), Open
Project of State Key Laboratory Cultivation Base for Nonmetal
Composites and Functional Materials (Nos. 11zxfk26, 13zxfko6).

Notes and references
State Key Laboratory Cultivation Base for Nonmetal Composite and
Functional Materials & School of Materials Science and Engineering,
Southwest University of Science and Technology, Mianyang, P. R. China
E-mail: caoke@swust.edu.cn

Electronic  Supplementary Information (ESI) available: Complete
characterization data, cif files for 2b-B(9), 2d-B(9), 29-B(9), 29-B(8) and
2r-B(9). See DOI: 10.1039/b000000x/

1 (a) M. F. Hawthorne, Angew. Chem. Int. Ed. Engl. 1993, 32, 950;

(b) A. H. Soloway, W. Tjarks, J. G. Barnum, Chem. Rev. 1998, 98,
1515; (c) J. F. Valliant, K. J. Guenther, A. S. King, P. Morel, P.
Schaffer, O. O. Sogbein, K. A. Stephenson, Coord. Chem. Rev.
2002, 232, 173; (d) A. F. Armstrong, J. F. Valliant, Dalton Trans.
2007, 4240; (e) F. Issa, M. Kassiou, L. M. Rendina, Chem. Rev.
2011, 111, 5701.

2 (a) K.-R. Wee, Y.-J. Cho, J. K. Song, S. O. Kang, Angew. Chem. Int.
Ed. 2013, 52, 9682; (b) X. Yang, W. Jiang, C. B. Knobler, M. F.
Hawthorne, J. Am. Chem. Soc. 1992, 114, 9719; (c) H. M.
Colquhoun, P. L. Herbertson, K. Wade, |. Baxter, D. J. Williams,
Macromolecules 1998, 31, 1694; (d) H. Jude, H. Disteldorf, S.
Fischer, T. Wedge, A. M. Hawkridge, A. M. Arif, M. F. Hawthorne,
D. C. Muddiman, P. J. Stang, J. Am. Chem. Soc. 2005, 127, 12131;
(e) B. P. Dash, R. Satapathy, E. R. Gaillard, J. A. Maguire, N. S.
Hosmane, J. Am. Chem. Soc. 2010, 132, 6578; (f) K. R. Wee, Y. J.
Cho, S. Jeong, S. Kwon, J. D. Lee, I. H. Suh, S. O. Kang, J. Am.
Chem. Soc. 2012, 134, 17982; (g) K. R. Wee, W. S. Han, D. W.
Cho, S. Kwon, C. Pac, S. O. Kang, Angew. Chem. Int. Ed. 2012, 51,
2677; (h) C. Shi, H. Sun, X. Tang, H. Lv, H. Yan, Q. Zhao, J.
Wang, W. Huang, Angew. Chem. Int. Ed. 2013, 52, 13434.

3 (a) Z. Xie, Acc. Chem. Res. 2003, 36, 1; (b) L. Deng, Z. Xie, Coord.
Chem. Rev. 2007, 251, 2452; (c) Z.-J. Yao, G.-X. Jin, Coord. Chem.
Rev. 2013, 257, 2522.

4 For selected reviews, see: (a) V. |. Bregadze, Chem. Rev. 1992, 92,
209; (b) Z. Qiu, S. Ren, Z. Xie, Acc. Chem. Res. 2011, 44, 299.

5 For recent reviews, see: (a) D. Olid, R. NUfez, C. Vires, F. Teixidor,
Chem. Soc. Rev. 2013, 42, 3318; (b) Z., Qiu, Tetrahedron Lett.
2015, 56, 963.

6 (a) J. S. Andrews, J. Zayas, M. Jones Jr., Inorg. Chem. 1985, 24,
3715; (b) Z. Zheng, W. Jiang, A. A. Zinn, C. B. Knobler, M. F.
Hawthorne, Inorg. Chem. 1995, 34, 2095.

7 (a) E. L. Hoel, M. F. Hawthorne, J. Am. Chem. Soc. 1975, 97, 6388;
(b) M. Herberhold, H. Yan, W. Milius, B. Wrackmeyer, Angew.
Chem. Int. Ed. 1999, 38, 3689; (c) M. Herberhold, H. Yan, W.

J. Name., 2012, 00, 1-3 | 3


http://dx.doi.org/10.1039/c5cc01331c

Published on 25 March 2015. Downloaded by Northwestern University on 25/03/2015 13:26:37.

8

9

13

ChemComm

Milius, B. Wrackmeyer, Chem.- Eur. J. 2002, 8, 388; (d) Y.-J. Lee,
J.-D. Lee, S.-J. Kim, J. Ko, II-H. Suh, M. Cheong, S. O. Kang,
Organometallics 2004, 23, 135; (e) R. Zhang, L. Zhu, G. Liu, H.
Dai, Z. Lu, J. Zhao, H. Yan, J. Am. Chem. Soc. 2012, 134, 10341;
(f) Z. Wang, H. Ye, Y. Li, Y. Li, H. Yan, J. Am. Chem. Soc. 2013,
135, 11289; (g) X. Zhang, Z. Zhou, H. Yan, Chem. Commun. 2014,
50, 13077; (h) Z.-J. Yao, W.-B. Yu, Y.-J. Lin, S.-L. Huang, Z.-H.
Li, G.-X. Jin, J. Am. Chem. Soc. 2014, 136, 2825.

(&) M. G. L. Mirabelli, L. G. Sneddon, J. Am. Chem. Soc. 1988, 110,
449; (b) Z. Qiu, Y. Quan, Z. Xie, J. Am. Chem. Soc. 2013, 135,
12192; (c) Y. Quan, Z. Xie, J. Am. Chem. Soc. 2014, 136, 15513.

(@) J. A. Potenza, W. N. Lipscomb, G. D. Vickers, H. A. Schroeder, J.

Am. Chem. Soc. 1966, 88, 628; (b) T. F. Koetzle, W. N. Lipscomb,
Inorg. Chem. 1970, 9, 2743.

(a) Z. Zheng, W. Jiang, A. A. Zinn, C. B. Knobler, M. F. Hawthorne,
Inorg. Chem. 1995, 34, 2095; b) Z. Zheng, C. B. Knobler, M. D.
Mortimer, G. Kong, M. F. Hawthorne, Inorg. Chem. 1996, 35,
1235.

X.-H. Yu, K. Cao, Y. Huang, J. Yang, J. Li, G. Chang, Chem.
Commun. 2014, 50, 4585.

Although the regioselective arylation at B(8) and B(9) have not

controlled very well, for any isomer, the arylation is only at one of
the 10 B-H bonds, herein, the utilization of “selective” is according
to the one arylated B-H bond relative to the whole 10 ones.

L. Campeau, M. Parisien, A. Jean, K. Fagnou, J. Am. Chem. Soc.
2006, 128, 581.

14 The arylation on B(8) and B(9) was assigned according to the 'B

NMR of B(8)/B(9)-R-o-carboranes. For selected examples, see Ref.
6, 10, 17 and references cited therein.

CCDC of isomers 2b-B(9), 2d-B(9), 29-B(9), 29-B(8) and 2r-B(9)
are 1038300, 1038290, 1038301, 1038291 and 1038292,
respectively.

F. Teixidor, G. Barberg A. Vaca, R. Kivek&, R. Sillanp&a J. Oliva,
C. Vifas, J. Am. Chem. Soc. 2005, 127, 10158.

A. V. Puga, F. Teixidor, R. Sillanp&& R. Kivek&, C. Vifas, Chem.

Commun. 2011, 47, 2252.

(a) K. Ohta, H. Yamazaki, Y. Endo, J. Organomet. Chem. 2009, 694,
1646; (b) T. Ogawa, K. Ohta, T. Yoshimi, H. Yamazaki, T. Suzuki,
S. Ohta, Y. Endo, Bioorg. Med. Chem. Lett. 2006, 16, 3943.

(@) S. J.Tremont, H. U. Rahman J. Am. Chem. Soc. 1984, 106, 5759;
(b) J. S. McCallum, J. R. Gasdaska, L. S. Liebeskind, S. J.Tremont,
Tetrahedron Lett. 1989, 30, 4085; (c) D. Kalyani, N.R. Deprez,

L. V. Desai, M. S. Sanford, J. Am. Chem. Soc. 2005, 127, 7330; (d)

O. Daugulis, V. G. Zaitsev, Angew. Chem. Int. Ed. 2005, 44, 4046;
(e) N. R. Deprez, D. Kalyani, A. Krause, M. S. Sanford, J. Am.
Chem. Soc. 2006, 128, 4972; (f) V. G. Zaitsev, D. Shabashov, O.
Daugulis, J. Am. Chem. Soc. 2005, 127, 13154; (g) Y.-H. Zhang,
B.-F. Shi, J.-Q. Yu, Angew. Chem. Int. Ed. 2009, 48, 6097; (h) L.-
M. Xu, B.-J. Li, Z. Yang, Z.-J. Shi, Chem. Soc. Rev. 2010, 39, 712.

4| J. Name., 2012, 00, 1-3

View Article pgg
DOI: 10.1039/C5CCO013 edof4

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c5cc01331c

