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Carboranes are boron-rich molecular clusters pesggglectronic characteristics that alléov
orthogonal approaches to vertex-selective modificat We report improvetunctionalizatiol
methods utilizing orthogonal chemistry to achievficeent substitution at electron-rich B-
vertices and electron-poor C-vertices of carbordnenctionalization of B-verticewith alkyl
and (hetero)aryl groups using the correspondingr@rd reagents has been improved through
the use of a Pd-based precatalyst featuring atretedch biaryl phosphine ligapndesulting it

reduced reaction times. Importantly, this methodtakerant towards alkybased Grignal
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reagents containing3-hydrogens. Furthermore, a transition metal-fregproach to tt
substitution of carborane C-vertices with (heterngd)aubstrates has been developgte
nucleophilic aromatic substitution {&r) conditions. The selective substitution of caees
afforded by these methods holds potential for #higomal synthesis of heterofunctioizaic
boron clusters with substituents on both boron@mtdon-based vertices.

2009 Elsevier Ltd. All rights reserved
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1. Introduction

Since the discovery of neutral carboranesB(gH., more than
50 years ago, these icosahedral clusters have ethesydiverse
building blocks for a variety of applications, inding organic
light emitting diodes, biomedicin€’, batteries, catalysi§, self-
assembled materidlsand medicinal drug design. These
compounds, which exist as three constitutional isentartho,

vertex-selective modification. Selectivity can behigved, to a
certain extent, by utilizing the inherent electmnbn-uniformity
of the cluster cage whereby certain B-H verticesrarglered
more reactive than others towards electropfilicor

organometalli®* reagents. Furthermore, under basic conditions

the acidic protons bound to the carbon verticesuratergo facile
deprotonation and subsequent selective functicmisdia with

electrophile$. Nevertheless, current synthetic methods are still

limited in their ability to achieve efficient sulistion of
carboranes. For example, current C-vertex substitunethods
can install (hetero)aryl groups but often requihe tuse of
transition metal reagents (Figure 1Rf. Similarly, metal-
catalyzed cross-coupling can be used to achieveeriy
functionalization. However, the substitution of carbdmased
nucleophiles is limited by substrate tolerance,gla®action
times, and even poor reproducibility (Figure £8.To improve
on these procedures, we report a fast, high yieldngertex
substitution method for B-substituted carboranesvalf as a
transition metal-free C-vertex substitution of @redaryl
substrates (Figure 1C). Importantly, these two nuthcan be
performed sequentially, producing a convenient

straightforward strategy to form B- and C-functioped

meta, and para) depending on relative positions of the two C-H carboranes.

vertices on the cage, feature several unique pliepeisuch as

three dimensional aromaticity, a large HOMO-LUMO gap,2- B-Vertex Substitution

tunable dipole moments as a function of clusterragtny, and

thermal stability? The diversity of carborane applications,

however, requires synthetic methods that can proamEss to

The boron vertices of carboranes have been eslyedificult to
substitute relative to traditional organic molesul€his is largely

*Corresponding author. Tel.: +1-310-357-1327; e-nspbkoyny@chem.ucla.edu
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2) and temperature (Entries 2-3) screen revealedibxane as
a promising solvent when employed at°Zswith XPhos-Pd-G3.

due to their hindered steric environment, variablectronic
character, and strong non-hydridic B—-H boffdsriedel-Crafts
halogenation, however, has been a vital tool fornéssing Notably, comparable yields were obtained with SPhb<$B

electrophilic reactivity at the electron-rich borowertices (Entry 4) under otherwise identical conditions. Rermore,
of carboranes. The resulting B-halogenated carlgoranthese conditions are selective for B—l bonds, with desired
electrophiles provide access to B-C, B-O, or B-N &tli®n product observed when using B-Br electrophiles (ErS}.

through metal-catalyzed cross-coupling. Zakhaekial. was the  Under these optimized conditions, the issue fhydride

first to report a Pd-mediated cross-coupling precegith  elimination suggested in the previously reportesteay does not
Pd(PPHR),Cl, between 9-brtho-carborane 4-I-oCB) or 9-1-  appear to be problematic.

meta-carborane 4-I-mCB) and several organomagnesium

reagents, claiming to produce B-substituted clsgsitera manner 1-2% [XPhos-Pd]

le'= % le'=
reminiscent to classical Kumada cross-coupling déseynused -5 §:IQ;> M, D o LS
for aryl halides®® Subsequently, Liet al. reported a similar (@ =cH M e M ‘aa(
protocol for transformations between 9,}tho-carborane 9,12’{,2_003:,,:,, ' ' B R R
(9,12-,-0CB) and alkylmagnesium reagefitsin both cases, 9-1-0CB (Y=H)

authors claimed yields from 60-99% for couplingctens that (Y=
required 24-30 h for completion. Notably, a latgyae: by Zheng
et al. called the obtained yields and reaction timesghieyoriginal &I
authors into question, claiming that: “In our hanttee product H

H;C CH3 H3C

N
X /\
JiL
AN
(/
L

N\
Wi
¥

yields of these reactions are not as high as begorted, and in H;
most cases we have studied the yields are extretoaly A 1B
Additionally, Zhenget al. determined that reproducible cross- 89% (72%) »90% (6A]
coupling could be obtained in 20-75% vyield onlyeafthe  (Y=H _
introduction of a catalytic amount of Cul. Whileetimethod by ,\/“\,ﬁ \
Zhenget al. has improved the overall cross-coupling chemjstry £35S GO <

several limitations, including long reaction tim@s5 days) and \\‘/SA(
limited tolerance for Grignard reagents containfgydrogens, CHs
persisted. We hypothesize that these drawbacks edurther 1D 1E
mitigated by replacing the Pd(PJPICI, precatalyst with a system — >95% (78%) | >95%(86%) >95% (67%) CHy >95% (77%)
containing a biaryl phosphine ligand as was obseprediously ~ Figure 2: Reaction scheme for mono- and disubstitutiorortfio-

for B-O, B-N, and B-CN metal-catalyzed cross-couplingc@rborane. Ortho-carborane coupling products with Q€S
chemistry?®® conversion and percent isolated yields in pareeth&ee Table £

in Sl for exact reaction conditions.

We initially targeted the coupling &,12-,-0oCB with EtMgBr . o N .

in the presence of XPhos-Pd-&grecatalyst under the reaction With optimized conditions established, we assesseds¢ope of
conditions reported by Zheng et al. to probe theramce ofg-  this method with ortho-carboranyl electrophiles (Figure 2).
hydrogens presented by the Grignard nucleophilenBwith the — Starting with9,12-,-0CB, we observed nearly full conversions
inclusion of catalytic Cul, which has been repotted improve  (>90%) to the disubstituted products in the presesfcalkyl or
the yield of this reaction when using Pd(REBl, as a arylmagnesium reagents. These compounds were plnifee
precatalyst, very low conversion was observed (<5&6xhie  silica gel column chromatography providing produtss, 1B,
desired 9,12-diethydrtho-carborane ¥A) was observed after 2.5 and1C in 57-72% isolated yields. While these conditiatisw

h (Entry 1, see Sl for experimental details). A salv(Entries 1-  for the isolation of disubstituted productsA(C), we note that
approximately 5-10% of the partially dehalogenaf@dducts

XPhos SPhos

- 4

-BH LK\ nf:;" [E'-t'n':;]Br M (1D-E) are present in the reaction mixtureld¥-B. Interestingly,
O -8 N\ 45 . > N no observable dehalogenation is encountered v8ieEaCB is
@ =cH M Solvent M used as a substrate and >95% conversions to thesulostituted
0 12’_(| _ocB(’;= ) =5 h. Temp. Et Et productslD, 1E, and1F are observeskithin 2 hours. Notably, a
9,1’2-Br§-oCB (X = Br) 1A heterocycle compatible with magnesium reagents @éﬁb_r>95%
(1P L conversion tolG, although slightly longer reaction time was
oL P needed (4 h).
HN—-Pd—OMs
: = 1% [XPhos-Pd = =
O O o =:H 4:@ 3.2[eq. RMgX] . %EKM %
| —c N 1,4-dioxane 'Ag r g

or E 5[?
B

[ J9)

1h-3h,75°C R

,
<

(¢}
=
|
=z

Entry# X L n Solvent T % Conv. (% Yield) D (Y=Br) (Y=H) (Y=Br)
1a I XPhos 5 THF 75 2 (Y=H) (Y=Br) .
2 |  XPhos 4.2 1,4-dioxane 65 30 1~z — %
3 I  XPhos 4.2 14-dioxane 75 890 (77) @j% é@\\ :
4 I SPhos 4.2 14-dioxane 75 90" (66) CH, B%H;‘ Br
5 Br XPhos 4.2 1,4-dioxane 75 0
Table 1 Optimization table for Kumada coupling with 9,0,2- >95°/.1,F(|34%) >95%1;81%) >95°/:‘(J75%) Fs

oCB or 9,12-By-0CB and B¥gBr. % Conv. indicates the %

9,12-E4-0CB present in the crude reaction mixtase determine
by GC-MS.

2Included 2 mol% Cul additive.

P Reaction mixture contained 5-10% dehalogenatedystdaly GC-
MS.

Figure 3: Reaction scheme for monocouplingrodta-carborandan
the presence of B-Br bondsleta-carborane coupling products w
GC-MS conversion and percent isolated yields irepiresesSet
Table S2 in Sl for exact reaction conditions.

To expand the utility of this method, we tested oanditions

with 9-I-mCB and9-Br-10-I-mCB to determine the tolerance of
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meta-carboranyl electrophiles and B-Br bonds (Figure 3)heteroarylation of carborane to 1-(2-pyridgttho-carborane

Slightly longer reaction times were required to rea€95%
conversion for productslH, 1I, and 1J. Despite >95%
conversion observed fdH, the low isolated yield (34%) likely
resulted from the high volatility of the compourad evidenced
by observed sublimatioin vacuo at room temperature when
removing solvent. For producid and1J, no substitution and/or
reduction at the brominated vertex was observedlingnfurther
evidence to the selectivity of this method for Beinds over B—
Br bonds. This stands in contrast to the previodslyeloped B—
N and B-O cross-coupling methods using Pd-basedysttal
with biaryl ligands that showed preferential functibnation of
B—Br bonds over B—I congenet's.

3. C-vertex substitution

C-vertex substitution methods are perceived as
straightforward than the B-vertex functionalizatiatue to the
acidic nature of the C—H bond, C-vertices can beatepated
and treated with electrophiles or used as nucleeghivhile the
metalation of carboranes and subsequent reactositgrds alkyl
halides has produced a library of C-alkyl carbosdA€-vertex
(hetero)arylation has been achieved through leagbktforward
procedures, such as metal-catalyzed cross-cougiaigrequires
either stoichiometric or catalytic amounts of tiine-metal

reagent$. For example, Cu-mediated coupling with (hetero)aryl

iodides or bromides can yield C-pyridyl- and C-azgtboranes,
but requires 25-90 h reaction times and can t@evaty a select
group of functionalized (hetero)aryl substrdtesdore recent
methods, such as Ni-
demonstrate improved functional group toleranceCfarylation,
but are limited to attaching chloro- and methyligiyre*°
Transition metal-free C-substitution methods haveerb
investigated, but require the reaction between
monosubstituted ortho-carborane ¢CB) and a fluoroarene
possessing a strong electron withdrawing grdupThis

selectively produces 1,2-diargttho-carboranes, but this
methodology was not applied to heterocyclic substraDverall,

procedures for C-(hetero)arylation are currenttyitéd by their

use of transition metal reagents and small sulestsabpes.
Previous reports have demonstrated the possilmfit€-vertex

substitution under @\r conditions:*****prompting us to expand
the number and type of substrates that can be dpgdeto

carborane using this approach.

©
=BH °
® =CH n eq. Base lZ\ 4
o=¢C 05h N
Entry # Base Base eq.
1 "BuLi 2
2 KHMDS 2
3 KHMDS 1
4 KHMDS & THF 99
5 LiHMDS 3 THF 45
6 NaHMDS 3 THF 90
7 KHMDS 3 MTBE? 86
8 KHMDS 3 Ether ® 90
9 KHMDS 3 DME ¢ 98
Table 2: Optimization table of @Ar reaction between 2-

chloropyridine andbrtho-carborane. % Conv. indicates the % of 1-

(2-pyridine)-oCB present in the crude reaction migt as
determined by GC-MS.

&Methyl-tert-butyl ether

b Diethyl ether

¢1,2-Dimetheoxyethane

For the initial optimization studies we tested 2ecbpyridine,
estimating that it would be less reactive than fhn@terocycles
and more reactive than fluoroarenes. Typically,
deprotonation and successive metalation of carleoh@ve been
achieved with "BuLi in either diethyl ether or THE

Nevertheless, we found th&BuLi was unable to facilitate the

more

and Pd-catalyzed cross coupling

a C-

(2A) under these conditions (Entry 1). We previoudhgerved
that KHMDS deprotonates  1,1-bisttho-carborane}?

indicating that it could potentially be applicalite our system.
While 2 and 1 equivalents of KHMDS yielded sub-qitatite

conversions (Entries 2 and 3, respectively), 3ajants of this
base led to 99% conversion@EB to product (Entry 4). Testing
the effect of the disilazide counterion on the teag we

observed 45% and 90%
NaHMDS, respectively (Entries 5 and 6), suggestingcitén
significantly influences the reaction progressiorHigh
conversion efficiency with KHMDS led us to continue itse
throughout the optimization studies. Next, we exadirthe
effect of other ethereal solvents on the reactiooggess. With
conversions ranging from 86%-98% (Entries 7-9), wkeced

THF as our primary solvent.
. 8
3-6 eq. KHMDS &e X=Cl, F
— | I | ——
05h <SP 14h

B Chloroarenes (X=CI)

A

N~

Qo
[ ]
o

A

I P
N
s
N2

2A
>95% (78%)

Fluoroarenes (X=F)

>95% (65%) >95% (47%)

C Polyfunctionalized Carboranes (X=F)

PN
NN
O Y
N N !
2G
>95% (70%) 92%* (58%) 60% (38%)
Il Il Il
o 2 "®
2 o e " o °
o 25r I - A L
/8] . . ,‘..‘; L 2 ®
.o.%, P . o ‘@‘2’%.
L * oo KX I ‘“

C- and B- vertex

Heterosubstitution substitution

m-carborane

Figure 4: A) C-functionalization reaction scheme B) Products
GC-MS conversions and isolated yields in parenthesgj
Polyfunctionalized carboranes with associated sirggystal Xray
structures obtained by extrapolating the generahatkin A. (*)
indicates that conversion was determined throliytNMR instea
of GC-MS See Table S4 in Sl for exact reaction conditions.

@ See Sl for corresponding single crystal X-rayctrces

Under the optimized condition2A (Figure 4B) can be isolated
in 61% vyield after purification via silica gel column
chromatography. This method tolerates bipyridingelola
electrophiles, producing compoun2B and2C in 43% and 73%
isolated yields, respectively. These bipyridinedshsompounds

C-Hwould be difficult to synthesize using metal-catalyzcross-

coupling methods. The ability to genera2€ suggests that
multiple C—C bond forming processes can be achietethe
electrophile under these conditions. Testing thisthod with

conversion with LIHMDS and



(hetero)aryl fluorides resulted in the desired picidformation
under the optimized conditions (Figure 2D-I see SI for
experimental details). The lower room temperatueetieity of
substrates originating from productD and 2E was
circumvented by heating the reaction mixture to QO0This
initially afforded 2E in 27% yield, and analysis of tH&8 NMR
data suggested the presence of deboronated prpdvultth is
consistent with previous reports of deboronatioro®©B in the

presence fluorid&® To sequester fluoride ions and potentially

prevent cage degradation, we used one equivalent
isopropoxytrimethylsilane under otherwise identicahditions,
which increased the isolated yield @E to 44%. Similar
observations were made with the 2,6-difluoropyridéudstrate,
but the yield remained nearly identical even with #gddition of
the fluoride scavenger. However, upon changing thesbfrom
THF to diethyl ether, the isolated yield f8F increased to 75%.
We attribute this observation to the likely lowetuility of the
KF byproduct in diethyl ether, thereby decreasimsgréactivity
towards deboronation. The presenAB method also proceeds
with meta-carborane under similar conditions, as exemplifigd

the formation of2G (Figure 4C). We also assessed the viability

heterosubstinagio
treatment
the paratisutes

of conducting sequential C-vertex
Deprotonation of 2A and subsequent
perfluorobenzene selectively produced

product2H in 29% isolated yield. Upon further optimization, we

found that excess perfluorobenzene resulted ingnighnversion
to desired product. The best results were achievddDWIE and
2 equivalents of KHMDS, resulting in 74% isolated durot
yield. Similar carborane-substituted phenylene ks have
been investigated for their luminescent propertibat are

typically synthesizedia cross coupling procedures that require

multiple reagents such as Cul and Pdgp@h,.'®> Overall, we
demonstrate that \&r methodology can be applied to both
chloro- and fluoro(hetero)aryl substrates, howeugrthe latter
case a competing reactivity of the fluoride byprcidueeds to be
mitigated by the judicious use of the additionahgents and
solvents.

Lastly, the described methods for forming B—C ardConds
in carboranes prompted us to explore whether thetbads can
be used in conjunction with each other to achieeesimthesis of
heterofunctionalized clusters. Treatment of metieglacarborane
1E with excess 2-fluoropyridine produced produdl,
demonstrating that both the B- and C- vertex funmalization
methods can be used in a sequential manner. Thipamnd was
isolated in 38% yield. Single crystals &f were grown with
hexanes and analyzed using X-ray crystallograplitynately
confirming its structural assignment (Figure 4C).

4. Conclusion

We have developed improved B- and C-vertex funetfiaation

methods that can effectively afford previously icessible
carborane derivatives. Specifically, by employingaryg

phosphine ligands, we have introduced an improveeerBex

substitution method that increases the rate of @®adkzed
Kumada cross-coupling conditions. Additionally, we véa
expanded the scope of C-vertex substitution whileuanventing
the requirement for transition metal-catalyzed srosupling. By
utilizing the nucleophilic nature of the C-metathtearboranes,
mild conditions can be used to achieve substitsticof

heterocycles on carboranes. These improved metleptssent a
robust addition of transformations now available toe

practitioners in boron cluster chemistry.
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