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Highlights:

* 2,6-bis(carborane)pyridine proligandstN)(C.B1oH11)> was synthesized by the/Asr
reaction between 2,6-difluoropyridine and a lithdat ortho-carborane cluster
LiC2B1oH11

* Metalation at carbon atoms of the ligand afforded Ni(ll) CNC pincer complex
{(CsH3N)(CzB10H10)2}Ni(CH 3CN)

» Addition of piperidine to acetonitrile was found tde catalyzed by
{(CsH3N)(CzB10H10)2}Ni(CH 3CN)

Abstract: The novel 2,6-bis(carborane)pyridine sKgN)(C,B10H11)2 ligand precursor
containing two icosahedral carborane clusters lathcto the pyridine ring was
synthesized by the \@r reaction between 2,6-difluoropyridine and litieid ortho-

carborane LiGB1oH11. Lithiation of the proligand at carbon atoms oftzaane cages and
the subsequent reaction with Ni(RREl, afforded the square-planar Ni(ll) pincer
complex {(GH3N)(C:B1oH10)2}Ni(CH3CN). X-ray single crystal diffraction revealed
extreme steric hindrance around the metal centethé complex imposed by two



carboranyl groups in the rigid pincer-type framekyavhich was also manifested by the
high value of the ligand buried volume\yg, = 70.6%. The title pincer complex
{(CsH3N)(C:B10H10)2}Ni(CH 3CN) was found to be a competent catalyst for nydidm

addition of piperidine to acetonitrile.

1. Introduction

Pincer-type frameworks, which are tridentate liganthat enforce meridional
coordination to a metal center, attracted significattention in last 20 years.[1] Pincer
complexes of transition metals often exhibit a faxte combination of both stability and
reactivity, which made them invaluable for fundamaéistudies of reaction mechanisms
and for catalysis. As originally devised by Moultand Shaw, pincer ligands contain an
anionic carbon center between two pendant phosplidoeors “arms”.[2] This
arrangement type has been broadened to include wibeoanionic moieties with two
neutral sterically hindered arms and it is the nststlied subclass of pincer ligands.[3]
Related dianionic and trianionic pincer-type ligarahd their complexes with both early-

and late transition metals have recently attracteatased attention.[4—8]

Icosahedral boron clusters, such as neutteso- carboranes fBigHi>, and their
monoanionic counterparts GBli; possess an unusual delocalized electronic steictur
as well as an extreme steric hindrance profile tnakte them interesting building blocks
in ligand design, catalysis, polymer and materredistry.[9—16] Carboranes have been
used as auxiliary groups attached to phosphinesieamamides, cyclopentadienyls, and

heterocyclic carbene systems.[17-23]

A number of tridentate complexes containing carbesahas recently emerged.[24—-27]
The utilization of the pincer-type geometry with rbo cages serving as central
“backbones” allowed, for example, an isolation ofumusual three-membered (BB)>Ru
carboryne metalacycle[28] as well as a developméran efficient, water-tolerant Pd-
based catalyst for Suzuki coupling reactions[2@] an air-tolerant Ru-based catalyst for

alkane transfer dehydrogenation.[29]



In general, carborane clusters can be exohedratglated at carbon or boron vertices.
The C—H bonds of carboranes are relatively aciplia(= 22 forortho-carborane), and
these C atoms can be lithiated and subsequentigrratalated by transition metal salt
metathesis.[30-35] In contrast, unsupported meiedb bonds of carboranes are
rare.[36—39] However, there are numerous exampliessugcessful metalation of
carborane B—H bonds, primarily by late transitioetats, with the use of donor directing
groups attached to the cage. These cyclometalatetligits are intermediates in direct
selective B-H bond functionalization of boron ckrstand often are isolable. [40-46]

In this contribution, we report the synthesis o tiovel type of the chelating pincer
ligand precursor containirntgvo sterically hindered icosahedral carborane cagéarass”
and a pyridine “backbone”. Deprotonation of C-H #snof both carborane clusters

afforded a dianionic ligand that was successfulétatated to yield a nickel(ll) complex.
2. Resultsand Discussion

The use of carborane clusters as “arms” of a pikgand prompts the use of a neutral
donor as a central “backbone”. The rigidity of theget pincer ligand was an important
consideration, therefore, we chose not to use canegpicolyl derivatives where a boron
cluster is connected to a pyridine ring through ieghylene linker.[47—-49] Instead, we
elected to use a rigid planar pyridine fragmenitagslirect functionalization with two
carborane cages in 2- and 6- positions would leachéridional geometry of the target
ligand. Several synthetic routes to carboranyl giggs have been reported in literature,
including reactions of decaborane and pyridyl dees and copper-promoted coupling
of 2-bromopyridine and lithiated carborane.[50-52jese synthetic methods, while
successful, have been plagued by relatively lovidgieRecently, a simpler alternative
method, involving nucleophilic aromatic substitutiof 2-fluoropyridine by lithiated
carborane, has been developed.[53] Notably, alsethgreviously reported synthetic
routes led to pyridine derivatives containing omeborane cage. We surmised that the
SVAr reaction of 2,6-difluoropyridine with two equileats of lithiated carborane would
lead to efficient formation of the dicarboranyl gyne. Gratifyingly, heating the mixture

of 2,6-difluropyridine with LiGB1iHi; in THF at 80 °C under nitrogen atmosphere



overnight led, after aqueous workup and extradiodichloromethane, to the target 2,6-
dicarboranyl pyridine (€HsN)(C:B1oH11)2 (1). The product was characterized by the
array of multinuclear NMR spectrometry techniguasiss-spectrometry, and the single
crystal X-ray diffraction. Thé'B and*'B{*H} NMR spectra ofl exhibited a set partially
overlapping signals in the range from -2.6 to -18@m. The'H NMR resonance
corresponding to the remaining C-H bond of the eaxbe cage was found at 4.49 ppm in
CDCl;, which is shifted downfield in comparison with theated signal of the starting
C,B10H12 cluster at 3.56 ppm.

1) n-BulLi

H

C
/A }\\
'C~H THF, 60 °C C H H- C

empty vertex = BH

Scheme 1. Synthesis of 2,6- bis(carborane)pyridingHigN)(C2B1oH11)2 (1).

Single crystals ofl were grown from dichloromethane/hexanes solventture by
slow evaporation on air. The structure determimationfirmed the expected geometry of
the proligand with crystallographically-requirégh and idealizedC,, symmetry. The
central pyridine fragment is connected to carbom@ages through unstrained bonds with
the C2—C3 bond length of 1.496(3) A, the N1-C3-6@leof 116.6(2)° and the C3—C2—
C1 angle of 117.5(2)°. The C1-C2 bond in the camercluster is 1.629(2) A. The
separation between two boron cages is substastimidicated by the C1C1A distance
of 4.554(3) A.

Interestingly, the molecular structurebin the solid state revealed a conformation that
features C—H bonds of carborane clusters pointimgaids the cavity of the ligand, in
other words, towards the nitrogen atom of the pyeading. This arrangement is likely
stabilized by the intramolecular C—H---N hydrogending which has been found in the
related 2-carboranylpyridine.[54] Similarly, existe of relatively strong hydrogen
bonds between aryl C-H bonds and nitrogen atomspwifdines have been

demonstrated.[55]



Figure 1. Displacement ellipsoid plot (50% probiyil of the proligand
(CsH3N)(CoB1oH11)2 (1). (): a view perpendicular to the (C3—N1-C3Angldb): a view
along the (C3—-N1-C3A) plane.

The ligand precursot possesses two relatively acidic C-H bonds on texbarane
cages. Deprotonation of the ligand was done usifigefuivn-BuLi in THF at room
temperature. The lithiated ligand was not isoldtetlusedn situ in the reaction with 1.1
equiv. of Ni(PPB).Cl, at 60 ©°C for 6 h. The target complex
{(CsH3N)(C2:B10H10)2}NI(CH 3CN) (2) was isolated as a yellow powder.

1) n-BuLi

2) Ni(PPhg),Cly,
THF, 60 °C
G " " > 3) CH3CN 3 " 7\ >
N —
C H H- C empty vertex = BH C :
) NCCH3

Scheme 2. SyntheSIS of {(@'lgN)(CzBloHlo)z}Nl(CH 3CN) (2)



Single crystals 02-C¢Hg were grown from benzene by slow evaporation. Thetire
determination revealed the expected square-pla@mngtry around the nickel center that
is coordinated to two carboranyl arms through carbtoms, the pyridine ring, and
acetonitrile. The complex adopted crystallographjezquired C,, symmetry, however,
elongated displacement ellipsoids of boron atonggested mild cluster disorder through
their displacement from the mirror plane. The Nil-@bnd length ir2 is 1.929(2) A.
This value is within the typical range for nick€tcarboranyl compounds (1.880(6)—
2.01(1) A).[56] The Ni1l-N2(gHs) bond length is 1.882(2) A and the Ni1-N2(C{H
bond length is 1.841(2) A. The €86 bondlength of the coordinated acetonitrile ligand
is 1.134(5) A. The coordination of the metal cerlet to the increased strain of the
complex which is indicated by the decreased irgesd angles N1-C3-C2 (113.4(2)°)
and C3-C2-C1 (110.6(2)°). This is also manifestethé decreased separation between
boron cages i@ with the C1-C1A distance of 3.853(3) A. The C1-Ni1-C1A bite lang
is close to linearity at 173.7(1)°.

The diamagnetic comple® was characterized byH, **C, and*'B NMR, and FTIR
spectroscopies. The FTIR spectrum of the solid $anmgxhibited characteristic
absorption bands(B—H) at 2586 cit as well as/(C=N) at 2332 cm'. The'B NMR
spectrum contained a set of partially overlappiiggas in the range from —3.4 ppm to —

11.3 ppm.



Figure 2. Displacement ellipsoid plot (50%  probdyil of the
{(CsH3N)(C2B10H10)2}Ni(CH 3CN) complex ). (a): a view perpendicular to the (C3-
N1-Ni1l-C3A) plane (b): a general view (c): spadenfy diagram of 2 with the
acetonitrile ligand omitted.

Carborane clusters as ligands exert an unusudgjly degree of steric hindrance due to
their icosahedral shape. For example, each of #talroarbon bonds i is surrounded
by five neighboring cluster atoms. A space-fillimgagram of the compleX with
acetonitrile ligand omitted is shown in Figure Bchighlight steric requirements of 2,6-

bis(carborane)pyridine. Ligand buried volume%) has been recently introduced as a



quantitative descriptor of steric congestion arotimel metal center.[57] We found that
the (GH3N)(C.B1oH10)2 ligand in the complexX2 exhibited a high value of ¥, =
70.6%, which indicates a high degree of steric tande imposed by the dicarboranyl
pincer ligand. This value can be compared to thathe recently reported complex of
gold featuring two anionic carborane {GB cages connected to the N-heterocyclic
carbene backbone.[58] The presence of five-membengdNHC backbone as well as
two weakly coordinating anionic boron cages in tt@ahplex have resulted in the value
of %Vpyr0f 47.2%. The neutral @3N)(C.B1oH10)2 ligand reported herein is pyridine-
based, which enforces two neutral.Bz0} carborane cages closer to each other leading

to the coordination to the metal center and theeimee in %,

The electron density distribution in the carborahsster is not uniform and gives rise
to significant differences in the electronic efiedf the carborane cage on an exohedral
substituent when attached to either carbon or batoms.[59] A carborane cluster is
usually regarded as an electron-withdrawing grotnemwit is bound through its carbon
atom.[60]The high value of th&(CN) in 2 indicates the electron-deficient environment
of the nitrile group which is likely due to coordtion to relatively electron-podt-
carboranyl bound metal center. A significant pesitcharge on the carbon atom of the
nitrile group would assist a nucleophilic attaal; €xample, by an amine. Notably, there
have been reports of cationic nickel(ll) complexatalyzing hydroamination of nitriles

via an outer-sphere mechanism.[61,62]

NH
2, 1 mol%
mo-on+ () 2t L
b CH4CN 3 Q
80°C.6h  TON =80

Scheme 3. Addition of piperidine to acetonitrile promoted ByThe catalyst loading was
1 mol% relative to the amount of piperdine. Acetolei served as both the reagent and

the solvent.

We found that the comple? efficiently catalyzes the addition of piperidine t

acetonitrile with the formation of the imine HN=G4g)NCsHso. In a typical reaction, a



mixture of piperidine and acetonitrile containi@g(l mol% relative to the amount of
piperidine) was heated at 80 °C for 6 h under géro atmosphere (Scheme 3). A
relatively high value of the turnover number (TON 89) was observed, thus

demonstrating that the compl2xs a competent catalyst of this reaction.
3. Conclusions

The novel pincer ligand framework containing twabcaane clusters and a central
pyridine backbone was synthesized. The CNC-type cgpoin complex 2,6-
bis(carboranyl)pyridine nickel(ll)(acetonitrile) waprepared in the reaction of the
lithiated ligand Ly(CsH3N)(C2B10H10)2 and Ni(PPB).Cl,. The molecular structure of the
nickel complex featured high degree of steric hamde imposed by coordination of two
icosahedral carborane clusters. The title complag found to be a competent catalyst

for hydroamination of acetonitrile with piperidine.
4. Experimental Section.

All synthetic manipulations, unless stated otheewgere carried out either in a nitrogen-
filled VAC drybox or on a dual-manifold Schlenk-stywacuum line.[63] The solvents
were sparged with nitrogen, passed through activaliemina, and stored over activated
4 A Linde-type molecular sieves. @Dl,, CDCk, and (CR),SO were degassed and
stored over activated 4 A Linde-type molecular s&\NMR spectra were recorded using
Varian spectrometers at 40tHj, 100 {°C), 128 {'B) MHz, reported ind (parts per
million) and referenced to the residual/**C signals of the deuterated solvent or an
external BE(EtO) (**B(5): 0.0 ppm) standard.

Synthesis of 2,6-bis(car borane)pyridine (CsH3N)(C2B1oH11)2 (1)

A solution of n-butyllithium in hexanes (1.6 M, 3.5 mL, 5.6 mmaoljas added to a
solution ofortho-carborane (400 mg, 2.77 mmol) in 10 mL of anhydrteirahydrofuran
at room temperature under nitrogatmosphere. The mixture was stirred at room
temperature for 12 h. 2,6-difluoropyridine (0.13 mL43 mmol) was added to the

reaction mixture and stirred at 60 °C for 6 h, mafeéhich time tetrahydrofuran was



removed under vacuum. Dichloromethane (50 mL) aatex(50 mL) were added, and
products were extracted to the organic layer. Tigarmc portion was passed through a
silica gel column using dichloromethane as an dlueéplatiles were removed under
vacuum and the unreacteatho-carborane was sublimed out to obtain pure 2,6-
bis(carborane)pyridine with 28% yield (140 mg, G38mol).

'H NMR (CDCk): & 7.78 (t, 1H, GHsN), 7.63 (d, 2H, @HsN), 4.49 (s, 2H, (CH,

C,B1gH11), 3.10-1.50 (overlapping, 20H, B; C,B1oH11). *B{*H} NMR (CDCL): § -2.6,
-3.4, -8.3, -11.4, -13.1 (bryC NMR (CDCL): 6 150.5 CsHsN), 139.2 CsHsN), 122.8
(CsH3N), 74.0 (CC, CB1oH11), 56.6 C-H, CoH11B10). Caled for GH27B2oN: C, 29.57; H,
7.45; N, 3.83 Found: C, 29.38; H, 7.11, N, 3.61.

Synthesis of  2,6-bis(carboranyl)pyridine  nickel(l1)(acetonitrile)  complex
{(CsH3N)(C2B1gH10)2}Ni(CH3CN) (2)

A solution of n-butyllithium in hexanes (1.6 M, 0.72 mL, 1.16 mielas added to a
solution of 2,6-bis(carborane)pyridine (200 mg, 90.5amol) in 10 mL of dry

tetrahydrofuran at room temperature under nitrogére mixture was stirred at room
temperature for 12 h. Bis(triphenylphosphine)ni@kgldichloride (395.77 mg, 0.61
mmol) was added and the mixture was stirred atG@of 6 h, after which time volatiles
were removed under vacuum. Hydrochloric acid (3®1,n2L) and acetonitrile (20 mL)
were added. The mixture was filtered and the regulprecipitate was washed with
hexanes (10 mL) and diethyl ether (10 mL) to obtai®-bis(carboranyl)pyridine

nickel(ll)(acetonitrile) complex as a yellow powd88 mg, 0.19 mmol, 35% yield).

'H NMR (CD.Cl,): § 7.79 (t, 1H, GH3N), 7.22 (d, 2H, GHsN), 3.50-1.20 (overlapping,
B-H, C,B1gH10), 2.38 (s, 3H, CECN). 'B{*H} NMR (CD.CL,): § -3.4, -6.7, -7.5, -11.3.
B3C NMR ((CD3):S0): & 159.7 CsHaN), 143.1 CsHsN), 122.3 CsHsN), 118.6
(CH3CN), 79.7 C2H11B10), 71.9 C2H11B1o), 1.7 CH3CN). Calcd for GiH26B20N2Ni: C,
28.64; H, 5.68; N, 6.07 Found: C, 28.71; H, 5.805N2.

Hydroamination of acetonitrile promoted by 2.
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Piperidine (0.1 mL, 1.0 mmol) was added to a sofutdf 2,6-bis(carboranyl)pyridine
nickel(ll)(acetonitrile) complexq) (4.62 mg, 0.01 mmol) in 5 mL of acetonitrile atie
reaction mixture was stirred at 80 °C for 6 h. Auson of naphthalene (12.82 mg, 1.0
mmol) in 10 mL of ether was added to the mixtureasnternafH NMR spectroscopy
standard. The volatiles were removed under vacuuraca temperature. The turnover
number (TON = 80) was determined by integratiosighals corresponding to the imine
product relative to signals of the internal stadd@aphthalene) in théd NMR spectrum
of the reaction mixture.

The calculations of the buried volume/j were carried out for the atomic coordinates
from the crystal structure of 2 using SambVca2 program
(https://lwww.molnac.unisa.itOMtools/sambvca2.07)[5with the following (default)
parameters: sphere radius 3.5 A, distance fromcémer of the sphere: 2.1 A, mesh

spacing: 0.05 A, H atoms not included, and Bondiiiscaled by 1.17.
4.2 Structure deter mination details.

X-ray intensity data from a colorless, almond-slthptate were collected at 100(2) K
using a Bruker D8 QUEST diffractometer equippedhvat PHOTON-100 CMOS area
detector and an Incoatec microfocus source (Mor&diation, A = 0.71073 A). The raw
area detector data frames were reduced and cafrémteabsorption effects using the
Bruker APEX3, SAINT+ and SADABS programs.[64—66n&li unit cell parameters
were determined by least-squares refinement oklaegs of reflections from the data
sets. The structure was solved with SHELXT.[67,&Ribsequent difference Fourier
calculations and full-matrix least-squares refinemagainstF2 were performed with
SHELXL-2016 using OLEX2.[69]

4.2.1. Crystal Structure Deter mination of (CsH3N)(C2B1gH11)2 (1)

The compound crystallized in the tetragonal systéhe pattern of systematic absences
in the intensity data was consistent with the spaoapsl-42d andl4;md. Space group-

42d (No. 122) was confirmed by structure solution. Hsgmmetric unit consists of half
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of one molecule, which is located on a crystallpbre two-fold axis of rotation. All non-
hydrogen atoms were refined with anisotropic dispiaent parameters. All hydrogen
atoms were located in Fourier difference maps atfiched freely, resulting in normal
bond distances and displacement parameters. Tdestaresidual electron density peak in
the final difference map is 0.23 €*Alocated 0.72 A from C1. Because of the absence of

heavy atoms in the crystal, the absolute struatatdd not be determined.

Crystal Data for CgH2sB2oN (CCDC 1583707): tetragonal, space group [-42d 1122),
a=14.9477(5) Ac = 19.0491(7) AV = 4256.2(3) A3Z = 8, T = 100(2) K,u(MoKa) =
0.051 mm-1M =363.50 g/molDeac = 1.135 g/cy 47566 reflections measured (5.45°
20 < 52.806°), 2188 uniqueRg: = 0.0700, Bgma = 0.0185) which were used in all
calculations. The finaR; was 0.0401 (I > &()) andwR, was 0.1047 (all data).

4.2.2. Crystal Structure Determination of {(CsH3N)(C2B1oH10)2}Ni(CH3CN)(CsHsg)2
(2:(CeHe)2)

The compound crystallized in the orthorhombic systelhe pattern of systematic
absences in the intensity data was consistenttivtlspace groudsnma andima2. The
centrosymmetric groupmma was eventually confirmed as the best descriptibthe
structure. The asymmetric unit consists of ¥ of BNheomplex with crystallographicom
(Cyy) point symmetry, and half of one benzene molelmdated on a mirror plane. Atoms
Nil, N1, C5, N2, C1, C2, B5 and B6 are locatedhia mirror plane perpendicular to the
crystallographica axis; Nil, N1, C5, N2, C6 and C7 are also locatedhe mirror
perpendicular to thé axis. The carbon and hydrogen atoms of the aitgterdigand
(C6 and C7) are disordered across the mirror pélipelar to thea axis and were refined
with half-occupancy. The benzene solvent guestrdéoconsists of two independent
half-benzene molecules per asymmetric unit, botbated on the mirror plane
perpendicular to thdé axis. All non-hydrogen atoms were refined with satiopic
displacement parameters. The anisotropic displacenparameters aflps) of the
disordered benzene carbon atoms were restrained épproximately spherical using an
ISOR restraint. Some elongatadps for boron atoms in the carborane cagg (Us/U; =

11.4 for B6) suggest some atoms in the cage pdhnteostructure are displaced away from

12



the mirror plane bisecting the cage. A refinemargpace groupma2, which still retains
this mirror plane, also showed strongly prolateoln@dps and was unstable. Refinements
in lower space groups without mirror symmeteg( 12;2;2;) also gave highly prolate
boron ellipsoids and unstable refinements. Disordedeling inlmma of the carborane
cage part was not successful owing to the smablatements of the B atoms from their
average positions. The best refinement was thergtmiged to be in space groupma
with prolate boron ellipsoids suggesting mild caggorder. Hydrogen atoms bonded to
carbon were placed in geometrically idealized pms# and included as riding atoms
with d(C-H) = 0.95 A andUiso(H) = 1.2Jeq(C) for aromatic hydrogen atoms. The
acetonitrile methyl hydrogens were located in dedénce map, adjusted t{C-H) =
0.98 A andUiso(H) = 1.%Jeq(C) included as riding on C7. Hydrogen atoms kedni
boron atoms were located in difference maps ande@ffreely. The largest residual

electron density peak in the final difference nmp.28 e &, located 0.45 A from B6.

Crystal Data for C,;H;4B,oN,Ni (CCDC 1583707): orthorhombic, space group Imma
(no. 74),a = 14.4701(8) Ab = 16.2302(8) Ac = 14.0240(7) AV = 3293.6(3) & Z = 4,
T= 100(2) K, p(MoKa) = 0.611 mmt, M =617.46 g/mol,Deyc = 1.245 glcrhy, 66111
reflections measured (5.02°20 < 55.472°), 2080 uniquer(,, = 0.0390, By,= 0.0109)
which were used in all calculations. The firigl was 0.0309 (I > &l)) and wR, was

0.0815 (all data).
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