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Lowering LUMO Energy of Phenylated o-Carborane
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1. Introduction

Electron accepting property of o-carborane' has been suggested and its application to

lab.d
¢ and

electronic alteration has been a subject of interest in both organic
organometallic (:hemistry.lc However, other than reports of electron accepting property
arisen from the organic substitution,"™" detailed  study that elaborates electron
accepting property of o-carborane has not been properly made. Recently, o-carborane c*
orbital contributed mainly from cage carbons is greatly stabilized by the addition of
adjacent phenyl groups2 alluding that o-carborane’s electron accepting capability is the
function of LUMO energy stabilization, perse. Granting that o-carboranyl C-C c* orbital
initiates electronic alteration to the m-system of the aromatic groups directly bonded,
namely, through the m*channel, systematic investigation on LUMO energy is by all
means important to uncover the origin of electron acceptor character of o-carborane. To

this end, we have laid our eyes on the geometries governed by the substitution either

by the carbon or the boron atom or both atoms.



2. Results and Discussion

Starting from mono-phenylated or di-phenylated o-carborane, 1-phenyl-(PhC) or 1,2-di-
phenyl-o-carborane (Ph.C,), tri-phenylated 1,2,3-Ph3-C2B(1) and 1,2,6-Ph3-CB2(2) and
tetra-phenylated 1,2,3,6-Ph4-C2B2(3) were prepared in moderate yields (37 ~86%)." As
shown in Scheme 1, we first carried out phenyl substitutions on either/both 1,2-carbons
or/and 3,6-borons of the icosahedral o-carborane framework (see details in supporting

information).

1 KOH/EtOH . i 1. KOH/EtOH

2 n-BuLi, PhECI: —f 2. n-BuLi, PhECI;
2 /’F\ 2
&

L & N
N 7 W
\ N
\ 1. KOH/EtOH - = 1. KOH/EtOH
- \ -
2. n-BuLi, PhBECIy = 2. n-BuLi, PhBCI;
ﬂ/[\
&1
\\}2|g
Ph2CB

Scheme 1. Preparation of phenylated o-carboranes 1-3

Depending on the substitution site either the boron or carbon atom, their "B NMR

show either symmetric or asymmetric pattern;’ most asymmetric one is Ph,BC followed



by 1 and 2 in which two of them are related to the boron-substitution and the most

symmetric one is tertra-phenylated compound (3)(see Figure S4-S9).

1(1.7634) 2(1.6324) 3(L.704A)

Chart 1. Molecular structures of phenylated-o-carboranes 1, 2, and 3 which have
been characterized by means of X-ray crystallography, respectively (see details in

supporting information).

Single crystal X-ray structure determination clearly revealed structural authenticity of
each compound and alluded electronic alteration via investigation on the C-C distance:
C-C bond distance is a direct measure of electronic alteration because it reflects C-C
o* orbital’s contribution and directly affected LUMO energy.” In this series, C-C dis-
tance is the longest for 1 followed by 3 and the shortest for 2. 1 and 3 are further
phenyl decoration at the boron atoms keeping Ph,C, platform abreast while 2 contains
one free phenyl carbon atom.” In line with expectation of C-C bond distance and
LUMO energy stabilization, longer C-C bond correlates to larger LUMO contribution,

vide infra. It is now obvious that placement of two phenyl groups at the carbon atoms



is the minimum requirement of LUMO stabilization and conformation of the two phenyl
groups at the carbon atoms that fits well to the LUMO can contribute greatly to the
stabilization of LUMO. As can be seen in Figure S1, structure of 1 has a special fea-
ture in which additional phenyl unit is substituted at the boron atom takes up a con-
formation to lock two phenyl group at the two carbon atoms into a rigid posture re-
sponsible for the LUMO stabilization. 2 does not possesses Ph,C, platform, so LUMO
stabilization is not seen. Finally, all phenylated to the neighboring boron atoms found
in compound 3 do not show enough LUMO stabilization which indicates that favorable
phenyl 7* and o-carboranyl C-C o* orbital interaction is not occurring in that con-
formation; indeed, in the solid structure, two phenyls at the carbons are not taking up
the face-to-face conformation for the favorable interaction. All those can be summarized
in dihedral angle between two phenyl rings with respect to the C-C vector in which
larger dihedral angle gives rise to a face-to-face conformation and thus exhibits max-
imum C-C o* orbital interaction as found in 1 and 3; dihedral angles of 88.73(6) and
67.06(1)° for 1 and 3, respectively, can be accounted for the better orbital overlaps.
However, smaller dihedral angle for 3 appears to be due to the steric interference by

the B-phenyl groups.

From comparison between 1 and Ph,C, shown in Figure 1, excitations are mainly
from phenyl units depending much to the carbon atom substitution albeit with low
intensities. Given the fact that single carbon substitution in PhC shows bathochromic
shift arisen from the phenyl group,’ further boron substitution does not exert much ef-

fect on the electronic structure alteration as found in the spectrum of 2. This new find-



ing is ascribed to the new excited state arisen from the new electronically viable vi-
bronic modes coupled with facing two phenyl m* orbitals at the carbon atom solely. It
is clear now that one condition to be met allowing enhanced electron withdrawing ca-
pability of o-carborane is the special geometry preference with coupling accessible phe-
nyl ©* orbitals which is found in Ph,C,. As can be seen from the spectra of tri-phenyl
substitution (1), further phenyl substitution on boron is much enhanced. From absorption
spectra, forbidden symmetrical excitations belong to benzene are now somewhat relaxed
when phenyl groups are emplaced to the carbon atoms of the o-carborane as found in
1 and 3. It is now clear that 1) “Ph,C,” unit is essential to lower LUMO energy and

2) bathochromic shift is the revelation of extensive electronic coupling found in 1 and

3.

5000
P ——PhC
E —— Ph2C2
4000 1
o
E —_—2
-l
& 3000 3
£ 2000-
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3§ 1000
=
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wl .
- i
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Figure 1. Absorption spectra of PhC, Ph,C,, 1, 2, and 3 in hexane solution at room

temperature.



All other optical properties as well as electronic properties of CV data are now pre-
sented in the Table 1. There exists a strong correlation between the geometry and the
electronic structure including optical spectroscopy.” When two carbon atoms are engaged
with phenyl groups, most effectively by the bis-substitution at the carbon atoms, ex-
pected reversible reduction was observed.” Also, those values are the indication of elec-
tronic alteration and is proportional relationship to the degree of LUMO energy stabili-

zation as found in CV reduction potentials for 1-3 by further phenyl-substitution.

Table 1. Physical Properties of Ph,C; and 1- 4.

Comp Aws (nm)*[e, M 'em™'] Aew  (nm)? Eox (V)° Ered (V)°
Ph,C, 224, 267, 273 [13713, 895, 737] —1 =4 —2.05

1 227, 267, 277 [10423, 895, 751] —1 —¢ -1.72

2 223, 267, 277 [12114, 612, 692] 298 - -

3 230, 267, 273 [11917, 795, 722] 301 —d —2.25

4 257, 327, 405 [11713, 12783, 3421] —1 0.49 —1.41




“IMeasured in Ar-saturated hexane solution (20 pM) at room temperature. “Taken
by excitation at 270 nm. lOxidation and reduction potentials measured for Ar-saturated

dichloromethane solution by cyclic voltammetry (V vs SCE). ! Not detected.

In view of effective LUMO stabilization of o-carboranyl C-C o* orbital by two phe-
nyl ©* orbitals, organometallic n* donor group has been further introduced onto phenyl
groups;’ reaction of 1 with Cr(CO)s produced phenyl coordinated bis chromium complex
(4) in good yield (see experimental details for the synthesis and X-ray structural deter-
mination data in Supporting Information). Lowered LUMO appeared to keen on allow-
ing ideal coordination energy for m* donor, Cr(CO);, and with those Cr coordination

even stabilized the LUMO of diphenyl-o-carborane was accomplished.

Chart 2. Preparation Cr(CO); coordinated diphenyl-o-carborane and structure
confirmed by X-raycrystallography in which C-C distance(1.777A) showed the longest

among 1-4.



NMR  spectra clearly showed the Cr coordination to the phenyl groups with the
chemical shifts of & 7.30 — 7.62 and 1287 — 141.5 for 'H and “C NMR,
respectively. Coordinating to carbon phenyls was confirmed by X-raycrystallography. As
expected, C-C distance is the longest with the value of 1.777 A which lies essentially
in the range of nonbonding.® Agreeing to the geometrical change, absorption responsible
for the LUMO energy is now altered greatly to lower energy with a broad peak
extending to 405nm. As shown in Figure 2, CV spectrum of 4 has one irreversible
oxidation and one reversible reduction waves at 0.49 and —1.41 V, which correlate to
the chromium (0/+1) metal center and the Ph,C, unit, respectively. Comparing reduction
potentials of the Ph,C, unit for Ph,C, and 1 and 4, LUMO energy stabilization is
clearly seen on going from Ph,C, and 1 to 4. Previously, the 5.78 eV of
HOMO-LUMO gap of Ph,C, was reported by measurement of the UV-Vis spectra.
Time-dependent DFT (TD-DFT) calculation was performed on the optimized geometry
of tri-phenyl-o-carboranes (1-4) and the resulting X-ray crystallographic structures are
excellent agreement with those observed in the structures. As shown in Figure 2, the
frontier orbitals of the tri-phenyl-o-carborane 1 is largely centered on the B-substituted
phenyl ring, with the HOMO-LUMO gap (5.23 eV) accounting in part for the stability
of this compound and the resulting simulated electronic spectra are in excellent
agreement with those observed. In comparison to 1, the optimized geometry for
chromium complex 4 reveals that the compositions of the LUMO frontier orbitals are
similar to those found in the optimized geometry for 1 and the small HOMO-LUMO

gap (3.67 eV) accounting in part for the stability of this compound. The LUMO is



associated with C-substituted two phenyl rings and partially carborane and chromium

metal atoms.

shift
— Ph2C2 -

LUMO orbital
4 1 Ph2C2

T T T
15 10 05 00 05 -1.0 -1.5 -20 -25
E/VvsFclFct

Figure 2. Cyclic voltammograms of Ph,C,, 1, and 4 in CH:Cl, solution (scan

rate=100mV/s). (Inset: HOMO-LUMO frontier orbital analysis in the ground state)



3. Conclusion

We found that LUMO of Ph,C, was stabilized through B-phenylation in 1 and tri-
phenyl-o-carborane (1) functioned as strong p-acceptor to form a stable new types of
organometallic complex (4) through Cr(d)-Ph(n*)-o-carboranyl C-C (c*)metal to ligand
back-bonding interaction. This study clearly shows the electron withdrawing property of

o-carborane is evident as long as two phenyl groups are juxtaposed and paralleled.

_10_



4. Experimental Section

General Procedures. All manipulations were performed under a dry nitrogen or argon
atmosphere using standard Schlenk techniques. Tetrahydrofuran (THF) was distilled
under nitrogen from sodium/benzophenone. The elemental analyses were performed using
a Carlo Erba Instruments CHNS-O EA 1108 analyzer. High Resolution Tandem Mass
Spectrometry (Jeol LTD JMS-HX 110/110A) was performed at the Korean Basic
Science Institute (Seoul). The 'H, ''B, and “C NMR spectra were recorded on a
Varian Mercury 300 spectrometer operating at 300.1, 96.3, and 75.4 MHz, respectively.
All 11B chemical shifts were referenced to BF;*O(C,;Hs), (0.0 ppm) with a negative
sign indicating an up-field shift. All proton and carbon chemical shifts were measured
relative to the internal residual CHCI; from the lock solvent (99.9% CDCls). The
absorption and photoluminescence spectra were recorded on a SHIMADZU UV-3101PC
UV-VIS-NIR scanning spectrophotometer and a VARIAN Cary Eclipse fluorescence
spectrophotometer, respectively. The fluorescence lifetimes were measured by a time
correlated single photon counting spectrometer. The emission quantum yields (¢PL) of
the carborane compounds were calculated by means of the comparative method of
Williaml for samples of five different concentrations (1 pM ~ 5 pM) using
9,10-diphenylanthracene (¢PL = 0.95) and Rhodamine B (¢PL = 1.00) as a reference
standard. Decarborane, o-carborane, 1-phenyl-o-carborane were purchased from Katchem
and N,N-dimethylaniline, dichlorophenylborane, n-BuLi (2.5 M in hexane), chromium

hexacarbonyl complex (Cr(CO)s) were purchased from Aldrich Chemicals.

_11_



Cyclic voltammetry and Spectroelectrochemistry. The cyclic voltammetry experiments
were performed using a BAS 100 electrochemical analyzer. A three-electrode cell
system containing a platinum disk, a platinum wire, and Ag/AgNO; as the working,
counter, and reference electrodes, respectively, was used. All data were obtained for
Ar-purged CH2CI2 solution containing 0.1M tetrabutylammonium perchlorate (TBAP) at
a scan rate of 0.1 V s". Spectroelectrochemical (SEC) measurements were performed to
measure the UV-vis absorption spectra of the one electron reduced species (OER) of 4,
5, and 6 using strands of 0.1 mm diameter Pt wire. In a porous glass tube (2 mm i.d.,
3 mm o.d, 40 mm length) as the working electrode, a Pt wire coiled around the
porous glass tube as the counter electrode, and an Ag/AgNO; reference electrode. A
THF solution containing 4, 5, and 6 (0.5 mM) and TBAP (0.1 M) in a quartz cell was
purged with Ar for 10 minutes. Immediately after electrolysis using a BAS 100

electrochemical analyzer, the UV-vis absorption spectra were measured.

Crystal Structure Determination. Crystals of 1, 2, 3, and 4 were obtained from toluene,
sealed in glass capillaries under argon, and mounted on the diffractometer. Preliminary
examination and data collection were performed using a Bruker SMART CCD detector
system single-crystal X-ray diffractometer equipped with a sealed-tube X-ray source (40
kV x 50 mA) using graphite-monochromated Mo Ka radiation (A = 0.71073 A).
Preliminary unit cell constants were determined with a set of 45 narrow-frame (0.3° in
@) scans. The double-pass method of scanning was used to exclude any noise. The
collected frames were integrated using an orientation matrix determined from the
narrow-frame scans. The SMART software package was used for data collection, and

SAINT was used for frame integration. Final cell constants were determined by a global

_12_



refinement of xyz centroids of reflections harvested from the entire data set. Structure

solution and refinement were carried out using the SHELXTL-PLUS software package.

Density Functional Calculations. All calculations were performed with the Gaussian 09
package to perform the geometry optimizations, spectra analysis, and excited state
evaluations. The ground-state geometries of all compounds, as well as their cationic and
anionic molecules, were optimized at the density function theory (DFT) level. The
characterization of the low-lying excited singlet states relies on the time-dependent DFT
(TD-DFT) calculation that is performed on the basis of the ground-state geometry by
B3LYP density functional theory (DFT), using a 6-31G basis set. The various properties
of all compounds, such as HOMOs, LUMOs, energy gaps, ionization potentials, electron
affinities, and reorganization energies are obtained from the computed results and are

compared to the available experimental data.

Common procedure for the synthesis of boron-phenylated o-carborane (1-3).
1,2-Diphenyl-o-carborane (1.48 g, 5.0 mmol) was added to a solution of KOH (0.84 g,
15 mmol) in 50 mL of ethanol and the clear reaction mixture was heated to reflux.
TLC of the reaction mixture sample showed no starting material spot after that time.
The reaction mixture was evaporated to dryness and re-dissolved in 50 mL of distilled
water. Excess of MesNCl was added to the reaction mixture and the precipitate of
tetramethylammonium nido-carborane salt formed was filtered off and dried by air
suction (1.80 g, 100%). A 2.5 M solution of n-BuLi in hexane (1.0 mL, 2.2 mmol)
was slowly added dropwise to a stirred solution of tetramethylammonium nido-carborane
salt (0.72 g, 2.0 mmol) in 40 mL of THF at —78 °C. The reaction mixture was stirred

at =78 °C for 1 h. A solution of dichlorophenylborane (0.35 g, 2.2 mmol) in 10 mL

_13_



of distilled THF was added via cannula. After this addition the reaction mixture was
allowed to warm to room temperature and then heated to reflux 6 h. The white
precipitate of lithium chloride was removed by filtration in air and washed on the filter
with THF. After evaporation the crude reaction mixture was purified by column
chromatography (Hx eluent) to give 1,2,3-triphenyl-o-carborane 1 then recrystallized
from hexane to obtain as white powder. Yield: 86% (0.64 g, 1.72 mmol). m.p.:
193-194 °C. HRMS: Caled for ['*Cao''Bio'Has]” 374.2809. Found: 374.2802. IR spectrum
(KBr pellet, cm™): v (B-H) 2581, 2601; v(C-H) 3237. 'H NMR (CDCls, 600.1 MHz)
8 7.410 (m, 4H, Ph-H), 7.310 (m, 3H, Ph-H), 7.150 (m, 8H, Ph-H). “C NMR (CDCl;,
150.9 MHz) & 135.6, 131.3, 131.0, 129.9, 128.9, 128.0, 127.36 (Ph), 83.6 (Ph-Ccab).
"B NMR (CDCl;, 192.6 MHz) & -1.62 (1B), —2.99 (3B), -8.02 (3B), —8.57 (2B),

-10.15 (1B).

1,3,6-Triphenyl o-carborane (2). 1-Phenyl-o-carborane (1.10 g, 5.0 mmol) was added to
a solution of KOH (0.84 g, 15 mmol) in 50 mL of ethanol and the clear reaction
mixture was heated to reflux. TLC of the reaction mixture sample showed no starting
material spot after that time. The reaction mixture was evaporated to dryness and
re-dissolved in 50 mL of distilled water. Excess of Me4NCl was added to the reaction
mixture and the precipitate of tetramethylammonium nido-carborane salt formed was
filtered off and dried by air suction (1.42 g, 100%). A 2.5 M solution of n-BuLi in
hexane (1.0 mL, 2.2 mmol) was slowly added dropwise to a stirred solution of
tetramethylammonium nido-carborane salt (0.57 g, 2.0 mmol) in 40 mL of THF at —78
°C. The reaction mixture was stired at -78 °C for 1 h. A solution of
dichlorophenylborane (0.35 g, 2.2 mmol) in 10 mL of distilled THF was added via

cannula. After this addition the reaction mixture was allowed to warm to room

_14_



temperature and then heated to reflux 6 h. The white precipitate of lithium chloride
was removed by filtration in air and washed on the filter with THF.
1,3-Diphenyl-o-carborane (1.48 g, 5.0 mmol) was added to a solution of KOH (0.84 g,
15 mmol) in 50 mL of ethanol and the clear reaction mixture was heated to reflux.
TLC of the reaction mixture sample showed no starting material spot after that time.
The reaction mixture was evaporated to dryness and re-dissolved in 50 mL of distilled
water. Excess of MesNClI was added to the reaction mixture and the precipitate of
tetramethylammonium nido-carborane salt formed was filtered off and dried by air
suction (1.80 g, 100%). A 2.5 M solution of n-BuLi in hexane (1.0 mL, 2.2 mmol)
was slowly added dropwise to a stirred solution of tetramethylammonium nido-carborane
salt (0.72 g, 2.0 mmol) in 40 mL of THF at —78 °C. The reaction mixture was stirred
at =78 °C for 1 h. A solution of dichlorophenylborane (0.35 g, 2.2 mmol) in 10 mL
of distilled THF was added via cannula. After this addition the reaction mixture was
allowed to warm to room temperature and then heated to reflux 3 h. The white
precipitate of lithium chloride was removed by filtration in air and washed on the filter
with THF. After evaporation the crude reaction mixture was purified by column
chromatography (Hx eluent) to give 1,3,6-triphenyl-o-carborane 2 then recrystallized
from hexane to obtain as white powder. Yield: 58% (0.43 g, 1.2 mmol). m.p.: 178-179
°C. HRMS: Caled for [?Ca''Bio'Ha]™ 374.2809. Found: 374.2819. IR spectrum (KBr

pellet, em'): v (B-H) 2581, 2601; v (C-H) 3237. '"H NMR (CDCl;, 600.1 MHz) &

7334 (d, 4H, J = 7.8 Hz), 7.218 (d, 1H, J = 7.2 Hz), 7.206 (d, 1H, J = 7.8 Hz),

7.129 (d, 2H, J

72 Hz), 7.117 (d, 2H, J = 7.8 Hz), 7.001 (t, 1H, J

7.2 Hz),
6.900 (d, 1H, J

8.4 Hz), 6887 (d, 1H, J = 7.2 Hz), 6.791 (d, 2H, J = 7.8 Hz),

4433 (s, 1H). >*C NMR (CDCl;, 150.9 MHz) & 133.7, 130.5, 129.2, 128.6, 127.7,

_15_



127.6, 127.1 (Ph), 78.3 (Ph-Ccab), 57.8 (H-Ccab). ''B NMR (CDClL;, 192.6 MHz) §
-0.88 (2B), —2.77 (1B), —4.82 (1B), -9.75 (2B), -11.04 (2B), —-14.05 (2B).

1,2,3,6-Tetraphenyl o-carborane (3). Following the procedure described above for 1,
tetraphenylated-o-carborane 3 was prepared as a colorless crystal. Yield: 37% (0.33 g,
0.74 mmol). m.p.: 252-253 °C. HRMS: Caled for [*Cas 'Bio'Has]” 450.3122. Found:
450.3108. IR spectrum (KBr pellet, cm'): v (B-H) 2581, 2601; v (C-H) 3237. 'H
NMR (CDCls, 600.1 MHz) & 7.294 (d, 4H, J = 7.8 Hz, Ph-H), 7.242 (d, 4H, J = 8.4
Hz, Ph-H), 7.229 (d, 4H, J = 7.8 Hz, Ph-H), 7.138 (d, 2H, J = 7.2 Hz, Ph-H), 7.126
(d, 2H, J = 7.8 Hz, Ph-H), 6.991 (t, 4H, J = 7.8 Hz, Ph-H). "C NMR (CDCl;, 150.9
MHz) § 134.6, 132.0, 130.2, 129.5, 1289, 127.6, 127.1 (Ph), 80.3 (Ph-Ccab). ''B NMR

(CDCls, 192.6 MHz) § 1.44 (2B), -2.75 (3B), -8.50 (2B), —9.45 (3B).

Reaction of Cr(CO)s with 2. Compound 2 (0.37 g, 1.0 mmol) and [Cr(CO)s] (0.44 g,
2.0 mmol) were dissolved in a mixture of THF (5 mL) and di-n-butyl ether (50 mL).
The mixture was refluxed for 72 h and the resulting dark reddish solution was cooled
to room temperature and filtered over Celite. The solvents were evaporated under
reduced pressure. After evaporation the crude reaction mixture was purified by column
chromatography (CH,Cl,:Hx eluent) to give chromium complex 4 then recrystallized
from hexane to obtain as red crystals. Yield: 87% (0.59 g, 0.87 mmol). HRMS: Caled
for [Cas'Hazo''B1o°Cr2'°Os]” 676.1783. Found: 676.1768. IR spectrum (KBr pellet,
cm ) v (B-H) 2583, 2589; v (CO) 1960, 1892. 'H NMR (CDCls;, 300.1 MHz) & 7.62
(m, 4H, Ph-H), 747 (m, 3H, Ph-H), 7.30 (m, 8H, Ph-H). "C NMR (CDCL, 75.4

MHz) & 231.4 (Cr-CO), 141.5, 137.9, 134.8, 132.7, 131.3, 130.8, 128.7 (Ph), 85.6
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(Ph-Ccab). ''B NMR (CDClL, 96.3 MHz) & -1.84 (1B), -3.11 (3B), -8.54 (3B), -8.71
(2B), -10.37 (1B).
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6. Figures

Figure 3. X-ray crystal structure of 1,2,3-Triphenyl-o-carborane.
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Figure 4. X-ray crystal structure of 1,3,6-Triphenyl-o-carborane.
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Figure 5. X-ray crystal structure of 1,2,3,6-Triphenyl-o-carborane.
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Figure 6. X-ray crystal structure of Cr compound.
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Figure 18. Simulated and experimental Raman spectra of o-carborane at room

temperature.
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Figure 22. Simulated and experimental Raman spectra of 1,3,6-Triphenyl-o-Carborane at

room temperature.
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