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Experimental and Theoretical Studies on Organic D-nt-A Systems Containing
Three-Coordinate Boron Moieties as both m-Donor and n-Acceptor
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Abstract: Four linear m-conjugated sys-
tems with 1,3-diethyl-1,3,2-benzodiaza-
borolyl [C,H,(NEt),B] as a s-donor at
one end and dimesitylboryl (BMes,) as
a m-acceptor at the other end were syn-
thesized. These unusual push—pull sys-
tems contain phenylene (—1,4-C,H,—;
1), biphenylene (—4.,4"-(1,1'-C¢Hy),—; 2),
thiophene (—2,5-C,H,S—; 3), and di-
thiophene (—5,5-(2,2-C,H,S),—; 4) as
m-conjugated bridges and different
types of three-coordinate boron moiet-
ies serving as both m-donor and m-ac-
ceptor. Molecular structures of 2, 3,
and 4 were determined by single-crys-
tal X-ray diffraction. Photophysical
studies on these systems reveal blue-
green fluorescence in all compounds.

cantly smaller at 5510 cm ' in THF and
2450 cm ™! in cyclohexane. Calculations
on model systems 1-4 show the
HOMO to be mainly diazaborolyl in
character and the LUMO to be domi-
nated by the empty p orbital at the
boron atom of the BMes, group. How-
ever, there are considerable dithio-
phene bridge contributions to both or-
bitals in 4'. From the experimental data
and MO calculations, the m-electron-
donating strength of the 1,3-diethyl-
1,3,2-benzodiazaborolyl group was
found to lie between that of methoxy
and dimethylamino groups. TD-DFT
calculations on 1'—4', using B3LYP and
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CAM-B3LYP functionals, provide in-
sight into the absorption and emission
processes. B3LYP predicts that both
the absorption and emission processes
have strong charge-transfer character.
CAM-B3LYP which, unlike B3LYP,
contains the physics necessary to de-
scribe charge-transfer excitations, pre-
dicts only a limited amount of charge
transfer upon absorption, but some-
what more upon emission. The excited-
state (S;) geometries show the borolyl
group to be significantly altered com-
pared to the ground-state (S,) geome-
tries. This borolyl group reorganization
in the excited state is believed to be re-
sponsible for the large Stokes shifts in
organic systems containing benzodiaza-

The Stokes shifts for 1, 2, and 3 are no-
tably large at 7820-9760 cm™' in THF
and 5430-6210cm™' in cyclohexane,
whereas the Stokes shift for 4 is signifi-

nescence

Introduction

Three-coordinate organoboron compounds and polymers
exhibit linear and nonlinear optical and electronic properties
which make them attractive for use in functional materi-
als.? In such compounds, the three-coordinate boron
center generally behaves as a m-acceptor, due to its vacant
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borolyl groups in these and related
compounds.

diazabor-

p. orbital, but as boron is more electropositive than carbon,
the boryl moiety can also exhibit o-donor character. The
field has been dominated by the use of dimesitylboryl
(BMes,, Mes=2,4,6-Me;C¢H,) and related moieties, as the
presence of the ortho-methyl groups stabilizes the unsaturat-
ed boron center through steric protection of the empty p,
orbital. The BMes, group is considered to be a m-acceptor
similar to NO, based on UV data,”! but closer to CN based
on cyclic voltammetry (CV) data,™ for which reduction
waves are observed. These compounds can display sizable
second- and third-order nonlinear optical (NLO) proper-
ties,” ™ in which the BMes, acceptor strength is usually
somewhere between that of NO, and CN. They can also ex-
hibit large two-photon absorption (TPA) cross-sections and
strong two-photon excited fluorescence (TPEF).'"3! Such
electron-deficient compounds have low LUMO energies and
have thus been shown to be efficient electron-transporting
and/or -emitting layers in organic light-emitting diodes
(OLEDs)."'%1 Compounds with BMes, groups are often
strongly colored and/or luminescent,'” and thus have poten-
tial for use as colorimetric or luminescent sensors for
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anions, particularly fluoride ions."™®! Conjugated molecules
with boryl side groups have recently been shown to display
very large Stokes shifts and high quantum yields both in so-
lution and the solid state, properties that were attributed to
the lack of close packing caused by the bulky mesityl
groups.'z‘””

In the past decade, the chemistry of another class of
three-coordinate boron compounds, namely 1,3,2-diazabor-
oles, has developed rapidly.””?” Some of these compounds
show strong fluorescence properties” ! The 1,3-diethyl-
1,3,2-benzodiazaborolyl group (1,3-Et,-1,3,2-N,BC.H,) is
perhaps the most widely used benzodiazaborolyl group and
compounds containing this group are somewhat air-
stable.?*33] Previous calculations on 2-arylethynyl-1,3,2-di-
azaboroles showed a localization of the HOMO on the dia-
zaborole group, leading to the suggestion that this group
could act as a m-donor.”! Consistent with this proposal,
cyclic voltammetry studies have shown that diazaboroles ox-
idize easily.”*3*%!

As the BMes, group is known to be an effective m-accept-
or and the benzodiazaborolyl group has been suggested to
be a m-donor, the novel “push—pull” systems (1-4, shown
here) were targeted. This study describes the syntheses, crys-
tal structures, photophysical properties, and computational
studies on these four novel compounds, each containing two
different types of three-coordinate boron centers function-
ing as m-donor and m-acceptor. The results confirm our pre-
vious theoretical prediction of the unusual m-donor behavior
of the benzodiazaborolyl moiety®™®! and provide a compari-
son of its donor properties with those of typical m-donor
groups.

oOr e
s J 0\
J s

Et
1,3-diethyl-1,3,2-
benzodiazaborolyl-

D
D
\ A dimesitylboryl- (Mes,B-)

Results and Discussion

Synthesis: The new bisboryl compounds 1-4 were all formed
by the established methodology®+2>33L3431 of reacting 2-
bromo-1,3-diethyl-1,3,2-benzodiazaborole (5) with the re-
spective lithiated compound containing a BMes, group
(Scheme 1). The para-phenylene derivative 1 was formed in
67 % yield through the lithiation of 4-bromophenyldimesityl-
borane!'”! with n-butyllithium followed by addition of an
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Scheme 1. General route used in the syntheses of push—pull systems 1-4.

equimolar amount of 5. An analogous treatment of 4'-bro-
mobiphenyldimesitylborane® with n-butyllithium followed
by addition of 5 afforded the 4,4'-bisborylated biphenyl 2 as
a colorless solid in 54 % yield. The moderately air- and
moisture-sensitive compounds 1 and 2 are very soluble in
common organic solvents, such as benzene, ethers, CH,Cl,,
CHCl;, CH;CN and DMSO.

The lithiated precursors for the syntheses of 3 and 4 were
generated by reaction of 2-dimesitylborylthiophene (6) and
5’-bromo-5-dimesitylboryl-2,2’-dithiophene (7), respectively,
with butyllithium. The new compounds, 6 and 7, were ob-
tained as oils in 59-65% yields from the reactions of dimesi-
tylfluoroborane®! (Mes,BF, 8) with the corresponding lithi-
ated thiophenes as shown in Scheme 2. Lithiation of 6 by n-
butyllithium followed by addition of 5 gave 3 as an off-white
solid in 67 % yield. A similar procedure from 7 afforded 4
as a white solid in 71 % yield.

nBulLi, -78°C
S ! S
\ / S \ / BMes,
Q Mes,BF (8)

nBulLi, -78°C B s / \
—>
Mes,BF (8)

s BMes,

7

Scheme 2. Syntheses of new dimesitylborylthiophenes 6 and 7.

It is interesting to note that thiophenes with electron-do-
nating amino groups, such as those in 3, instead of the borol-
yl group have not yet been reported.™ The only reported
push—pull dithiophene involving a BMes, group has a pyrro-
lidin-1-yl ((CH,),N—) group in place of the borolyl substitu-
ent in 4.1° Related systems with Ph,N donors and B(Mes)-
4-fBuPh or B(Mes)-4-(poly)styryl groups!'™ as well as BPh,
and B(C¢Fs), acceptor moieties™ > have been examined
previously.
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X-ray structural analyses of 2, 3, and 4: The molecular struc-
tures of compounds 2, 3, and 4 were determined by single-
crystal X-ray diffraction (Figures 1-3). Bond lengths and tor-
sion angles of interest are listed in Table 1. The crystal struc-
ture of 2 contains three independent molecules (2A, 2B and
2C) in each unit cell; whereas for 3 there are two independ-

Figure 3. Molecular structure of 4. Ellipsoids drawn at 50 % probability.
Selected bond lengths in A: B(1)~C(11) 1.561(5); C(14)—C(15) 1.473(4);
C(18)—B(2) 1.541(5). Torsion angle for S(1)-C(14)-C(15)-S(2) 168.1°.

Figure 1. One of three independent molecules in the crystal structure of
2. Ellipsoids drawn at 50% probability. Selected bond lengths in A:
B(1)—C(11) 1.563(3); C(14)—C(17) 1.481(3); C(20)—B(2) 1.564(3). Tor- ent molecules (3A and 3B). The bond lengths observed for
sion angle for C(13)-C(14)-C(17)-C(18) 39.1°. the borolyl and BMes, substituents are typical of those

found in crystal structures of compounds containing a ben-
zodiazaborolyl?*3*¥! or a BMes,** group.

The B—C bond lengths of the bridges shorten slightly on
going from the arene bridge in 2 to the thiophene-contain-
ing bridges in 3 and 4. Even though the mesityl groups have
essentially the same twisted orientations in the solid-state
structures of 2—4, as shown by the torsion angles listed in
Table 1, the bridge Mes,B—C bond lengths are shortened by
about 0.02 A on going from the arene bridge in 2 to the
thiophene bridges in 3 and 4. This is in accord with X-ray
data for Mes,B-thiophene and Mes,B—arene compounds re-
ported elsewhere.[*'#! The B—C bond lengths involving the
borolyl groups are less affected by the nature of the bridge,
with a range of 1.556(2) and 1.568(3) A for 2-4. The torsion
angles between the planes of the borolyl groups and the
- > One of evend lecules i ih | 3 bridges vary considerably between 20.7 and 59.2°; the mea-
Elﬁ;)r; i(.is c;lrz Wontzosgn%egigbzghitn;(.) g:}le ;seijn gorel ;ﬁz:gthsstrilrllcz:r%(()l); sured B—C values ?nd torsion angles are similar to those in
C(11) 1.556(2): C(11)-C(12) 1381(2); C(12)~-C(13) 1.394(2); C(13) related borolyl-thiophenes and borolyl-arenes reported
C(14) 1.385(2); C(14)-B(2) 1.547(2). elsewhere.’* The two rings in the bridges in the three con-

formers of 2 are not coplanar
(36.1-39.1°), whereas the two

Table 1. Selected geometric parameters for systems 2—4. thiophene rings in 4 are orient-
2A 2B 2C 3A 3B 4 ed anti to one another and are

bond lengths [A] nearly coplanar (11.9°).

borolyl unit

B—C 1.563(3) 1.566(3) 1.568(3) 1.556(2) 1.557(3) 1.561(5)  Photophysical properties: The

B-N 1.435(3) 1.433(3) 1.433(3) 1.438(2) 1.438(2) 1.426(5) photophysical properties of 1-4

L431(3)  1435(3)  14343)  1433(2)  1432Q) 143009 . poied in Table 2 along with

BMes, unit
B-C 1564(3)  1.564(3)  1.569(3)  1547(2)  1548(3)  1541(5) related D-m-A, D-n-D, and A-
B—C(Mes) 1.585(3) 1.588(3) 1.586(3) 1.579(3) 1.577(3) 1.588(5) m@-A systems for comparison.

1.585(3)  1.586(3)  1.581(3)  1.583(3)  1.576(3)  1.577(6) The lowest energy UV absorp-

torsion angles [°] tion maxima for 1-4 decrease in

borolyl-C (N-B-C-C) 56.1 59.2 48.7 20.7 33.8 33.0

bridging C-BMes, (C-B-C-C/S) 202 14.6 122 14.0 239 23.1 energy and in intensity on
BMes, (C-B-C-C) 543 56.5 55.5 54.6 50.2 56.2 going from 1 to 2 to 3 to 4, but

61.3 59.9 61.2 63.3 59.2 61.8 these are not significantly influ-
aryl-aryl 39.1 37.6 36.1 enced by different solvents. The
thienyl-thienyl 168.1

small solvatochromic effects
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Table 2. Photophysical data of 1-4 and related systems.

Solvent Amax Amax € Solvato- A Amax Stokes @Dy Solvato-  Ref.
abs abs [M'em™]  chromic em em shift chromic
[nm]  [em™] shift [nm]  [em™']  [em™] shift
[em™] [em™]
D-n-A
C¢H,(NEt),BC,H,BMes, 1 THF 329 30400 31600 180 477 20960 9440 0.08 3370
cyclohexane 327 30580 29600 408 24510 6070 0.99
C¢H,(NEt),B(C¢H,),BMes, 2 THF 331 30210 25900 280 489 20450 9760 0.02 4330
cyclohexane 328 30490 23900 399 25060 5430 0.99
C¢H,(NEt),B(C,H,S)BMes, 3 THF 350 28570 20100 420 482 20750 7820 0.46 1610
cyclohexane 345 28990 19400 439 22780 6210 0.81
C¢H,(NEt),B(C,H,S),BMes, 4 THF 392 25510 32800 200 500 20000 5510 0.45 3060
cyclohexane 389 25710 11400 430 23260 2450 0.85
Me,NC¢H,BMes, methanol 358 27930 - 400 512 19530 8400 0.05 6380 [17]
CHClL, 358 27930 - 400 465 21510 6420 0.26 4000 [7,17]
cyclohexane 353 28330 26000 386 25910 2420 0.42 [7,17]
MeOC¢H,BMes, CHCl, 318 31450 - 0 372 26880 4570 - 1370 [7]
cyclohexane 318 31450 18000 354 28250 3200 - [7]
Me,N(C¢H,),BMes, acetonitrile 374 26740 28000 470 511 19570 8430 - [9]
CH,Cl, 376 26600 610 488 20490 6110 - [9]
cyclohexane 368 27210 - [9]
D-n-D
C,H,(NEt),BC,H,B(NE),C;H, THF 300 33330 20200 385 25970 7360 0.98 (34]
C,H,(NEt),B(C;H,),B(NEt),C;H,  THF 304 32890 427 23420 9470 052 30]
C,H,(NEt),B(C,H,S)B(NEt),C;H,  THF 316 31650 404 24750 6900  0.59 30]
C,H,(NE1),B(C,H,S),B(NE{),C;H, THF 351 28490 33000 48 230 6170 0.2 34]
A-m-A
Mes,BC;H,BMes, CHCI, 338 29590 23000 394 25380 4210 - (2,6]
Mes,B(C¢H,),BMes, CHClL, 342 29240 59000 423 23640 5600 - [2,6]
Mes,B(C,H,S)BMes, THF - - 440 22730 - [45]
Mes,B(C,H,S),BMes, THF 402 24880 53700 446 22420 2460 0.86 [14]

show that these systems have small dipole moments in the
ground state.

All of the compounds 1-4 are luminescent; the thiophenes
3 and 4 have moderate fluorescence quantum yields of @;=
0.45 and 0.46, respectively, in THF, whereas @, for the phe-
nylenes 1 and 2 is only 0.02 and 0.08, respectively. This con-
trasts with reported D-n-D systems in which the quantum
yields for systems containing phenylene bridges are superior
to systems containing thiophene bridges in THF (Table 2).
In cyclohexane, high fluorescence quantum yields of &=
0.99, 0.99, 0.81 and 0.85 were obtained for 1-4, respectively.
The nonradiative processes are presumably more efficient in
the polar solvent, THF, than in the nonpolar solvent, cyclo-
hexane, for 1-4. The Stokes shifts for 1, 2, and 3 are large,
with values of 5430-6210cm™' in cyclohexane, and more
modest for 4, being 2450 cm™! in cyclohexane. In all cases,
the Stokes shifts are significantly larger in the more polar
solvent, THF, and solvatochromic shifts in the emission
maxima of 1610-4330 cm™' are observed on changing the
solvent from cyclohexane to THF. Such large Stokes shifts
have been observed for related D-nt-D systems in which the
donor ends are borolyl groups (Table 2). It seems that large
Stokes shifts are characteristic of compounds containing
benzodiazaborolyl groups, whereas no large Stokes shifts
were observed with A-m-A systems containing dimesitylbor-
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yl groups (Table 2). Interestingly, the Stokes shift generally
increases on going from (C4H,S), < (C,H,S) < CsH, < (CsH,),
in all D-n-A, D-n-D, and A-n-A systems listed in Table 2.
The substantial solvatochromic shifts in the fluorescence
data for 1-4 may indicate that the compounds have relative-
ly large dipole moments in their singlet excited states, vide
infra. Indeed, experimental differences between ground-
and excited-state dipole moments, estimated using the Lip-
pert—-Mataga method, of 14.4 and 18.8 D have recently been
reported for 3 and 4, respectively, in a study of their solvato-
chromic and fluoride sensing properties.”? However, we
note that significant solvatochromic shifts in emission spec-
tra of the centrosymmetric para-disubstituted bis(1,3-dieth-
yl-1,3,2-benzodiazaborolyl)diphenylacetylene have recently
been reported.m Thus, the observed emission solvatochrom-
ism may reflect factors other than just changes in dipole mo-
ments.

It is instructive to compare the photophysical data of 1
and 2 with those of Me,NCH,BMes, and Me,N-
(C¢H,),BMes, in order to compare the borolyl group with
the strong m-donor Me,N group. The absorption maxima in
these compounds suggest that the borolyl group is a weaker
ni-donor group than the Me,N group; however, the data for
1 and MeOC¢H,BMes, imply that the borolyl group is a
stronger mt-donor group than the methoxy group.

Chem. Eur. J. 2012, 18, 1369-1382
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Geometry computations: Geometries of model compounds
1'-4', in which the ethyl groups were replaced by methyl
groups and the para-methyl groups of the mesityl moieties
were replaced by hydrogen atoms to reduce computational
effort, were optimized by means of DFT calculations at the
B3LYP/6-31G* level of theory. Important parameters of
these optimized geometries are listed in Table 3 to compare

Table 3. Comparison of selected parameters for calculated geometries
1'-4' and experimental (averaged) geometries 2—4.

1 2 2 3 3 4 4
bond lengths [A]
borolyl unit
B—C 1.565 1.566 1.564 1.557 1.558 1.561 1.556
B—-N 1442 1433 1442 1435 1442 1428 1.442
BMes, unit
B—C 1.571 1566 1.569 1.548 1.548 1.541 1.544
B—C(Mes) 1.588 1.585 1.588 1.579 1.588 1.583 1.589
torsion angles [°]
borolyl-C 497 547 502 273 451 330 433
C-BMes, 222 157 216 190 174 231 162
BMes, 574 581 574 568 586 59.0 588
aryl-aryl 37.6 359
thienyl-thienyl 168.1 175.6

with experimental data for 2-4. The agreements between
optimized and experimental B—C bond lengths on the
bridges are very good. The largest geometric differences be-
tween the optimized and experimental geometries are the
torsion angles between the planes of the thiophene ring and
the borolyl group in 3 and 4 by 17.8 and 10.3°, respectively.
Constraining the torsion angle to 27.3° (which is the aver-
aged experimental value for 3 in the solid-state) in 3’ and
optimizing the rest of the geometry gives a structure that
lies 0.5 kcalmol ™" higher in energy than the minimum of 3'.
This energy difference suggests that a modest rotation barri-
er is present at the B—C bond between the borolyl group
and the thiophene bridge.

The model compounds 9, 10’, 11, and 12’, shown in
Scheme 3, were therefore examined to estimate the rotation-
al energy barriers at the B—C bonds between the borolyl or

Me

N‘ S S,
SRTeINDS

N

2 -

1" 12"

Scheme 3. Model compounds, with the torsion angles shown in bold, ex-
amined for rotation barriers at the B—C bonds.

Chem. Eur. J. 2012, 18, 1369 -1382
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BMes, group and a phenyl or thienyl group. Relative ener-
gies and B—C bond lengths with respect to the torsion
angles involving the bonds viewed in bold in Scheme 3 are
listed in Table S1 in the Supporting Information. The pre-
ferred conformation in all cases involves the twisting of both
borolyl and BMes, groups with respect to the phenyl or
thienyl planes. A very good agreement is found in the struc-
tural parameters between the fully optimized geometry of
10’ and the X-ray determined geometry of Mes,BPh.*! The
energies required for the borolyl group to become coplanar
with the phenyl and thienyl groups are 6.5 and 3.0 kcal
mol ™, respectively. In contrast, the energies required for the
BMes, group to become coplanar with phenyl and thienyl
groups are only 1.3 and 0.3 kcalmol ™', respectively.

Molecular orbital computations: To compare the frontier or-
bitals (HOMO, LUMO) of the si-donor and m-acceptor end
groups, the geometries of C¢H,(NEt),BH and HBMes,*!
were optimized and their MOs computed. Figure 4 shows

3
%B =16
2 2.36
1 Q’ D n-acceptors
g (2 T %B =47
-1 %N = -6 @ %N =43
£ 2 -1.59
(V) -3— 232
-4~ MeNH CgH4(NEY),BH HBMes, HNO,
-5
& -5.37
6 -5.85 594
7 %B =13
8~ ? 5 %N =4
9 %N=75 %B =2 875
n-donors

Figure 4. Comparison of frontier orbitals for Me,NH, C¢H,(NEt),BH,
HBMes,, and HNO,.

their frontier orbitals and energies determined using
B3LYP/6-31G*. The orbitals of Me,N and NO, as strong -
donor and m-acceptor end groups, respectively, are also rep-
resented using Me,NH and HNO, molecules for compari-
son. The HBMes, compound has 47% boron character
(empty p orbital) in its LUMO reflecting the strong m-ac-
ceptor properties of the BMes, moiety.

The borolyl group is an electron donor based on a similar
HOMO energy of C¢H,(NEt,),BH to that of HNMe,. Irre-
versible oxidation waves have been reported from cyclic vol-
tammetry data of some C¢H,(NEt),BR systems.'"*! The D-
ni-D analogue of 2, C¢H,(NEt),B(C,H,CcH,)B(NEt),C,H,,
shows an irreversible oxidation wave at 1.33 V which may
be compared to that of related D-n-D biphenyls,
Me,NC.H,C;H,NMe, at 0.35 V¥ and MeOCH,C,H,OMe
at 1.37 V.¥' The CV data thus suggest that the C¢H,(NEt),B
unit, as an electron donor, behaves like a MeO group if at-
tached to an aromatic ring. Some p-orbital character exists

www.chemeurj.org — 1373
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at the B atom in the HOMO of CsH,(NEt),BH, but it repre-
sents only 13% of the HOMO composition. The HOMO
for the benzodiazaborolyl moiety is similar to the HOMO
for the diazaborolyl moiety of H,C,(NfBu),BH.*! These
borolyl moieties are essentially aromatic m-donors rather
than a p-orbital donor such as Me,N. The benzodiazaborolyl
group can thus be regarded as a ten-electron m-donor group,
isoelectronic with indole, the indenyl anion, and benzimidi-
zolium cation. The borolyl group also contains 16 % boron
character (empty p orbital) in its LUMO. This borolyl group
can thus bond to a fluoride anion, as has been shown experi-
mentally for CgH,(NEt),B(C,;H,S),H (n=12)," [{CH,-
(NEt),B(C,H,S)},] and 1,3,5-[C¢H,(NEt),B(C,H,S)];CH,.P
The substantially higher energy and smaller B atom contri-
bution in the LUMO for C¢H,(NEt),BH compared to the
LUMO for HBMes, indicate that the BMes, group in the
push—pull systems 1-4 is more likely to bind to a fluoride
anion than the borolyl group. This has very recently been
demonstrated experimentally for compounds 3 and 4,°? sup-
porting our computational results.

The energies and compositions of the important molecu-
lar orbitals for 1-4 are listed in Tables S2-S5 in the Support-
ing Information, and the frontier orbitals of these systems
are shown in Figures 5-8. As expected from Figure 4, the
HOMOs are mainly located on the benzodiazaborolyl
moiety whereas the LUMOs are situated at the BMes,
groups. The involvement of the bridge in these HOMOs and
LUMOs increases on going from 1’ to 3’ to 2’ to 4. The di-
thiophene bridge makes up 63 % of the LUMO and 34 % of
the HOMO in the frontier orbitals for 4. Table 4 lists the
MO energies for model compounds 1’4’ and related D-n-A,
D-n-D, and A-m-A systems to examine closely whether the

Table 4. Comparison of B3LYP/6-31G* HOMO, LUMO and HOMO-
LUMO gap (HLG) energies [in eV] for model geometries of 1'-4" and re-
lated D-n-A, D-nt-D and A-m-A systems.

LUMO HOMO HLG

CH,(NMe),BC,H,BMes, 1 -177 -537  3.60
Me,NC4H,BMes, ~124  —529 405
MeOC,H,BMes, 148  —600 452
C.H,(NMe),BC,H,B(NMe),C,H, —071  -527 456
Mes,BC,H,BMes, 213 —620 407
C,H,(NMe),B(C4H,),BMes, 2 183  -533 350
Me,N(C¢H,),BMes, —1.58 —5.06 3.48
MeO(C;H,),BMes, 169  -567 398
C,H,(NMe),B(C4H,),B(NMe),C.H, ~1.08  -526  4.18
Mes,B(C¢H,),BMes, —2.04 —6.15 4.11
C,H,(NMe),B(C,H,S)BMes, ¥ 186  —540 354
Me,N(C,H,S)BMes, 131  -521 390
MeO(C,H,S)BMes, —1.54 —5.80 4.26
CH,(NMe),B(C,H,S)B(NMe),C.H, —091  -522 431
Mes,B(C,H,S)BMes, —2.29 —6.18 3.89
C.H,(NMe),B(C,H,S),BMes, ¢ 211 531 320
Me,N(C,H,S),BMes, 176  -48  3.10
MeO(C,H,S),BMes, —1.90 —5.30 3.40
C¢H,(NMe),B(C,H,S) ,B(NMe),C,H, -1.54 —5.11 3.57
Mes,B(C,H,S),BMes, —2.42 —5.75 333
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Figure 5. Orbital transitions for 1’ with corresponding «; value for
B3LYP and CAM-B3LYP functionals. MOs shown in this and subsequent
figures are from B3LYP/6-31G* which are indistinguishable to MOs from
CAM-B3LYP/6-31G*.

borolyl group behaves more like a MeO group or a Me,N
group when connected to different m-rings. Comparing the
HOMO energies of 1'-4’ with those of the MeO and Me,N
analogues, it can be seen that the borolyl group is more like
the Me,N group for 1’, between MeO and Me,N for 2’ and
3 and similar to the MeO group for 4. In general, the
HOMO-LUMO gaps (HLG) are considerably smaller for
the dithiophene systems compared to the other three.

TD-DFT computations—absorption: To provide insight into
the optical absorption process, TD-DFT was used to study
the lowest vertical excitation in the four models, 1'-4'. Sin-
glet vertical excitation energies and oscillator strengths were
determined using the B3LYP and CAM-B3LYP™! ex-
change-correlation functionals at their respective ground-
state geometries. B3LYP is a hybrid functional containing
20% exact orbital exchange at all interelectronic distances.
It is well-established that the low percentage at large distan-
ces can lead to underestimated, spurious charge-transfer ex-
citations.* CAM-B3LYP is a Coulomb-attenuated function-
al, whereby the amount of exact exchange increases with in-
terelectronic distance, to a limiting value of 65%. Studies
have demonstrated that this functional provides significantly
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Figure 6. Orbital transitions for 2’ with corresponding «x; value for
B3LYP and CAM-B3LYP functionals.

improved long-range excitation energies, such as those of
charge-transfer character.”*> A diagnostic test was used to
help identify problematic excitations in B3LYP.P! The test
states that when the degree of spatial overlap between the
occupied and virtual orbitals involved in the excitation, as
measured using a parameter /1, is at or below approximately
0.3 for a hybrid functional, then the excitation will be signif-
icantly underestimated. Each TD-DFT excitation contains
contributions from all symmetry-allowed occupied-virtual
orbital pairs and the contribution of each pair was quanti-
fied using the parameter x;,,= X, + Y,,, in which X and Y are
the solutions to the usual TD-DFT generalized Eigenvalue
problem.F”*®l Results are presented in Table 5 and dominant
orbital transitions are presented in Figures 5-8.

For 1’ and 2, the B3LYP A values are only 0.31 and 0.25,
respectively, and so the diagnostic test predicts that both ex-
citation energies are unreliable. For 3'and 4', the A values
are larger, being 0.39 and 0.54, respectively, and so the diag-
nostic test does not predict a breakdown. Despite this, the
excitations are of long-range character and so the accuracy
of the B3LYP description must still be questionable. The sit-
uation somewhat resembles a study®™ in which a long-range
excitation was shown to be significantly in error, despite ex-
hibiting a large value of /. For all four molecules, B3LYP
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Figure 7. Orbital transitions for 3’ with corresponding «; value for
B3LYP and CAM-B3LYP functionals.

predicts that the character of the excitation is essentially
pure HOMO to LUMO, as shown in Figures 5-8, indicating
strong charge-transfer character. In moving to CAM-B3LYP,
all excitation energies increase and, importantly, the charac-
ter of the excitations change considerably, as shown in Fig-
ures 5-8. For 1’ and 2’, the HOMO to LUMO (charge-trans-
fer) transition still contributes, but its contribution is smaller
than that of the other local transitions that do not involve
the borolyl group. For 3’ and 4', the HOMO to LUMO tran-
sition is dominant, but there are now other significant con-
tributions. Overall, therefore, CAM-B3LYP predicts signifi-
cantly less charge-transfer character in the lowest vertical
excitation than B3LYP. Given that B3LYP is known to intro-
duce spuriously low charge-transfer states and that CAM-
B3LYP contains the necessary physics (long-range exact ex-
change) to fix this deficiency, we suggest that the CAM-
B3LYP picture is more representative of the actual absorp-
tion process. In support of this, we have performed addition-
al high-level ab initio CCSD calculations on a simpler
model system, 1-(H,N),B-4-(H,B)C¢H,. Once again, B3LYP
predicts a low /1 excitation in which a single orbital transi-
tion is dominant, whereas CAM-B3LYP predicts that addi-
tional orbital transitions are present. CCSD predicts the
same picture as CAM-B3LYP.
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Figure 8. Orbital transitions for 4’ with corresponding «;, value for
B3LYP and CAM-B3LYP functionals.

As is common in such calculations, the excitation energies
in Table 5 are not strictly comparable with the 4,,, values,
due to the presence of vibrational structure in the latter.
However, it is clear that CAM-B3LYP does correctly predict
the variation in the excitation energies between the four sys-
tems. In addition, while the calculations are based on static
geometries, an ensemble of geometries will exist in solution,
differing, for example, in the dihedral angles between rings.
A barrier of about 3.8 kcalmol™' was calculated for rotation
around the central thiophene—thiophene bond in the ground
state of 4. In this regard, we note that the oscillator
strengths are very sensitive to the torsion angles in mole-
cules 2’ and 4.

Excited-state structures: Table 6 lists selected bond lengths
and angles for the optimized (S;) excited-state geometries
for 14’ at both B3LYP/6-31G* and CAM-B3LYP/6-31G*
levels. Comparison of the data with the ground-state geome-
tries in Table 3 reveals that at B3LYP/6-31G* the most sig-
nificant structural changes involve the borolyl units. Figure 9
shows important bond lengths in the two states for 2'. The
B—C bonds are shorter by 0.04 A, whereas the B-N bonds
are longer by 0.04 A in the borolyl groups for the excited-
state geometries compared to the ground-state geometries
in all molecules. The bridges and the BMes, groups are not
significantly altered and the twisting angles between the
donor, link, and acceptor still remain largely unchanged on
going from the ground state to the excited state. Optimized
excited-state geometries carried out at CAM-B3LYP/6-31G*
reveal similar geometries as those from B3LYP/6-31G* for
the short molecules, 1" and 3, but differ for the long mole-
cules, 2’ and 4. The CAM-B3LYP geometries show less
twisting between the boron-containing groups and the
bridges than the B3LYP geometries, but remain nonplanar.

Table 5. TD-DFT data for the first vertical excitation using B3ALYP and CAM-B3LYP functionalsfor 1-4".

Observed B3LYP Osc. strength Transition (k;,) CAM-B3LYP Osc. strength Major transitions (r;,)
[eV] [eV] (f] [eV] [f]
1 3.78 3.19 0.234 HOMO —LUMO (0.69) 4.22 0.096 HOMO—LUMO (011)
HOMO-3—LUMO (0.62)
HOMO-4—LUMO (0.22)
2 3.78 3.19 0.274 HOMO —LUMO (0.70) 4.23 0.763 HOMO —LUMO (0.27)
HOMO-2—LUMO (0.51)
2/(0)1 3.10 0.343 HOMO —LUMO (0.69)  4.08 1214 HOMO—LUMO (0.38)
HOMO-2—LUMO (0.53)
2/(90)1# 3.37 0.004 HOMO —LUMO (0.70)  4.28 0.080 HOMO-3—LUMO (0.64)
3 3.60 3.10 0.266 HOMO —-LUMO (0.69) 4.04 0.584 HOMO —LUMO (0.55)
HOMO-4—LUMO (0.36)
4 3.19 2.85 0.677 HOMO —-LUMO (0.67) 3.57 1127 HOMO —LUMO (0.55)
HOMO-1—LUMO (0.40)
40y 2.84 0.619 HOMO —LUMO (0.67)  3.55 1.134 HOMO—LUMO (0.55)
HOMO-1—LUMO (0.40)
4(90)" 3.14 0.005 HOMO —LUMO (0.70) 422 0.069 HOMO—4—LUMO (0.56)

HOMO-5—LUMO (0.33)

[a] From a partly-optimized geometry with a fixed torsion angle between the two phenylene rings. [b] From a partly-optimized geometry with a fixed tor-

sion angle between the two thiophene rings.
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Table 6. Comparison of selected parameters for calculated S, excited-state geometries of 1'—4'.

1 1 2 2 3 ¥ 4 4
B3LYP CAM-B3LYP B3LYP CAM-B3LYP B3LYP CAM-B3LYP B3LYP CAM-B3LYP
bond lengths [A]
borolyl unit
B—C 1.526 1.499 1.527 1.531 1.513 1.491 1.513 1.529
B—N 1.484 1.486 1.480 1.453 1.483 1.481 1.478 1.447
BMes, unit
B—C 1.556 1.533 1.541 1.541 1.544 1.523 1.528 1.532
B—C(Mes) 1.595 1.592 1.601 1.587 1.592 1.588 1.596 1.584
torsion angles [°]
borolyl-C 58.1 313 46.1 35.8 385 19.1 30.8 292
C-BMes, 19.2 16.2 16.4 20.0 20.9 14.7 13.5 15.5
BMes, 542 55.7 57.0 53.8 56.9 59.2 60.2 59.3
522 55.0 573 54.8
aryl-aryl 214 10.1
thienyl-thienyl 178.8 180.0

This is consistent with the recent observation™! that func-
tionals with insufficient exact exchange tend to artificially
favor twisted geometries due to their increased charge-trans-
fer character. In the CAM-B3LYP S, geometries for 2’ and
4', the borolyl groups do not alter geometrically compared
to their respective S, geometries. The two-ring bridges, how-
ever, are flatter and have quinoidal character. The bonds
linking the identical rings are 1.429 and 1.391 A for 2’ and
4, respectively, compared to 1.483 and 1.447 A for the cor-
responding bonds at the ground states. Figure 9 shows the
bond-length differences between the B3LYP and CAM-
B3LYP for the S, state of 2'.

The link between the CAM-B3LYP excited-state geome-
tries and the occupied molecular orbitals involved in the
lowest energy CAM-B3LYP transitions for all models is re-
vealing. Only models 2'and 4’ contain occupied molecular
orbitals involving bridge character that contribute to the
transitions.

Q

1 48
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Emission and Stokes shift: To provide insight into the opti-
cal emission process, vertical excitation energies were deter-
mined from the ground to first excited state, at the opti-
mized excited-state structure. The reverse of this process is
emission, that is, fluorescence. Results of our TD-DFT cal-
Figure 9. Selected bond lengths of optimized geometries for 2’at ground culations are presented in Table 7. Interestingly, the “emis-

(Sy) and excited (S,) states at B3LYP/6-31G*. The optimized S, geometry P s . : a1
of 2 at CAM-B3LYP is included for comparison. sion” transitions computed using CAM-B3LYP exhibit an
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Table 7. TD-DFT data using B3LYP and CAM-B3LYP functionals for S, excited-state geometries 1'—4'.

Observed B3LYP Osc. strength Transition (;,) CAM-B3LYP Osc. strength Major transitions (x;,)
[eV]* [eV] [f] [eV] [f]
1 3.04 2.55 0.144 HOMO —LUMO (0.71) 3.46 0.695 HOMO —LUMO (0.66)

HOMO —LUMO +1 (0.15)
HOMO-—4—LUMO (0.13)

b 311 2.55 0327 HOMO —LUMO (0.70) 3.54 1.455 HOMO —LUMO (0.54)
HOMO-2+LUMO (0.41)
3 2.83 2.53 0.262 HOMO —LUMO (0.71) 323 0.718 HOMO —LUMO (0.67)
HOMO-—4—LUMO (0.14)
& 2.89 238 0.703 HOMO —LUMO (0.70) 2.96 1.248 HOMO —LUMO (0.65)

HOMO-1—LUMO (0.25)

[a] In cyclohexane.
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increased charge-transfer character at this new geometry,
with respect to that seen in absorption, in the sense that the
HOMO —~LUMO transition is now dominant for all four
systems. This is valid provided that the HOMO and LUMO
at the excited-state geometries resemble those at the
ground-state geometries.

The geometrical reorganization of the borolyl group may
be responsible for the substantial Stokes shifts (0.67—
0.77 eV) observed in the photophysical data for 1-3 here
and in other organic systems containing borolyl groups. Ob-
served and computed Stokes shift values are compared in
Table 8. The agreement between values calculated using

Table 8. Comparison of observed and computed Stokes shifts [in eV].

Observed® B3LYP CAM-B3LYP
1 0.74 0.64 0.76
2 0.67 0.64 0.69
3 0.77 0.57 0.81
4 0.30 0.47 0.61

[a] In cyclohexane.

CAM-B3LYP and observed values is very good for 1-3, but
less good for dithiophene 4. As expected, the computed
value for 4’ is quite sensitive to the thiophene-thiophene
torsion angle using either functional, and a barrier of only
about 3.8 kcalmol ' was calculated for rotation around the
central C—C bond of 4’ in the ground state.

Dipole moments: The dipole moment differences between
the ground and excited states for 3 and 4 have very recently
been estimated from solvatochromic data using the Lippert—
Mataga model.’” It is worth bearing in mind the fact that
even centrosymmetric bis(benzodiazaborolyl) compounds
can show strong solvatochromism in emission, vide supra.
Notwithstanding this, we computed dipole moments for
both ground and excited states of models 1'—4’, using both
B3LYP and CAM-B3LYP functionals; the values are listed
in Table 9. The values labeled S, and S((S,) are the ground-
state dipole moments evaluated at the optimized ground-

Table 9. Dipole moments in Debye (B3LYP/6-31G* and CAM-B3LYP/6-
31G*).

1 2 3 4
B3LYP S, 0.1 0.1 1.0 1.1
B3LYP Sy(S)) 0.6 0.1 1.0 1.1
B3LYP S, 23.7 333 18.4 20.7
B3LYP S,(S,) 243 374 20.6 225
B3LYP S;-S, 23.6 332 17.4 19.6
experimental estimate!®! 14.4 18.8
CAM-B3LYP S, 0.2 0.1 1.0 0.7
CAM-B3LYP Sy(S)) 0.4 0.2 1.1 1.0
CAM-B3LYP §,; 14.9 9.2 11.6 6.3
CAM-B3LYP S;(Sy) 53 2.7 8.3 6.5
CAM-B3LYP S-S, 14.7 9.1 10.6 5.6
experimental estimate!®! 14.4 18.8

[a] Estimated from solvatochromic data using the Lippert-Mataga
model.*
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state and first-excited-state structures, respectively. S; and
Si(Sy) are the first-excited-state dipole moments evaluated
at the optimized excited-state and ground-state structures,
respectively. The S;(S,) dipole moments computed using
B3LYP/6-31G* are notably larger than those using CAM-
B3LYP/6-31G*, consistent with our observation that the
former theory predicts more charge-transfer character in ab-
sorption. Of interest is the fact that B3LYP predicts larger
changes in dipole moment (S;(S,)-S,) for the two-ring
bridged systems 2’ and 4’ than for the one-ring bridged com-
pounds 1’ and 3’, whereas CAM-B3LYP predicts the oppo-
site. This is clearly due to the greater bridge contributions
found using the CAM-B3LYP functional. In addition, for all
but 4, CAM-B3LYP predicts that vibrational relaxation in
the S, excited state leads to an increase in dipole moment.
This is consistent with the increased HOMO —LUMO char-
acter computed for emission compared with that for absorp-
tion. Experimental values estimated from solution solvato-
chromic data are also presented, but extreme caution must
be used in interpreting such values and comparing with the-
oretically determined quantities.

Conclusion

Four novel organic D-wt-A systems containing three-coordi-
nate boron moieties as both donor and acceptor were syn-
thesized with benzodiazaborolyl groups as mt-donors and di-
mesitylboryl groups as m-acceptors. The compounds are all
fluorescent with large Stokes shifts up to 9800 cm™. While
the electron-accepting property of the dimesitylboron group
is known to be between that of the cyano and nitro group,
the photophysical studies and computations show that the
electron-donating effect of the benzodiazaborolyl group is
between that of dimethylamino and methoxy groups. Molec-
ular orbital calculations on these novel organic D-m-A sys-
tems show the HOMO to be mainly located on the borolyl
group and the LUMO to be mainly located on the BMes,
group, but the involvement of the n-bridge (phenylene, bi-
phenylene, thiophene, dithiophene) between these groups in
these frontier orbitals vary, being dominant in the dithio-
phene derivative. Insight into the absorption and emission
processes is provided by TD-DFT calculations using both
B3LYP and CAM-B3LYP functionals, which also allowed us
to compare their behavior. B3LYP predicts that both the ab-
sorption and emission processes are strongly charge-transfer
in character. CAM-B3LYP predicts only a limited amount
of charge-transfer in absorption, but somewhat more in
emission. CAM-B3LYP, unlike B3LYP, does contain the
physics necessary to describe charge-transfer excitations. In
the excited-state (S;) geometries, the borolyl group is signifi-
cantly altered compared to the ground-state (S,) geometries.
This borolyl group reorganization in the excited state is be-
lieved to be responsible for the large Stokes shifts in organic
systems with benzodiazaborolyl groups reported here and
elsewhere.
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Experimental Section

All manipulations were performed under an atmosphere of dry oxygen-
free argon using Schlenk techniques. All solvents were dried with the
usual drying agents and then freshly distilled prior to use. The com-
pounds 4-bromophenyldimesitylborane,”! 2-bromo-1,3-diethyl-1,3,2-ben-
zodiazaborole (5),**! 4'-bromo-4-dimesitylboryl-biphenyl,”” dimesityl-
fluoroborane (8),** and 5,5'-dibromodithiophene!®! were prepared ac-
cording to literature methods, and 4,4'-dibromobiphenyl and 1,4-dibro-
mobenzene were purchased from Acros. NMR spectra were recorded
from solutions at room temperature in C4Dg or CDCl; (unless otherwise
stated) on a Bruker AM Avance DRX500 spectrometer (‘H, ''B, '*C)
with SiMe, ("H,"*C) and BF;OEt, ("'B) as external standards. Some ex-
pected broad "C peaks corresponding to the carbon attached to boron
were not detected above the noise levels. Mass spectra were obtained
with a VG Autospec sector field mass spectrometer (Micromass). For de-
tailed spectroscopic data see the Supporting Information. Absorption
spectra were measured with a UV/VIS double-beam spectrometer (Shi-
madzu UV-2550). For details see the Supporting Information.
4-(Dimesitylboryl)-1-(1',3'-diethyl-1',3',2’-benzodiazaborol-2’-yl)benzene
(1): A solution of 1.6M n-butyllithium (1.90 mL, 3.04 mmol) in n-hexane
was added to a solution (—78°C) of (4-bromophenyl)(dimesityl)borane
(0.79 g, 295 mmol) in THF (25mL). The mixture was stirred 1h at
—78°C before a sample of neat 5 (0.75 g, 2.96 mmol) was added. The re-
action mixture was warmed to ambient temperature with stirring for
16 h. Solvent and volatile components were removed in vacuo. The solid
residue was triturated three times with boiling n-hexane. The filtrate was
evaporated to dryness and the residue was crystallized from n-hexane to
afford a colorless microcrystalline solid 1 (0.99 g, 67 % yield). Elemental
analysis caled (%) for C3H,B,N,: C 81.95, H 8.09, N 5.62; found: C
81.89, H 7.99, N 5.43.
4'-Dimesitylboryl-4-(1”,3",2"-benzodiazaborole-2"-yl)-biphenyl (2): A so-
lution of 1.6M n-butyllithium (2.40 mL, 3.84 mmol) in n-hexane was
added to a solution (—78°C) of 4'-bromo-4-dimesitylborylbiphenyl
(1.80 g, 3.74 mmol) in THF (40 mL). The mixture was stirred 1h at
—78°C before a sample of neat 5 (0.97 g, 3.84 mmol) was added. Stirring
was continued for 1 h at —78°C and for 16 h at room temperature. After
evaporation to dryness the residue was

suspended in toluene (30 mL) and the
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for C3,H3B,N,S: C 76.21, H 7.59, N 5.55; found: C 76.09, H 7.73, N 5.50.
5-(Dimesitylboryl)-5"-(1¢,3”-diethyl-1%,3”,2¢-benzodiazaborol-2"-yl)-2,2'-
dithiophene (4): A solution of 1.6m n-butyllithium (1.79 mL, 2.87 mmol)
in n-hexane was added to a chilled solution (—78°C) of 7 (1.35¢g,
2.74 mmol) in n-hexane (30 mL). After stirring for 30 min, the mixture
was warmed to ambient temperature and stirring was pursued for anoth-
er 3 h. A sample of neat 5 (0.69 g, 2.74 mmol) was added and stirring of
the mixture was continued for 16 h at 20°C. The resulting slurry was fil-
tered, and the filtrate was freed from solvent and volatile components in
vacuo. The solid residue was dissolved in a minimum amount of boiling
n-hexane and after cooling to room temperature, the solution was stored
overnight at —35°C to give a yellow solid 4 (1.34 g, 71 % yield). Elemen-
tal analysis calcd (%) for C;HyB,N,S,: C 73.73, H 6.87, N 4.78; found:
C 73.68, H 6.74, N 4.60.

2-Dimesitylborylthiophene (6): A solution of 1.6M n-butyllithium
(4.33 mL, 6.93 mmol) in n-hexane was added to a solution of thiophene
(0.53 g, 6.30 mmol) in THF (30 mL) at —78°C. The mixture was warmed
to 20°C and stirred for 1 h before a solution of 8 (1.69 g, 6.30 mmol) in
THF (20 mL) was added. After stirring over night, the solution was
washed with water (100 mL) and the aqueous phase was extracted with
diethyl ether. (2x100 mL). The combined organic fractions were dried
over anhydrous Na,SO, and volatiles were removed in vacuo. The re-
maining oil was purified by column chromatography at silica gel, and 6
were obtained as colorless oil (1.23 g, 59% yield). Compound 6 was iden-
tified by 'H and "B NMR spectroscopy.

5-Bromo-5'-dimesitylboryl-2,2'-dithiophene (7): A solution 1.6M n-butyl-
lithium (2.9 mL, 4.7 mmol) in n-hexane was added dropwise to a solution
of 5,5'-dibromo-2,2'-dithiophene (1.34 g, 4.24 mmol) in THF (40 mL) at
—78°C and the resulting mixture was then stirred for 30 min. The mixture
was warmed to room temperature, stirred for 1h and then cooled to
—78°C. Then a solution of 8 (1.11 g, 4.24 mmol) in n-pentane (30 mL)
was added and the mixture was warmed to 20°C. After stirring overnight,
the reaction mixture was added to water (100 mL), the organic layer was
separated and the aqueous layer was washed with diethyl ether (2x
200 mL). The combined organic extracts were dried over anhydrous
Na,SO,. The solvents were removed in vacuo. The crude residue was pu-
rified by column chromatography on silica gel with cyclohexane to afford

obtained slurry was filtered. The fil-  Table 10. Crystallographic data for compounds 2, 3, and 4.

trate was concentrated and stored at

—35°C for 2d and a colorless micro-
crystalline product 2 was obtained
(1.16 g, 54 % yield). Elemental analysis
caled (%) for C,H,B,N,-0.5CH,Cl,:
C 74.69, H 7.03, N 4.25; found: C
74.98; H 7.30, N 4.14.
2-Dimesitylboryl-5-(1',3',2"-benzodia-
zaborol-2'-yl)-thiophene (3): A solu-
tion of 1.6M n-butyllithium (1.75 mL,
2.81 mmol) in n-hexane was added to
a solution (—78°C) of 2-dimesitylbor-
ylthiophene (6) (0.85 g, 2.56 mmol) in
THF (40 mL). Stirring was continued
for 15 min and for another 60 min at
ambient temperature. The reaction
mixture was re-cooled to —78°C and
then neat 5 (0.65g, 2.56 mmol) was
added. The solution was warmed to
room temperature and stirred for 6 h.
After removing solvent and volatile
components in vacuo, the remaining
green oil was purified by short-path
distillation (350°C, 10~° bar) to give an
off-white solid. Recrystallization of the
solid from n-pentane at —35°C gave
colorless crystals of 3 (0.80¢g, 67%
yield). Elemental analysis calcd (%)
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2 3 4
formula C,H,,B,N, CH,Cl, C;,HyB,N,S Cy3HyBoN,S,
M, [gmol '] 659.32 504.32 586.44
crystal size [mm] 0.30x0.26x0.24 0.16x0.12x0.04 0.30x0.16x0.05
crystal system monoclinic triclinic orthorhombic
space group P2\/n P1 Pna2,
a[A] 9.6086(2) 9.1341(2) 35.908(11)
b [A] 36.0766(7) 16.4987(4) 11.664(5)
c[A] 31.4181(6) 19.1034(4) 7.749(3)
a [°] 90 89.1668(12) 90
B 1°] 95.3049(6) 88.3439(12) 90
y [°] 90 89.5897(13) 90
VA 10844.3(4) 2877.32(11) 3246(2)
V4 12 4 4
Peatea [gEM ] 1.212 1.164 1.200
u [nm™] 0.211 0.136 0.192
F (000) 4200 1080 1248
0 [°] 3.0-25.0 3.0-27.5 3.2-275
reflns collected 93795 62524 31152
unique reflns 19032 13184 7028
R (int) 0.040 0.049 0.1133
reflns observed [I>20([)] 15447 9643 4142
parameters 1299 683 387
GOF 1.025 1.025 1.014
Ry [I>20(1)] 0.0501 0.0479 0.0594
wRp (all data) 0.1358 0.1248 0.1297
APrmarimin [€ A7 0.899/—-0.633 0.276/—0.309 0.322/-0.236
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7 as a light yellow oil (1.35 g, 67 % yield). Compound 7 was identified by
'H and "B NMR spectroscopy.

Computational studies: All ab initio computations at B3LYPI%/6-
31G** Jevel were carried out with the Gaussian 03 package.”! The
Gaussian 09 package!® was used for CAM-B3LYP*/6-31G* computa-
tions. The model and full geometries discussed herein were optimized at
B3LYP/6-31G* level with no symmetry constraints, or partially optimized
with a constrained dihedral angle using the keyword OPT(Z-MAT). Fre-
quency calculations carried out on these fully optimized geometries
showed no imaginary frequencies. The electronic structure and TD-DFT
computations were also carried out at the same level of theory. In addi-
tion, TD-DFT computations at CAM-B3LYP*//6-31G* were carried out
on starting B3LYP/6-31G* geometries. Each TD-DFT excitation contains
contributions from all symmetry-allowed occupied—unoccupied orbital
pairs and the contribution of each pair was quantified using the parame-
ter k;,=X;,,+ Y, in which X and Y are the solutions to the usual TD-
DFT generalized Eigenvalue (TD-DFT)”! problem. The MO diagrams
and orbital contributions were generated with the aid of Gabedit!”! and
GaussSum!®® packages, respectively. Ground-state dipole moments were
determined in the conventional manner, as the expectation value of the
dipole operator using the ground-state density. For excited states, the
dipole moments were determined as energy derivatives.

Crystallographic studies: Crystallographic data were collected with a
Nonius Kappa CCD diffractometer with Mo, radiation (graphite mono-
chromator, 1=0.71073 A) at 100 K. Crystallographic programs used for
structure solution and refinement were SHELXS-97 and SHELXL-97.1%!
The structures were solved by direct methods and were refined by using
full-matrix least squares of F of all unique reflections with anisotropic
thermal parameters for all non-hydrogen atoms. Hydrogens atoms were
included at calculated positions with U(H)=1.2U,, for CH, groups and
U(H)=1.5U,, for CH; groups. Crystallographic data for the compounds
are listed in Table 10. CCDC-832085 (2), CCDC-832086 (3), and CCDC-
832087 (4) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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