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9-Borafluorene derivatives 1 (9-R = Et (a), Ph (b), CI (c), NEt, (d)), the pyridine adduct 1py*
and 1,2-(2,2-biphenylylene)-1,2-diethyldiborane(6) (3), were studied by ''B and '3C NMR
spectroscopy to obtain a fairly complete data set for the first time. The molecular structure
of the doubly hydrogen-bridged 1,2-diphenylenediborane 3 was determined by X-ray diffrac-
tion. The gas-phase structures of the compounds 1, related derivatives, and of some doubly
hydrogen-bridged 1,2-diphenylenediboranes were optimized by quantum chemical calcula-
tions (B3LYP/6-311+G(d,p) level of theory) and NMR parameters, such as chemical shifts,
1B chemical shift tensors and indirect nuclear *C-!'B spin-spin coupling constants were
calculated at the same level of theory and compared with experimental data.
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Following the pioneering work of Koster!, 9-borafluorene derivatives have
attracted considerable interest in synthesis as well as in theory. The rigid
tricyclic planar framework offers the 9-borafluorenyl group as an attractive
substituent?-®. Recently, the strongly Lewis-acidic perfluorinated 9-bora-
fluorene derivatives’®’? were shown to be promising catalysts in polymer-
ization, e.g. of isobutene’¢. Similarly, the unusual coordination chemistry
of 9-borafluorene derivatives is of interst’d, as well as related heterocycles
derived from 1,8-diborylnaphthalenes’®’f, Moreover, the opening of the
9-borafluorene system towards presumably doubly hydrogen-bridged
1,2-diphenylenediboranes deserves attention®°. The theoretical analysis of
molecular 9-borafluorene derivatives and their yet unknown 2,7-polymers
suggests remarkable electrooptical properties'®!2, and the isoelectronic re-
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lationship with the important fluorenyl cations!?® is another intriguing
subject. The 9-borafluorene moiety has been structurally characterized as
a cationic species similar to 1-py* with acridine coordinated to boron3, in
a diborylamine®, and more recently as the 9-ferrocenyl derivative (1-Fc)!4.
However, direct structural information on the doubly hydrogen-bridged
1,2-diphenylenediboranes is almost completely absent. The molecular
structure of 1,2:1,2-bis(2,2’-biphenylylene)diborane(6) (4) had been given
as a figure without crystallographic information®. Spectroscopic evidence
for 1,2-(2,2’-biphenylylene)diborane(6) (2) and 1,2-(2,2’-biphenylylene)-
1,2-diethyldiborane(6) (3) supports the proposed structures®’. The inspec-
tion of all NMR spectroscopic data sets reported so far for 9-borafluorene
derivatives, as well as for doubly hydrogen-bridged 1,2-diphenylene-
diboranes reveals serious gaps with respect to assignment, as well as num-
ber of the 3C NMR signals. In contrast, ''B NMR data appear to be
complete, except for 1-py*.

X
585 B\oa ] Ve B
(Y oD ]H 3D 4

1-Fc 1-py*
Fc = Ferrocenyl

SCHEME 1
An example of a 9-borafluorene derivative
hydrogen-bridged 1,2-diphenylenediboranes 2-4

1! the cationic species 1-py* >, and doubly

In the present work, '3C NMR spectra of 9-borafluorene derivatives 1
with various substituents at boron (Et (a), Ph (b), Cl (c), NEt, (d)) have
been measured, the synthesis of 1-py* was repeated, and !'B and '*C NMR
data were collected. A complete NMR data set was also obtained for 3,
and the molecular structure of 3 was determined by X-ray diffraction. The
gas-phase geometries of 9-borafluorene derivatives of type 1, of compounds
related to 1 (cations and dianions), and of the doubly hydrogen-bridged
1,2-diphenylenediboranes 2 and 3 were optimized by DFT methods
(B3LYP/6-311+G(d,p) level of theory) and NMR parameters were calculated.

EXPERIMENTAL

All preparative work and the handling of samples were carried out with exclusion of air
and moisture, using oven-dried glassware and carefully dried solvents. The compounds stud-
ied were prepared following literature methods (1a% 1b7?, 1c?3, 1d®, 3®) and characterized
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by their known 'H NMR data sets. NMR spectra (5, ppm; J, Hz) were measured at room tem-
perature in 5 mm o.d. tubes (if not mentioned otherwise) using a Bruker WP 200 and
a Varian Inova 400 instruments, equipped with multinuclear units. Chemical shifts are
given relatively to SiMe, (51*C(CDCl,) = 77.0, (CD,Cl,) = 53.8, (C,D,) = 128.0), F;B-OFt,
(!B = 0 for Z(}1B) = 32.083971 MHz), and neat MeNO, (81*N = 0 for £(1*N) = 7.226324 MHz).
13C NMR signals were assigned (except of 1-py*) using 2D HSQC and HMBC 'H/'3C experi-
ments',

The calculations were performed using the program package Gaussian 03, revision B.02 '°.
Gas-phase structures were optimized applying DFT hybrid methods (B3LYP)!” and the
6-311+G(d,p) basis set'®, and the NMR parameters were calculated using the optimized struc-
tures at the same level of theory. The optimized structures were confirmed as minima on the
respective potential energy surface by the absence of imaginary frequencies. Nuclear mag-
netic shielding constants (S(HB) and 0(13C) were calculated by the GIAO method (gauge-
including atomic orbitals)!® and coupling constants by the coupled perturbed DFT meth-
o0ds?® as implemented in the Gaussian 03 program. Calculated nuclear shielding constants
(S(HB) and 6(13C) were converted to §''B and §'3C data as noted in Table II (footnote b) and
Scheme 3, respectively.

Pyridine-9-Borafluorenium(1+) Tetrachlorogallate (1-py*[GaCl,]")

The synthesis followed essentially the literature procedure’, starting from a solution of the
pyridine adduct of 1c in CH,Cl, and adding GaCl; at —78 °C. The reaction mixture was al-
lowed to reach 0 °C, and the red precipitate was filtered off and taken up in CD,Cl, (2 ml)
in which it was sparingly soluble at room temperature for the immediate NMR measure-
ments in a 10 mm (o0.d.) tube. The broad ''B NMR signal at 8''B = 57.4 indicated the pres-
ence of three-coordinate boron. Although the '*C{'H} NMR spectrum was of poor quality,
most of the signals could be assigned. Decomposition was indicated by !B NMR spectra af-
ter 1 h, showing a strong signal at 8''B = 6.5 for the pyridine adduct 1c-py>".

Mixture of Adducts Obtained from the Reaction of 3 with
1,4-Diazabicyclo[2.2.2]octane (DABCO)

A solution of 3 (0.4 g, 1.71 mmol) in toluene (5 ml) was cooled to -30 °C and DABCO
(0.2 g, 1.78 mmol) was added in one portion. The mixture appeared to be unchanged
(*'B NMR) at room temperature. After warming the solution to 60 °C for 15 min, a reaction
had taken place to give a mixture containing mainly three adducts (''B and '3C NMR), of
which the adduct 5 was the major species. When the toluene was removed, a colorless pow-
der was left (starts to melt at 110 °C), which gave the same ''B NMR spectra (mainly two
signals at 5!'B=-2.6 (s) and -2.7 (t, IIB_H = 102), when it was re-dissolved in CD,Cl,. Signals
of minor intensities may be attributed to DABCO-BEtH, and DABCO-1a. Attempts to isolate
pure crystalline materials have failed so far.

X-Ray Structural Analyses of the Diborane Derivative 3

The X-ray crystal structural analysis of 3 was carried out at 133(2) K for a single crystal (se-
lected in perfluorinated oil?! at room temperature), using a STOE IPDS 11 (MoKa, 71.069 pm)
system equipped with an Oxford Cryostream low-temperature unit. Structure solutions and
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refinement were accomplished using SIR97 22, SHELXL-97 23, and WinGX 2*. Pertinent data
are given in Table I.

CCDC 766359 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK;
fax: +44 1223 336033; or deposit@ccdc.cam.ac.uk).

TABLE I
Data pertinent to the crystal structure determination of 3

Chemical formula Ci6HyoBy

Molecular weight 233.94 g/mol

Diffractometer STOE _IPDS II; MoKa, A = 71.073
graphite monochromator

Crystal description colorless needle

Dimensions 0.59 x 0.21 x 0.19 mm?

Crystal system orthorhombic

Space group P2(1)2(1)2(1)
a = 529.80(6)

b = 1457.50(14)

Lattice parameters ¢ = 1771.60(18)

o=p=y=90°
VA 4
Density (calculated) 1.136 g/cm3
F(000) 504
Measuring range, 6 1.81-25.76°
Absorption coefficient, u 0.061 mm™"
Radiation type MoKao
Radiation wavelength, A 0.71073
Temperature 133(2) K
Reflection unique 2596
Reflection observed [I > (26(I)] 1469
Absorption correction none (no improvement of parameters)
Refined parameters 171
R1[I > (20(I)]; wR2 (all data) 0.0627; 0.0840
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RESULTS AND DISCUSSION

NMR data of the 9-borafluorene derivatives and of the doubly hydrogen-
bridged 1,2-diphenylenediborane 3 are listed in Table II. The observation of
the broad '3C(9a) NMR signals, typical of boron-bonded carbon atoms?3, is
straightforward, as shown in Fig. 1. It is hard to understand (except for the
sparingly soluble 1-py*), why these signals were not reported at all in any
of the previous studies. The '3C NMR signal of the quaternary carbon C(4a)
is also readily detected, although the position of this particular signal was
not mentioned in a more recent paper focusing on this compound®.

The changes in 8'3C(1, 3, 4a) for the 9-borafluorene derivatives 1 can be
compared with those known for 8'3C(ortho, para) of phenylboranes?32°
bearing comparable substituents at boron, and indicate the m acceptor
strength of the three-coordinate boron atom. The §'3C(3) values should be
hardly affected by steric substituent effects, and the deshielding of 3C(3) is
most pronounced in the case of 1c, similar to the finding for PhBCl, 2°.

The observation of the broad '*C(B-C) NMR signals is not only important
for a complete structural assignment. The broadening Av,(13C) of these
I3C(B-C) NMR signals reveals information on unresolved (partially relaxed)
scalar 13C-!'B spin-spin coupling which can readily be extracted?’ if
Av,(13C), as described by T,%¢(*3C), is mainly related to scalar relaxation of
the second kind?®, dependent on the quadrupolar relaxation time TQ(!!B)
(Eq. (1), with I(1'B) = 3/2 and TQ(!B) = [rh,,(1'B)]™).

Av,(13C) = (4/3)r 3/2(3/2 + 1) [J("3C,1'B)]? [TQ('1B)] (1)
3
1 s* Et._H__Et crts
4 H__
M H gad 130) =
Avb(130)f84Hz O /Q , Av(1%C) = 71Hz
| 1 ‘ 484 3

4a

| B-CH,

9a
148.0 142.0 136.0 130.0 124.0 118.0 112.0// 28.0 220 16.0 10.0 4.0 -2.0 -8.0
s 13,
3 °C

FiG. 1
100.3 MHz 3C{'H} NMR spectrum of the diborane(6) derivative 3 (at 23 °C; ca. 5% in C¢Dy (5)).
Note the broad 13C(9a) and 13C(BCHZ) NMR signals. Assignment was achieved by 2D HMQC
and HSQC H/13¢C experiments
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Thus, from experimental data such as the line widths h,,(!'B) of the ''B NMR
signals and Av,(13C), the magnitude of "] can be calculated, and some
values for n = 1 are given in Table II. These data are in the expected range,
in agreement with the results of quantum chemical calculations (vide infra).

Some aspects of the reactivity of 3 have been reported®®. The reversible
opening of the B-C,, bond in 3 to give 1a and 1,2-diethyldiborane(6) is an
important observation®. Here, we report that 3 reacts with bases in a similar
way. Upon gentle heating with DABCO, the adduct 5 is formed along with
minor amounts of the symmetrical adducts 6 and 7 (Scheme 2).

Et\
= N BEtH
“ 60 °C in toluene N 2

HoEtB— N N BEtH,

7

SCHEME 2
Reaction of 3 with 1,4-diazabicyclo[2.2.2]octane (DABCO)

X-ray Structural Study of the 1,2-(2,2’-Diphenylylene)-1,2-diethyldiborane (3)

The molecular structure of the diborane derivative 3 is shown in Fig. 2. The
stacking of the molecules (Fig. 3) explains the orientation of the ethyl
groups in the solid-state structure which differs from that found for the op-
timized calculated gas-phase structure (vide infra). The intermolecular dis-
tance between the best planes of the tetracyclic structure is 340.2 pm.
Distances B-C,, (157.5 and 156.5 pm) are comparable with those in tri-
phenylborane (158.9 and 157.1 pm)?°, although the boron atoms in 3 pos-
sess a coordination number > 3. The mean distance B-Cey,y; (157.7 pm) is
very close to the values found for triethylborane (157.5, 157.3, 157.2 pm)3°
and slightly longer than that of B-C in bis(9-borabicyclo[3.3.1]nonane)
(156.5 pm)31. Although there are only few accounts of solid-state structures
of diborane(6) derivatives®31-35 it becomes apparent that the B-B distances
change from about 175 pm 33 (in the parent diborane(6) B,H, 176 + 1 pm 3};
see also ref.3¢ for the electron diffraction study of 1,2-dimethyldiborane(6))
to 185.6 pm 3%, including 183.9 pm for 3 in the present work. The effect of
the fairly large distance B-B in 3 is mirrored by the slight deviation from
a coplanar arrangement of the phenyl groups. They are twisted against each
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FiG. 2

Molecular structure of 3 (ORTEP, 40% probability; hydrogen atoms except of B-H have been
omitted). Selected bond lengths (in pm) and angles (in °): B1-B2 183.9(4), B1-C1 157.5(5),
B2-C12 156.5(6), B1-C13 156.7(5), B2-C15 158.7(5), C13-C14 153.4(6), C15-C16 153.6(5),
C2-C7 149.5(4), C1-C2 141.5(5), C2-C3 140.7(5), C3-C4 137.7(5), C4-C5 139.2(5), C5-C6
137.9(6), C6-C1 139.9(5), C7-C8 141.2(5), C8-C9 138.1(5), C9-C10 139.4(5), C10-C11
138.0(5), C11-C12 139.6(5), C12-C7 143.9(5); C1-B1-B2 111.8(3), B2-B1-C13 122.4(3),
C13-B1-C1 125.7(4), C12-B2-C15 123.9(3), C15-B2-B1 122.2(3), B1-B2-C12 113.8(3),
B1-C1-C2 124.7(3), B2-C12-C7 123.3(3), C1-C2-C7 123.4(4), C12-C7-C2 122.8(4),
B1-C13-C14 112.5(3), B2-C15-C16 112.1(3)

FiG. 3
View of molecules of 3 in the crystal lattice, showing the stacking and the orientation of the
B-Et groups
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other by 3.8°, apparently in order to avoid close contacts between the
C(3)-H and C(8)-H units opposite to the boron atoms.

DFT Calculations for 9-Borafluorene Derivatives and
Doubly Hydrogen-Bridged 1,2-Diphenylenediboranes

In previous studies!®-'2, DFT calculations aimed for a description of the
electronic structure of 9-borafluorene derivatives. Here, we have used the
optimized geometries (throughout at the B3LYP/6-311+G(d,p) level of the-
ory) to calculate !'B NMR parameters (!B nuclear shielding®® and one-bond
13C-11B spin-spin coupling constants3®37; see Table II). The calculated data
for the 9-borafluorene derivatives and the diborane(6) derivative 3 agree
reasonably well with experimental data. Calculated §!'3C values (not given
in Table II) show a small error of < 3.5 ppm for all aromatic '3C nuclei, tak-
ing the shielding constant 6('3C, C;H,) as a reference. Some species were
included (Scheme 3), not yet characterized experimentally, such as the cat-
ion 8, 9-H-9-borafluorene 9 and its dianion 10. The increase in nuclear

Oy~ G0 — GO~ G0

8

611 613
2B Coalda ‘ 1 ]2 |3 |4 yasciipy= 1055 He
84.2 106.0/150.11 139.41 136.2 |148.9 11243
H " >
B.ga ! B.ga !
° 2 1M1 ° 2
- J"BH) = 128.4Hz " 1y("B,"H) =101.6 Hz
3 3
o 4 ("3c,""'B) = 63.2 Hz 4 " ®c,""B)=75.4Hz
10
s''B 6BC 9a [4a |1 |2 |3 ‘4 o' 313C ga | 4a ’1 |2 3 | 4
68.8 1452015871376 1128.4 11356 l118.8 204 142.2112541 134 2 140.6 |684 [112.6
6"3c(9) 8'3c 9a | 4a ‘ 1 |2 3 |a 5BC@O) o' 9a|4a [1 |2 |3 | 4
199.0 1444115541 148.31135.8 [1501 1128 8 8 140.01124.7/1136 | 116.7 | 103.21 117.0
y " (137.6 123.2 116.2 119.5 1083 118.7)
| |
£ C el cww ! |
° 2 1,13 1 ° 2
” U("3c(9),'H) = 162.8 Hz - ("% (9),"H) =150.9 Hz
3 3
- "u("%c(9),"%c(9a)) = 57.3 Hz 4 4("3c©9),®c(9a)) =68.8 Hz
12
SCHEME 3

Calculated NMR parameters of the cation 8, 9-H-9-borafluorene 9, its dianion 10, the
isoelectronic fluorenyl cation 11, and the fluorenyl anion 12 (exp. data from ref.42). Nuclear
shielding constants 0(13C) were converted into §'3C data with reference to 0(13C, CgHg) = 49.7
and 8!3C(CHy) = 128.5)
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shielding of '¥C(9a) in the cation 8 with a bond angle of 130.5° at the bo-
ron atom reminds of the situation in allenes, since the C-B-C unit in 8 is
comparable to a strained allene. As indicated in Scheme 3, the positive
charge should be delocalized, and therefore, the nuclear shielding in partic-
ular of '3C(3,6) is markedly decreased. The surroundings of these carbon
atoms are least affected by structural changes. In any case, this cation is an
elusive species, and all attempts to detect it3>® have not been successful.
However, adducts of 8 are known3?, in which the boron atom is three-
coordinate, such as in 1-py*. The experimental NMR data obtained here
(Table II) agree reasonably well with those calculated. In the case of the
dianion 10, the derivative 1b(LiOEt,), has been studied by 'B and, in part,
by 3C NMR (without assignment) in solution’?. Of other comparable deriv-
atives, bearing bulky groups at boron and some of the ring carbon atoms,
the 1'B NMR data are known, also some *C NMR data (again without as-
signment), and even the solid-state structures were determined, showing
the coordination of the lithium atoms to the dianion**#!. The calculated
8!1B data of free [1b]?>~ (8!'B = 17.2) differs significantly from the experi-
mental value for 1b(LiOEt,), in THF (8''B = 6.3 72). The calculated 8!'B =
9.9 for 1b(LiOH,), as a model compound comes closer to the experimental
value.

Therefore, the calculated 8B and §'3C data for free dianions such as 10
(Scheme 3) are not directly comparable with experimental data. However,
the trend of the calculated coupling constants !/ and !/ ;; in going from
neutral “antiaromatic” 9 to the “aromatic” dianion 10 is instructive. The
magnitude of !J; ; becomes smaller, in agreement with the negative charge,
whereas that of 1] increases, indicating the increased B-C bond order in
the “aromatic” ring system. The analogous trend is found for the respective
coupling constants !/~ and '/ in the fluorenyl cation 11 and fluorenyl
anion 12. In the latter, the calculated §'3C data are close to experimental
data. This indicates that interactions with the counterion are expectedly
weaker for the monoanion 12 than for the dianion 10.

Although there are very few experimental determinations of the !'B
chemical shift tensor for three-coordinate boron*3, the data appear to be
reproduced by calculations with sufficient accuracy*?, to allow for a mean-
ingful discussion. Examples are given in Table III. Figure 4 shows the orien-
tation of the principal axes of the 1B chemical shift tensor components in
the plane of the molecules. The magnetic field Bjy-induced rotation of
charge about the 8;; and §,, axes involve particularly magnetic dipole al-
lowed o-n or o-n* electronic transitions, whereas the rotation of charge
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about the 9;; axis (perpendicular to the molecular plane) concerns c-¢*
transitions which are less deshielding owing to their greater difference in
energy. Clearly, changes in the components §,; and §,, reflect ¢ and =«
effects, whereas 955 is more sensitive to ¢ effects, e.g. as a result of electro-
negative groups at boron*? (see the data for 1-py* in comparison with the
isoelectronic 1b or 1c and C;,HgB-NH,).

Finally, the comparison of the optimized gas-phase structure of 3 with
some results of the crystal structure determination deserves a comment.
The optimization starting from the solid-state structural parameters did not
lead to a minimum. Instead, a minimum was found for the trans-positions

TaBLE III
Calculated components of the 'B nuclear shielding tensor in 9-borafluorenes and triphenyl-
borane, converted to §,,, 8,,, and 933

Compound
811 82 833 8'"B (is0)
C,HaB-R  No.
R=H 9 104.6 95.7 6.4 68.9
R = Me 121.2 87.0 8.1 72.1
R =Et la 120.5 85.9 9.4 71.9
R =Ph 1b 92.0 87.0 11.9 63.6
BPh, 94.6 94.6 1.6 63.6
R = py 1py* 100.2 41.2 29.8 57.1
R=Cl 1c 92.2 75.8 26.1 64.7
R =NH, 64.5 48.5 7.0 40.0
R = NMe, 63.1 38.9 14.8 38.9
Pzz
R
! 011
_B—>

FiG. 4
Proposed orientation of the !'B chemical shift tensor (853 axis is perpendicular to the molecu-
lar plane). The shift component §,, lies along the C, symmetry axis. See Table III for data
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of the ethyl groups. The calculated distance B-B (180.5 pm) is somewhat
shorter than the experimental value. The calculated structure (Fig. 5) shows
that the planes of the phenyl groups are twisted against each other by
about 9°. In contrast, calculated optimized gas-phase structures, in which
the ethyl groups are replaced by methyl groups (in 3) or by hydrogen (in 2),
show that the phenyl groups are exactly in one plane, in accord with
shorter calculated distances B-B (179.8 pm for the B-Me derivative and
176.0 pm for 2)

J

FiG. §
Calculated optimized gas-phase structure of 3, showing the ethyl groups in trans-positions and
the mutual twisting of the phenyl groups

CONCLUSIONS

Changes in 13C chemical shifts of 9-borafluorenes reflect & acceptor proper-
ties of the electron deficient boron atom. In principle, this is also true for
1B chemical shifts, although the calculation of the !B chemical shift ten-
sor shows that the substituent effects are a complex mixture of n and ¢ in-
teractions with the group directly linked to the boron atom. Altogether,
NMR parameters of 9-borafluorenes, for which a fairly complete data set
has been obtained in this work, are well reproduced by quantum chemical
calculations, at least as long as the gas-phase structures of isolated mole-
cules or ions are comparable with the solution-state structures. The crystal
structure determination of 1,2-(2,2’-biphenylylene)-1,2-diethyldiborane(6) (3)
confirms unambiguously the doubly hydrogen-bridged structure. Stacking
of the molecules in the crystal lattices enforces an orientation of the
B-ethyl groups which is unfavorable in the gas phase.
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