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Abstract Bishomotriborirane anions with a B-H-B bridgg,have been synthesized by a) protonation
and b) methylation of bishomodianioBsas well as by c) hydride addition to 1,2,4-triboracyclopentanes,
15. Compounds? were characterized b\H, 3C and "B NMR spectroscopy and X-ray diffraction
analyses. The suggsted mechanism for the fortizan of 7 is supported by MP4SDTQ/6-311++G**//
MP2(fc)/6-31+G* computations on [B;H,]" model compounds. Classical 1,2-dibora-4-borata-
cyclopentane intermedis 16 undergo an intramolecular hydrogen shift to the B-B unit in their enve-
lope conformation to give intermedés 17, which easily isomerize t@. Relative energies for the
parent compound46u, 17u, 7u and the transition structurés$-16/17uandTS-7/17uare predicted to

be 30.7, 14.5, 0.0, 32.6 and 23.5 kcal thotespectively. The terms classical and non-classical
homobridges are suggested for methylene and hydrogen bridgesthin related compounds on the
grounds of common building principles. The strength of homoaromaticity imas estimated to be at
least 23.5 kcal mdl neglecting the much higher aitn in 7u compared toTS-7/17u without a 3c2e
bond.

Keywords Ab initio, Boron compounds, Crystal structure, Homoaromatics, Three center two electron
bond

Introduction

Cyclic delocalization of (4n+2)electrons, the characteris-
tic feature of aromatics [1], is retained in homoaromatics
[2], although some or all of the centers of this delocalization
are no longer directly connected bybonds. Theconcept
Tpresent addressAnorganisch-Chemisches Institut, of homoaromaticity was introduced by Roberts [3] and
Ruprecht-Karls-Universitat Heidelberg, Im NeuenheimerWinstein [4] for bis-homocyclopropenyl then | [3a], tris-
Feld 270, D-69120 Heidelberg. Germany. Fax: +49-6221-homocyclopropenyl catiorl [4c,d] and (mono-)-
548439. E-mail: matthias.hofmann@urz.uni-heidelberg.dehomocyclopropenyl catiohl [3b] (Scheme 1) between 1956

Dedicated to Professor Paul von Ragué Schleyer on the oc@nd 1962. However, until 1984 only cqrbocatlons liktd
casion of his 70birthday were demonstrated to be homoaromatics beyond any doubt.
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Derivatives oflV [5] andV [6] as well as oI [7] and VII
[8] are examples of neutral and anionic (hetero-) | ]l3
homoaromatics, respectively, the cyclic delocalization of B--y “Ne—B--H H- 7R °H
which is definitely proven by NMR-, X-ray asab initio stud- { I VN B2:R
ies C—B C—B /N ON
. / N / N H [10]

All molecular skeletons shown in Scheme 2 (like those in 13 14
Scheme 1) have two electrons delocalized in a cyclic array
over three centers: three boron atomg&-ih0; two boron at- Scheme 2Skeletons of aromatic and homoaromatic species
oms and one carbon atom 1-14, which are isoelectronic all having two electrons delocalized in a cyclic array over
with 1, 2, 5, and6, respectively. Compounds of typ@and11 three centers: three boron atomslifiLlO, two boron and one
are aromatic, those of tyfgand12 monohomoaromatic, of carbon @ms in 11-14. Derivatives are known experimen-
type 3 and4 bishomoaromatic and trishomoaromatic, respe@lly unless for skeletons with numbers included in brackets.
tively. Derivatives 08[9], 4[10], and9[11], the diprotonated Prototypes for the latter are known froab initio calcula-
form of 2, as well as those 0f1-14 [8,12-14] are known tions
experimentally, the prototypes df15], 2 [8], 5[15], 6, and
8 [15] as well as of10 [16] and 11 [17] by computations.
According to calculations, the aromaticity of the dianibn of homoaromatics (liké, 7, 9 and 14) since they underlie
[15] is neither destroyed by protam@n to 5, nor by the same building principle as “classical” homobridges.
diprotondion to8, nor by triprotonation t40[16]. We pesent
here experimental evidence that protonation of
bishomoaromati@ [9] leads to bishomoaromatit [a] De-
rivatives of7 are also obtained by reaction of derivative8 of

with methyl iodide as well as by addition of hydride to de- o ) )
rivatives of 15 [9], the uncharged precursor 8f All structures were fully optimized in the given symmetry

Model compounds were computed B initio methods POINt group unless stated otherwise. Electron correlation was
to estimate the strength of the homoaromaticity of anionsagcounted for by a Mgller-Plesset perturbation theory treat-
type 7 and to elucidate the reaction mechanisms for fornf€nt truncated after second order (MP2) and making use of
tion of anions?, which require migration of hydrogen atomdhe frozen core (fc) approximation. Diffuse functions as in-

from the boron atom between the carbon atoms to the gigded in the 6-31+G* basis set are important for an accurate
unit. Classical five-membered ring structures of tgfeand theoretical treatment of anions [18]. The HF/6-31G*, MP2(fc)/

17 were identified as plausible intermettia. The term 6-31G* and MP2(fc)/6-31+G* methods were applied con-

“nonclassical” homobridges is suggested BeH-B bridges Secutively for geometry optimizations and final results re-
ported in the text correspond to the MP2(fc)/6-31+G* level

unless stated otherwise. Benchmark calculationgdpf S-
B 7/17uand17u up to the CCSD(T)/6-311++G**//MP2(fc)/6-
[a] Based on results reported in this work we suggest BEL++G** level (listed in Table 1) suggest that MP2(fc)/6-
term non-classical homobridge for the hydrogen bridgé in31+G* is sufficient for geometries: relative energies from
However, in order to avoid confusion, we suggest to continMé2/6-311++G** single points for geometries optimized at
naming the structures according to the numbeclassical the MP2(fc)/6-31+G* or at the MP2(fc)/6-311++G** level
homobridges. Hence, structurds a bishomoaromatic with are basically the same. Selected distances optimized at dif-
one non-classical homobridge (and two classical homferent levels are compared in Scheme 4. Changes beyond the
bridges).

Computational details
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occ.: 2.000 occ.: 2.000 occ.: 2.000 occ.: 1.931
$=90°  B1,2,3:33.3% $=90° B1:27.6% ¢ =90° B1,2:290.6%  ¢=47.2° B1,2,3:
0%s; 100%p 0%s; 100%p 0%s; 100%p 33.3%
B2.3: 36.2% B3: 40.7% 584’5’
0%s; 100%p 0%s; 100%p °P

occ.: 1.929 occ.: 1.929 ‘ occ.: 1.9231
¢10=236.5° B1,2:31.9% ¢1=31.3° B1:25.3% $10=28.8° B1,2: 29.9%
' 12.3%s; 87.5%p 9.9%s; 89.8%)p ’ 21.1%s; 78.4%p
¢3= 63.6° B3:36.1% ¢o=36.5° B2:37.1% d3= 43.3° B3: 40.3%
7.4%s; 92.4%)p 25.2%s; 74.5%p 25.7%s; 73.9%p

¢ = 48.2° B3:37.5%
14.0%s; 85.7%p

occ.: 1.899 occ.: 1.907 occ.: 1.924

$p1= 12.4° B1:33.7% ¢1= 16.8° B1:29.0% ¢1= 17.0° C1:51.3%
22.8%s; 77.1%p 21.0%s; 78.8%p 24.9%s;
¢o3=28.7° B23:33.2% ¢p,3=27.9° B2,3:35.5% 75.0%p
’ 13.6%s; 86.2%p 26.8%S; 72.9%p $p3=22.8° B23:24.3%
19.3%s;
80.3%p

(i) \
occ.: 1.883 occ.: 1.944
¢=154° B1,23:33.3% ¢=152> C123:
22.4%s; 77.4%p 33.3%
9.3%s;
90.4%p

Scheme 3The orbital out-of-plane angleg, occupation of the 3c2e bond and distribution of the delocalized electrons over
the boron centers for arortia 1 and homoaromatic® to 10 as well as forl8 and trishomocyclopropenylium cati@o
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Table 1 Relative Energies

[kcal motY] for 7u, TS-7/ ‘u TS-7l17u Lru
17u, and 17u computed at \p2(fc)/6-31+G* [a] 0.0 29.6 19.0
different levels of theory  \p2(fc)/6-311++G**/IMP2(fc)/6-31+G* [a] 0.0 26.4 16.3
MP2(fc)/6-311++G** [a] 0.0 26.4 16.4
MP4SDQ/6-311++G*//MP2(fc)/6-31+G* [a] 0.0 21.3 13.6
MP4SDQ/6-311++G*//MP2(fc)/6-311++G** [a] 0.0 21.0 13.7
MP4SDTQ/6-311++G*//MP2(fc)/6-31+G* [a] 0.0 235 14.5
CCSD/6-311++G**/IMP2(fc)/6-311++G** [a] 0.0 21.3 13.5

Eg]ggOZgEOCLeO?mb\}’ibfathgfg CCSD(T)/6-311++G*/IMP2(fc)/6-311++G** [a] 0.0 22.8 14.0
energies from frequency cal-B3LYP/6-31+G* [91 . 0.0 20.4 13.7
culations at the HE/6-31Gx B3LYP/6-311++G**//B3LYP/6-31+G* [b] 0.0 19.3 13.2
level B3LYP/6-311++G** [b] 0.0 19.3 13.2
. MP4SDQ/6-311++G**//B3LYP/6-31+G* [b] 0.0 21.2 13.9
E/tl’k])rgffgrr]e;tgge%eie{%rﬁ?'rgt MP4SDTQ/6-311++G*//B3LYP/6-31+G* [b] 0.0 23.3 15.0
quency calculations at the CCSSD/6-311++G*/B3LYP/6-31+G* [b] 0.0 21.0 13.8
B3LYP/6.31G* level CCSSD(T)/6-311++G**//B3LYP/6-31+G* [b] 0.0 22.5 14.4

MP4SDQ/6-311++G**//MP2(fc)/6-311++G** level areB3LYP/6-31G* and B3LYP/6-31+G*; frequencies were ob-
small, suggesting that MP4SDQ/6-311++G** gives reliakii@ined at B3LYP/6-31G*. NMR chemical shifts were com-
enerdges. When possible full MP4/6-311++G** single poinputed at the GIAO-SCF level [20] applying the 6-311+G**
energies were computed for other molecules, if not, tripkesis set. Th&aussian94 [21] program package was used
were left out (MP4SDQ/6-311++G**). All relative energiethroughout this work. The NBO 4.M program [22] was em-
were corrected for scaled (0.89) [19] zero point vibrationmdbyed together with Gaussian 94 to perform NBO analyses
energies (ZPE) from HF/6-31G* analytical frequency cald@3]. The orbital out-of-plane angles in Scheme 3 were calcu-
lations. Due to their size, the phenyl derivativAsPh, TS- lated from the hybrids involved in the occupied natural bond
7/17uPhand17uPh were treated by more economical deosbitals (NBQO'’s) localized for the 3c2e bonds. All three p
sity functional theory levels: Geometries were optimizedaaintributions (which arise from the use of the 6-31+G* basis

Scheme 4Selected geomet- JIMP2(fc)/6-31+G* JIMP2(fc)/6-311++G** J/B3LYP/6-31+G*

ric parameters for7u, TS-7/
K@m BA
1.84A

17u, and 17u optimized at

MP2(fc)/6-31+G*, MP2(fc)/
1.590A
1.699/3\ {
& 1.3557\

6-311++G**, and B3LYP/6-
31+G* levels of theory. For
relative energies computed at
various levels see Table 1

TS-7/17u
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Figure 1 (right column) Crystal structures offaNaEt,0O,
7bNaEt,0 and7cNa4 Et,O. Methyl substituents at Sil and sz
Si2 as well as most of the hydrogen atoms have been omitteg
for clarity. The cation Na(ED), of 7cis not shown. Selected
bonding distances (completing Table 3) [pm] and -angles [° ]
7a B1-C1 160.4(3), B1-C2 161.4(3), C1-B3 159.9(3), C2-"™
B2 159.4(2); C1-B1-C2 116.69(16), B1-C2-B2 70.46(12), C2-
B2-B3 109.35(14), B2-B3-C1 107.99(13), B3-C1-B1
70.27(12);7b: B1-C1 161.7(3), B1-C2 161.9(3), C1-B
159.3(2), C2-B2 160.3(2); C1-B1-C2 114.41(14), B1-C2-
72.81(12), C2-B2-B3 108.04(13), B2-B3-C1 108.60(14), B3
C1-B1 73.65(12)7c B1-C1 161.5(5), B1-C2 160.4(6), C1-
B3 161.5(5), C2-B2 160.6(5); C1-B1-C2 114.5(3), B1-C5\ 2 Et 0
B2 73.0(2), C2-B2-B3 107.9(3), B2-B3-C1 108.0(3), B3-C

B1 72.8(2)

set) of the same orientation (e.g. those labelgd 3p and
4p,) were summed up to determine the orientation of t
hybrids.

\\

— 4]
Crystal structure determinations

7aNaEt,0: a colorless plate-sized crystal (0.40 x 0.20 x 0.
mm?) was measured on a Stoe IPDS diffractometer at —8(
using Mq,, radiation. - G,H,B,NaOSij,, monoclinic, space
group P2/n, Z= 4, a = 968.5(1) pm, b = 2183.2(1) pm, ¢
1730.0(1) pmP = 100.69(1)°, V = 3594.5(5) x FOm3, p,,

= 1.054 g cn¥; a total of 28022 reflections were recorded i
the range of 2.25° € < 25.97°, resulting in 6989 independ 7. Na.Et ,0
ent reflections of which 4426 were observeg X¥Fo(F,)).

All 6989 reflections were used for subsequent calculatiol
no absorption correction was appligd £ 1.33 cml). The
structure was solved by direct methods and refined aga
F,2 with full matrix. Non-hydrogen atoms were refined usin
anisotropic displacement factors. The protons attached to
C2 and B1 and the bridging proton between B2 and B3 wi
refined, the other protons were kept on calculated positio
For those 1.2 or 1.5 (CHtimes the equivalent isotropic U
values of the corresponding C atom were used as disple
ment factors. The refinement converged at,wR.0973 for
all reflections, corresponding to a conventional R = 0.03
for the observed reflections.

7bNaEt,O: a pale yellow plate-sized crystal (0.75 x 0.60
0.15 mn3) was measured on a Stoe IPDS diffractometer a
80°C using Mg, radiation. - GH,B,;NaOSL, monoclinic, .
space group B, Z= 4, a = 1436.4(1) pm, b = 1526.9(1)
pm, ¢ = 1884.7(1) pnf3 = 97.68(1)°, V = 4096.5(4) x 10

m3, pye, = 1.048 g cn¥; a total of 29541 reflections were
recorded in the range of 1.916< 24.92°, resulting in 7063 refined using anisotropic displacement factors. The protons
independent reflections of which 4963 were observgd-(F attached to C1 and C2 and the bridging proton between B2
40(F,)). All 7063 reflections were used for subsequent calnd B3 were refined, the other protons were kept on calcu-
culations, no absorption correction was applipd=(1.23 lated positions. For those 1.2 or 1.5 (kimes the equiva-
cntl). The structure was solved by direct methods and tent isotropic U values of the corresponding C atom were
fined against |2 with full matrix. Non-hydrogen atoms wereused as displacement factors. The refinement converged at
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Scheme 5Different synthetic H R  SiMes H R SiMe;
approaches leading to com- | : (\: B &
pounds o_f typ& and experi MesSi~™ A ~H + CpH MesSi—™ \ I ~H
ments using deuterated reac- oo 3ac —— T7ac SO
tants B—B, BB
Dur” Dur Dur” ~/ Dur
7c H
3a,e
7c 7e Ta-c
ith B-D-B
+ Mel l "
T+ EtsBH
16a: R'= CH3
16c: R'=D 15b-d
R R’ [li
o C. o
Messi” \  / VH tee T o 1a  Mesi” \ /N
B—B = + Et3BD B—B
/ N / N
Dur Dur Dur Dur
Dur = 2,3,5,6-tetramethylpheny! aaR=H b:R=CgHs c¢:R=CHz d:R=Cl e:R=D

WR, = 0.1054 for all reflections, corresponding to a CONVeRacults
tional R = 0.0398 for the observed reflections.

7c-Na-4 E4O: a colorless block-sized crystal (0.40 x 0.18 ¥onoprotonation of dianionsa-c [9] by cyclopentadiene
0.18 mnd) was measured on a Stoe IPDS diffractometer afCPH) yields monoanionga-c. The latter are also obtained
80°C using Mg, radiation. - G;Ho,B,Na0,Si,, monoclinic, DY reacting 1,2,4-triboracympentaneslsb-d [9] with
space group PR, Z= 4, a = 1658.7(1) pm, b = 1641.0(1 riethylboron hydride (Spheme 5). During t'he fqrmatlon of
pm, ¢ = 1933.7(1) prf = 91.82(1)°, V = 5260.7(5) x 19 afrom15d gnd'two equwalen@s of this hydridais prob-
m3, py., = 1.017 g cnd; a total of 33490 reflections weredbly formedin situ The short-livedL5a can be prepared by
recorded in the range of 1.759< 24.07°, resulting in 7942 oxidaion of 3a with 2,3-dibromo-2,3-dimethylbutane. Re-
independent reflections of which 3752 were observed(F action of 15a with triethylboron deuteride yields mainie
40(F,)). All 7942 reflections were used for subsequent cg'd only small amounts of the isomer with a B-D-B-bridge.
culations, no absorption correction was applipd=(1.11 The latter is, however, the only produchem 3a is treated
cnr). The structure was solved by direct methods and M8th D,O. The reaction o8a with methyl iodideleads to7c
fined against 2 with full matrix. Non-hydrogen atoms were(C2. 50 - 70%) in adition to 7a (ca. 50 - 30%). With
refined using anisotropic displacement factors. The protdfigeuteromethyl iodide onlycwith R = CD, instead of R =
attached to C1 and C2 and the bridging proton between §Zs is formed. The reaction e with methyliodide gives
and B3 were refined, the other protons were kept on caldg- Which has a B-D-B-bridge, in addition #& The struc-
lated positions. For those 1.2 or 1.5 (THmes the equiva- Ures of the novel compounds.-cin solution were deduced
lent isotropic U values of the corresponding C atom weff@m their #1B-, *H- and *C-NMR-data (Experimental sec-
used as displacement factors. The refinement convergedQ): their crystal structures (Figure 1) were determined by
WR, = 0.1558 for all reflections, corresponding to a conven=ray diffraction anafses.Analysis of deuterated products
tional R = 0.0586 for the observed reflections. was accomplished by deuterium NMR spectroscopy.
Crystallographic data (excluding structure factors) for the The *B-NMR chemical shifts of7a-c resemble those of
structures reported in this paper have been deposited Witf corresponding dianions of tygand thus indicate
the Cambridge Crystallographic Data Center as supplemBi$homoaromatic structures f@a-c The protons attached
tary publications nos. CCDC-135300a(Na-E40), CCDC- to the skeleton carbon atoms7at-c show neggﬂvéH-NMR .
135299 {b-Na-Et0) and CCDC-1359517¢-Na-4 EJO). chemical shifts as observed before in bishomoaromatic
Copies of the data can be obtained free of charge on applfignions3. For the protons of the B-H-B bridges7af-cbroad
tion to CCDC, 12 Union Road, Cambridge CB2 1EZ, URignals betvyeen -1.2 and —2.0 are found, V\_/hlch s_harpen on
[Fax: +44(1223)336-033; E-maiiteposit@ccdc.cam.ac.uk].llB decoupling using the frequency of the neighboring boron
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Scheme 6Computed (MP2/
6-31+G*) geometries and
relative energies (MP4SDQ/
6-311++G**//MP2(fc)/6-
31+G* + 0.89 ZPE(HF/6-
31G*) for homoaromtcs 7,
“classical” isomers17, and
the connecting transition
structuresT S-7/17with @) H
(u), (b) methyl aMe), (c)
phenyl (Ph), (d) hydroxy
(uOH) and €) amino UNH.)
substituents at B1. Results for
the phenyl derivatives corre-
spond to the B3LYP/6-
311++G**//B3LYP/6-
31+G* + ZPE(B3LYP/6-
31G* DFT level of theory

a) B1-C1-C2-B3:
-79.7

b)

7uMe 0.0 kcal/mol

B1-C1-C2-B3:
-81.6

7uPh 0.0 kcal/mol

d) B1-C1-C2-B3:
-87.4

7uOH 0.0 kcal/mol
e) B1-C1-C2-B3:
-87.8

“167.2

7uNH, 0.0kcalimol TS-7/17uNH, 1.5 kcalimol

263

17uPh 13.0 kcal/mol

17uOH -0.9 kcal/mol

& ) ‘:.{.

—2.2 kecal/mol

17uNH,
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Table 2 Selected bond distances [pm] and interplanar arfu, 7uMe, 7uOH, 7uNH, (//MP2/6-31+G*) and 7uPh (//
gle [] of 7aNa Et,0, 7bNaEt,0 and7cNa4 Et,O (crystal B3LYP/6-31+G*).1'B NMR chemical shifts for these [ppm]
structures) and corresponding values computed for modele also given.

B1-B2 B1-B3 B2-B3 C1B2B3C2/ 6B 6 1B

C1B1C2 [a] B1 B2,B3

7aNaEt,0 185.1(3) 184.4(3) 171.7(3) 82.7(2) -25 17

7u [b] 181.4 181.4 169.9 79.7 -38.0 13.9

7bNaEt,0 191.2(3) 192.4(3) 171.5(3) 87.3(2) -14 20

7uPh [c] 184.3 184.3 170.9 81.8 -29.8 15.7

7cNa4 Et,O 191.0(5) 191.6(5) 171.7(5) 86.1(3) -14 18

7uMe [b] 182.1 182.1 169.4 80.1 -29.7 16.6

7uOH [b] 189.3 189.3 167.4 87.4 -6.7 19.1,16.0

7uNH, [b] 190.3 190.3 167.2 87.8 -11.4 17.9

[a] interplanar angle [c] Computed at the GIAO-SCF/6-311+G**//B3LYP/6-

[b] Computed at the GIAO-SCF/6-311+G**//MP2(fc)/6-31+G* level of theory.
31+G* level of theory.

atoms. In the crystal, the anioia and 7b form contact ion donor ability of the B1 substituent increases in the s&ries
pairs with sodium ions, coordinated to ipso- andortho-C ~ 7uMe, 7uPh, 7uOH, 7uNH, (compare Scheme 6). Another
atoms of the duryl (2,3,5,6-tetramethylphenyl) rings as welhy to explain this trend is to imagine a classical Lewis for-
as to one additional ether molecule each. Comp@arttbw- mula where the empty P-orbital at B1 can interact with a
ever, is a solvent separated ion pair. Monoanibaso 7c¢ protonated B2=B3 double bond (cyclic conjugation leading
have an extra B-H-B bridge compared to dianiBnbut all to a 3c2e bond), but B1 also can conjugate with a potentially
share five-membered ring distortions which are typical fordonating substituent. The stronger the donation from the
two-electron bishomoaromatics [6,24]: short transannukubstituent, the weaker is the 3c2e bond.
distances (here -BB) and small interplanar angles (here be- The strength of homoaromaticity is hard to estimate ac-
tween the C1,B2,B3,C2 and the C1,B1,C2 planes). TableW2ately, as has been pointed out bef@25]. Thetransi-
compares values measuredfafbNaEt,O and7cNa4 Et,O tion structure§ S-7/17for ring inversion between compounds
to those computed for modefa, 7uPh, 7uMe, 7UOH and 7 with BBB 3c2e bonds and isometg, where B1 faces the
7uNH,,. Important geometrical parameters of the former aB2-B3 unit at the H-bridged side, have classical five-mem-
of their classical isomelk7 as well as the connecting transibered ring structures (with one non-classical B-H-B bridge).
tion statesI'S-7/17 are also shown in Scheme 6. The ring inversion barrier for the gent 7u via TS-7/17uis
23.5 kcal mot* at the MP4SDTQ/6-311++G**//MP2(fc)/6-
31+G* + 0.89 ZPE(HF/6-31G*) level (21.3 kcal molith
Structure and strength of homoaromaticity of anions of MP4SDQ). However, this value is only a lower estimate for
type7 the 3c2e bond energy of homoardim&u because the con-
siderable ring strain ofu is largely released iTS-7/17u
The transannular BB distances i7b (191.2(3) and 192.4(3) Hyperconjugation {uMe) and conjugationquPh, 7uOH,
pm) and in7c (191.0(5) and 191.6(5) pm) are significantlyuNH,) are more important when a p-orbital (B1 Ti$-7/
longer than those ifia (184.4(3) and 185.1(3) pm) and thosé&?7) is involved instead of a 3c2e bond orbital Tin There-
computed for7u (181.4 pm) and7uPh (184.3 pm). Corre- fore, the inversion barriers are lower with better donor sub-
spondingly, the interplanar angles b (87.3(2)°) and7c stituents.
(86.1(3)°) are larger than thos&/m(82.7(2)°) andu (79.7°).
The geometric effect of the phenyl substituent is larger in
monoanionic7 than in dianioni@ [9]. The additional proton Consequences of placing bridges on the “wrong” side of
in 7 reduces the total charge and hence lowers the orbite plane of centers of cyclic delocalization
energies of the 3c2e bond which makes the conjugation be-
tween the 3c2e bond and the phenyl group more effecti@ructurel7u, which has the B-H-B bridge on the opposite
This interaction involves a formally empty 3c2e bond orbitalde compared téu, is predicted to lie 14.5 kcal mbhigher
that is antibonding between B1 and both B2 and B3 and bomdenergy tharvu (at the MP4SDTQ/6-311++G**//MP2(fc)/
ing between B2 and B3. Therefore, donation into this orbigd31+G* + 0.89 ZPE(HF/6-31*) level, for other levels of
leads to elongated B1-B2,3 and shortened B2-B3 distandbeory see Table 1). The &membered ring df7uis slightly
The geometrical changes become more pronounced asdiBeorted by C-B hyperconjugation - as seen from long C-
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B(B) bonds (165.1 pm) and small B-C-B angles (86.6°). Hotvishomocyclopropenyl ¢@n20[4,25] and Siebert’s dianion
ever, there i310 3c,2e bondbetween the three boron atomsof type 4 [10], have the homobridges on the same side. The
which means that7uis not homoaromaticThe neutral mol- isomer21[25] of 20was computed at the MP4SDQ/6-31G*/
eculel8[14], which is the bishomo form &8, is isoelectronic /MP2/6-31G* + ZPE(HF/6-31G*) level by Cremer’s group
to 7u and also has a 3c2e bond though a B-C-B one. Pladiagoe 16.8 kcal mot higher in energyhan 20 (20.8 kcal
the hydrogen bridge at the other side of the ring, howevemt?! at MP4SDTQ/6-311+G**//MP2(fc)/6-31G* + 0.89
destroys the 3c2e bond &8 and gives the zwitterionic iso- ZPE(HF/6-31G*)). Here we show that the energy difference
mer 19 which is 32.7 kcal mot higher in energyhan 18. between 4 and 22 is even greater (25.5 kcal mélat
3c2e bonding not only has geometric and energetic, but &#84SDTQ/6-311++G**//MP2/6-31+G* + 0.89 ZPE(HF/6-
magnetic effects: The atoms which are pentacoordinate3it(5*)). Both B-H-B bridges and the methylene bridge are
the homoaromatic systems are considerably more shieldadhe same side in Paetzold’s derivativ® §f1]. The three
than the corresponding tricoordinate atoms in the classiBaH-B bridges of10, which was computed by Jemmis et al.
isomers. In addition, 3c2e bonds lead to éaseddiamag- [16], also lie on the same side of thg@ane. Attempts to
netic suscetibilities x (= more negative values, comparestimate the energy of isomers®faind of 10, with the H-
Scheme 7), another magnetic criterion for aromaticity [1b,2b}idges on opposite sides, have been unsuccessful.[b]
Molecules with B-H-B bridges must have the hydrogen
bridge and the homobridges on the same side of the centers
of cyclic delocalization to be homoaromatics. All experimemNonclassical homobridges
tally known bis- and tris-homoaromatics without B-H-B
bridges, e.g. dianions of typ& [9] as well as the Obviously, the B-H-B bridges in homoaromatics underlie the
same building principles as the “classical” homobridges.
Therefore, we suggest the term “non-classical homobridges”
for these B-H-B bridges in homoaromatics. However, in or-
Ay der to avoid confusion, we also suggest to continue to name
cgsppm homoaromatics according to the number of classical
homobridges. Catioh0 has three nonclassical homobridges,
Paetzold’s derivative of monohomoardioe has one clas-
+10.1 sical andwo non-classical homobridges, and monoanions of
type 7 are bishomoaromatic with two classical amnon-
classical homobridges. Homoaromatics with non-classical
homobridges are between aromatics and homoaromatics with
classical homobridges in character: in unbridged aromatics

1 1031 like 1 and11 the atoms participating in the aromatic systems
8 are held together by additional 2c2e bonds. In contrast, for
327, 3 (B“@ +10.0  some 2, 3, 12) or all @, 20) pairs of atoms participating in
keal/mol * SE0% the aromatic system of a homoaromatic compound there is
19 b ) no direct extra bonding. Non-classical homobridges provide
partial bonding for pairs of atoms of the aromatic system by
@ involving them in 3c2e bond$ ¢ 10, 13, 14, 18).
T 208 Classical homobridges always lie outside the plane of the
keal/mol +17.2 centers of cyclic delocalization. However, non-classical

homobridges like those if, 8 and in13 may as well lie in
the plane. This is experimentally realized in derivatives [13]
of 13, which is isoelectronic witlb. Only the presence of
three H-bridges simultaneously (i1€) cause distortion from
planarity for steric reasons [16].

Non-classical homobridges discussed so far consist of a
protonated B-B bond. Other Lewis acids may also be suit-
able for 3c2e bond formation. Non-classical homobridges
other than H are realized #8 [26] and24 [27] as well as in
25 [28] which have EB and BBB 3c2e bonds, respectively
(compare Scheme 8). Struct@@[29] with a classical meth-

Scheme 7Effect of the loss of 3c2e bonding upon stabilization

(MP4SDTQ/6-311++G**//MP2(fc)/6-31+G* + 0.89

ZPE(HF/6-31G*)), NMR chemical shifts and magnetic sus-—

ceptibility, Ay, (GIAO-SCF/6-311+G**//MP2(fc)/6-31+G*) [b] Optimizations of starting geometries with one or two
in homoaromécs 7u, 18, 20, and 4 in comparison to non- bridge hydrogen atoms mirrored to the opposite side of the
homoaroméc 17y, 19, 21 and 22 respectively BBB plane converged to the homoaromatic structures.
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cal methylene28) and of a non-classical hydrogen bridge
(29). The bending anglgwas obtained from an NBO analy-
sis [23]

with overlapin the plane of atoms and the appropriate number
of electrons may be called=aromatics” [31]. We computed
various (homo)aromatics shown in Scheme 3 to investigate
® how classical and non-classical homobridges chéamge-

25u 26U character of the BBB 3c2e bond.

The 3c2e bond was localized by the NBO procedure [23],
Scheme 8Compounds with nonclassical homobridges othand the anglep between the three contributing hybrids and
than hydrogen the BBB plane was determined. Of course, planar compounds

5 and8 havep = 90°, since they are traearomatics, and the
in plane H-bridges only polarize tmesystem towards the B
ylene and a nonclassical methyl bridge was computed fora@ams participating in the BHB bridges (compare the per-
dimethylboryl-B-methylborirane at MP2/6-31G*. centages given in Scheme 3). The three H-bridg#8, bibw-
ever, reducep to 47.2°, which is approximately halfway be-
tweenTr- (¢ = 90°) ando-overlap (p = 0°). Loss of planarity
o- Versusrecharacter of the 3c2e bonds also allows considerable s/p-hybridization, which further
maximizes overlap on one end [32]. A single Qiddge in2
Basic features of the methylene and hydrogen bridges caéeds the hybrids of the boron atoms it is attached to even
deduced when they are incorporated into the diboranefdrther (p = 36.5°). The B3 hybrid also twistg € 63.6) to
dianion27[30], the simplest molecule with a BB double bondnaximize overlap. Generally, more bridges change the char-
A classical homobridge causes considerable strain due toabter towardg-aromaticity. Classical bridges have a stronger
three-membered ring formation. As a consequence, the 2effect than non-classical ones; e.g.7n ¢ is 16.8° for B1
BB bond becomes considerably bent (compare angfes (between the two classical homobridges), put 27.9° for
28 in Scheme 9). The diional pioton in 29 engages two B2,3, which are both involved in the H-bridge. In the
boron hybrids in a BHB 3c2e bond and leads to rehybiiishomoaromatid the orbital out-of-plane angle is just 15.4°,
dization of the BB 2c2e-bond, which can be considered yéiich is basically the same as for the trishomocyclopropenyl
tween 1t and o in character. Both methylene and hydrogegation,20. Hence, all-homoaromatics are much closes-to
bridges cause bent BB bonds that are good donors and théas toT-aromatics.
fore excellent building blocks for 3c2e bonds.

The concept of classical and non-classical homobridges
is further supported by the similarities with respect to ovdrermation of homoaromatic aniorsvia migration of
lap, hybridization and bending of orbitals relative to the plahgdrogen atoms: nonaromatic isoméréas intermediates
of the centers in the cyclic array. In unbridgedromatics,
the atomic orbitals forming the aromatic system are perpém-3a and3e the boron between two carbon atoms has a ter-
dicular to the plane spanned by the ring of atoms. Compoundsal hydrogen and deuterium atom, respectively. After the
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Scheme 10The intrinsic re-
action coordinate for transi-
tion structureTS-7/17y con-
necting minimal6u and17u
by an intramolecular hydro-
gen transfer. No minimum but
only a flat region is found at
MP2(fc)/6-31G* for the en-
velope conformatiofil6env}

3.0 TS-16/17u MP2(fc)/6-31G"

Ere / keal mol™!

{16env}

-10.0 4
-11.0 4
-12.0 4
-13.0 +
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-16.0
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reaction coordinate

reaction with methyl iodide, however, this boron atom cdien coordinate at the MP2(fc)/6-31G* level to conn&6u

ries the methyl group and the H or D occupies the B-B bridapad 17u directly. A flat region along the coordinate corre-
ing position. Likewise, in theeaction of 15a with sponds to the{6eny} conformation (see Scheme 10).
triethylboron deuteride, the boron bound hydrogen atom of “Classical” 16uis 30.7 kcal mot higher in energy than
15ais replaced by the incoming deuterium and moves to the which has both methylene groups and the hydrogen bridge
B-H-B bridge position. These observations can be explairmuthe same side of the-plane. In order to bring B1 to the
by postulating intermediates6a and 16¢c as well asl6e unbridged side of the B2-B3 unit, either the hydrogen bridge
(Scheme 5), respectively, which represent classical isomieas to move or the HB1 group. In the transition state for the
of 7c and 7¢ respectively. Aplanar C,, symmetric model, hydrogen rearrangement, the bridge-H lies basically in the
16u*, however, is characterized by two imaginary frequeRlBBH plane, which is also the nodal plane of the B2B3
cies at the HF/6-31G* l@l. A geometry optimization of a bond. The transition stat&S-7/17u* thus has a protonated
distorted 16u* geometry without imposing symmetry cone- instead of a protonatadbond and the B2-B3 p;u bond
strains converged to a 14.9 kcal rhahore stable and stronglyis developing the 3c2e bond with B1. It is 29.3 kcal #nol
distotedC, symmetric five-membered ring structti@uwith  higher in energy thaa7u (see Scheme 11). The alternative
the two methylene groups placed on opposite sides of therhg flippingvia TS-7/17uhas a barrier of only 9.0 kcal ol
plane. AC, symmetric envelope conformatiodideny was The high energy of S-7/17u* in spite of its two 3c2e bonds
characterized as a minimum at the HF/6-31G* level of theoiy.remarkable and reminiscent of the high energfhe@D,,
Re-optimization of the geometry at correlated levels (MP2fmmetric transition state a0 (42.0 kcal mott abovelO at
6-31G* and B3LYP/6-31G*) converged . Likewise the MP2/6-31G*) [16] in spite of four 3c2e bonds aslih
transition structure for hydrogen transfer from B1 to the B2- Dianions of type3 might be protonated at the bridging
B3 bridging position, TS-16Hshift}, could not be refined at position between B2 and B3 giving monoanions of type
the MP2/6-31G* leel. This suggsts that neither}f6eny

nor the transition structurd §-16Hshift} exist as stationary

points. However, we finally succeeded in locating a transi=—

tion structureTS-16/17y for the conformational change thafc] At HF/6-31G* the barrier for the H-shift inleny} via
brings one methylene bridge 16 to the other side of the,B {TS-16Hshift} is only 0.2 kcal mot®. So, regardless whether
plane.Once 16u transforms to an envelope like conformaf16eny and {TS-16Hshift} are stationary points on the po-
tion, which involves a small 3.0 kcal mbbarrier, the endo- tential energy surface or not, the conclusion remains the same:
H at B1 will be transferred to B2/B3. [c] Transition structurthe hydrogen shift occurs readily from the envelope confor-
TS-16/17uwas confirmed by computing the intrinsic reaamation.
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Scheme 11Relative energies
(MP4SDTQ/6-311++G**//
MP2(fc)/6-31+G* + 0.89
ZPE(HF/6-31G*)) of 30 o
[C,B,Hg]l~ model structures

and transition states involved

in the formation of homoaro-
matic 7u via 16u and 17u. 40 -
Transition structuresTS-7/

17u and TS-7/17u* are for
moving of B1-H and for mov-

ing of the B-H-B hydrogen to 30 -
the opposite side of the,B
plane, respectively. Energies

for {16en} and {TS-
16Hshift} correspond to 20
MPA4SDTQ/6-311++G**// Dl
HF/6-31G* + 0.89 ZPE(HF/ -~ {16env}
6-31G*) as these structures
only exist at the HF/6-31G* |,
but not at correlated levels
(see Text fodetails)

E, / kcal mol!

—
743.8

254" §o— ) © 1877170
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directly, or protonation of the BBB face might first lead.#® boron) on the strength of hyperconjugation with electron de-

which in turn can isomerize t@ via TS-7/17. Electrophilic ficient centers. Experimentally we have observed this effect

attack at the 3c2e bond3rby a methyl group probably leadsecently for bicyclic 1,2-diboryl-boratiranes and correspond-

to a structure of typ#6 (or {16en\}) because an alkyl bridge ing boriranes [33].

is disfavored. Nucleophilic attack @b by a hydride occurs

at B1 also leading td6. With small substituents R (H, (D)

the nucleophilic attack is likely to occur in an envelope li

conformation (compareleny) with R at the endo posi-

tion for steric reasons. This prepares R = H, D for the migra- ) ) o .

tion to the B2B3 bridge position to gidg. With larger R’s, Homoaromatic anions containing two elegtrons delocallzed. '

more conformational changes are required to transform str¥er three boron atoms can be synthesized by electrophilic

tures 16 to 17, but these are not expected to involve largd nucleophilic additions t8 and 15, respectively. Use of

barriers. Further isomeritian to 7 is easy because the bardifferent reactants and deuterium labeling experiments dem-

rier between17 and 7 is less than the energy that is gaine@nstrate that the formation of aniofsnvolves migration of

from the 16 -> 17 step. hydrogen atoms from the boron atom between carbon atoms
The C, conformaion of 16u is the consequence of veryl© the B-B-moiety (at least in most casesh. initio compu-

strong hyperconjugation of the empty P-orbitals of tH@tions of the relevant region of the B H¢|" potential en-

neighboring boron atoms with the C-Bb-bonds leading to €rgy surface reveal details of the rhaoism. Adition of a

very long C-BH (182.4 pm) and short C-B(B) bonds (150_@ugleophllg probably mltlally leads to cla§5|cal anidré;

pm) and to small B-C-B angles (79.0°). Hyperconjugaﬂon\@wlch readily undergo mtramolecular H-Sh'lfl' reactions once

considerably weaker in the corresponding unchafgedas they adopt an envelope like confortioa. This transforma-

seen from the smaller energy difference between the plali@ results in isomerd7, which are non-aromatic because

C,, symmetric 15u* (also a second order stationary poinfj!® hydrogen bridge is on the opposite side of theldhe as

and the corresponding, minimum, 15y, (7.5 kcal mof!) as the me'th.ylene groups, in contrast to homoaromatic anions

well as from the smaller geometric changes (compare ScheMiere it is found on the same side of the B3 plane as the two

12). methylene homobrides. _The rearramggnent from?u to17u
Compaison of 16u and 15u demonstrates impressivelynas & 9.0 kcal mdl barrier and occursia transition struc-

the effect of the higher donor ability of the C-Bétbonds ~ture TS-7/17uwith a quasi planar five-membered ring. Its

due to their higher p-character and due to the formal negd.> kcal mot higher energy relative @ is used as a lower

tive charge at boron (reducing the electronegativity of tHattimate for the strength of homoaromaticity in- neglect-

k§ummary
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Scheme 12Distortion and
stabilization by hyperconju-
gation of 16u and 15u rela-
tive to planarl6u* and15u*,
respectively (geometries and
energies at the MP2(fc)/6- ©e
31+G* and MP4SDTQ/6-
311++G**//MP2(fc)/6-
31+G* + 0.89 ZPE(HF/6-
31G*) levels, respectively)

view along
Cs axis

view along
C, axis

ing the much higher strain ofu. B-H-B bridges in7 and matics with nonclassical homobrielyy The strctural rela-
other BBB homoaromatics are recognized to underlie the saiaship between boranes, carboranes and carbocations was
building principle as more coamntional “classical’methyl- recognized by Williams [37]. The hetesbridges of sev-

ene homobridges and therefore are suggested to be desigl-pentaboranes(9) [38] could be considered as nonclassical
nated “nonclassical homobridges”. 3c2e homoaromatic bomdtero homobridges.

are further characterized by short transannular distafoes (

d(B-B) = 181.4 pm), enhanced diamagnetic susceptibilities

and considerably shielded pentacoordinate atoms as compgy

to the corresponding tricoordinate atoms of classical isomer’g.)%r"“e"tal section

Physical and spectroscopic properties7ai-c and 15a
Outlook

7a white solid, mp. > 200°C, yields: fro®a 99% (NMR),
The concept of nonclassical homobridges should stimulfi@m 15a99% (NMR), from 15d 85% (isolated);'H{*'B}-
further synthetic and computational efforts. Some questidi¥IR (500 MHz, [Q]-THF, 25°C): d = 6.41, 6.30 (each s,
to be answered are: Can derivativesSofvith two B-H-B €ach 1H, Dur-H), 3.37 (q, f2), 2.38, 2.16, 2.07, 2.06, 2.02,
bridges in the plane of the cyclic array, be preparhese 1.95, 1.93, 1.88 (each s, in total 24H, Dur;f;H.31 (s, 1H,
products would have a planar pentacoordinate boron atoriBH), 1.11 (t, E40), -0.03, -0.38 (each s, each 9H, SjMe
addition to two planar tetracoordinate boron atoms [13]. Maf-45, —0.58 (each s, each 1H, BCH), —2.04 (s, 1j);B
nonclassical bridges other than hydrogen be forced into tffe{*'B}-NMR (125 MHz, [Dg]-THF, 25°C): d = 153.9, 149.6
plane of the cyclic array? Protonated 1,2-diboratabenzenéegch s, Dur-C), 138.2, 138.1, 134.9, 134.8, 131.2, 131.0,
one of the simplest candidates for six-electron aromatics wA{f0.5, 130.4 (each s, Dor-undm-C), 128.7, 127.4 (each d,
nonclassical homobridges, which, to our knowledge, are &Hr-p-C), 66.5 (t, EfO), 21.6, 21.03, 20.98, 20.5, 20.0, 19.4,
known. Highly negatively charged aromatic compounds sd#©-2 (each g, Dur-Ch, 15.9 (q, EfO), 14.2 (d,"J(C-H) =
fer from large destabilizing Coulomb repulsion but may Bel4 Hz, BCH), 11.6 (d:J(C-H) = 124 Hz, BCH), 3.7, 1.7
stabilized by non-classical homobridges, which may redu&ach g, SiMg; "'B-NMR (96 MHz, [D,]-THF, 25°C): d =
the total charge (as e.g. a proton) or at least accept consibiér—23.
able partial charges (neutral Lewis acids). Thus, diprotonated ]
1,2,4,5-tetraboratabenzene may be accessible. EV&hpale-yellow crystals, yields: froiBb 99% (NMR), from
triprotonated hexaboratabenzenes may be stable since tARE65% (isolded); *H{*'B}-NMR (500 MHz, [Dg]-THF,
negative charges in a six membered ring should be a smakiC): d = 7.55 (d, 2H, Pb-H), 6.90 (pseudo-t, 2H, Pin-
problem than in a five-membered ring, which we prepar&t: 6.79 (t, 1H, Pip-H), 6.53, 6.31 (each s, each 1H, Dur-
recently[34]. The concept of classical and non-classicdt), 3-37 (t, E4O), 2.52, 2.14, 2.06, 1.97, 1.95, 1.93, 1.50
homobridges might even be applied to three dimensional d®ach s, in total 24H, Dur-Cjj 1.10 (t, E4O), 0.08, —0.55
matics [35,36]:nido-polyboranes andhido-carboranes with (each s, each 9H, SiMe —0.06, —0.19 (each s, each 1H,
B-H-B-bridges could be regarded as three-dimensional aRé&H), —1.17 (s, 1H, BH); 3C{*B}-NMR (125 MHz, [Dg]-



270 J. Mol. Model.2000,6

THF, 25°C): d = 157.0 (s, PRE), 153.7, 148.8 (each s, Dur-  Subramanian, G.; Jiao, H.; Najafian, K.; Hofmann, M. In
i-C), 138.5, 138.3, 135.5 (br.), 134.8 (br.), 131.3, 130.6, 130.2 Advances in Boron Chemisfigiebert, W., Ed.; The Royal
(br.) (each s, Duo- undm-C), 128.8, 127.3 (each d, Dp#- Society of Chemistry: Cambridge, UK, 1997; pp 3-14.
C), 136.9, 125.6, 122.8 (each d, Ph-C), 66.2 (QEt22.2, 2. For recent reviews on homoaromaticity see: a) Williams,
21.4 (br.), 21.0, 20.7 (br.), 20.5, 20.0, 19.6 (br.), 18.8 (br.) R. V.; Kurtz, H. A.Adv. Phys. Org. Chei994 29, 273-

(each g, Dur-Ch), 15.6 (g, EJO), 14.6 (d, 2CLJ(C-H) =
123 Hz, BCH), 3.6, 2.8 (each ¢, Sife''B-NMR (96 MHz,
[Dgl-THF, 25°C): d = 20, —14.

7c: white solid, yields fron8a50-70% (NMR), fronBc 47%
(isolated); 1H{1'B}-NMR (500 MHz, [Dg]-THF, 25°C): d =
6.43, 6.34 (each s, each 1H, Dur-H), 3.41 (1Ot 2.40,

331. (b) Cremer, D.; Childs, R. F.; Kraka, ETlre Chem-
istry of the Cyclopropyl Group (The Chemistry of Func-
tional Groups) Rappoport, Z., Ed.; Wiley & Sons: New
York, 1996; Vol 2, pp 339-410. (c) Childs, R. F.; Cremer,
D.; Elia, G. InThe Chemistry of the Cyclopropyl Group
(The Chemistry of Functional Group&appoport, Z., Ed.;
Wiley & Sons: New York, 1996; Vol 2, pp411-468.

2.13, 2.10, 2.06, 1.98, 1.95 (each s, in total 24H, Du}CH3. (a) Woods, W. G.; Carboni, R. A.; Roberts, J. DAm.
1.14 (t, E£O), 0.33 (s, 3H, B-Me), —0.01, -0.33 (each s, each Chem. Soc1956 78, 5653-5357: use of the term “bis-
9H, SiMe,), —0.36, —0.77 (each s, each 1H, BCH), —1.61 (s, homocyclopropenyl!”. (b) Kiefer, E. F.; Roberts, J.D.

1H, BH); 3C{1B}-NMR (125 MHz, [D,-THF, 25°C): d =
154.8, 151.0 (each s, DixG), 137.5, 135.0, 134.7, 130.5,

130.4, 130.3 (each s, Dor-undm-C), 128.1, 127.1 (each d,4.

Dur-p-C), 66.2 (t, Ef0), 21.5, 20.8, 20.7, 20.6, 20.5, 20.1,
19.9, 19.3 (each q, Dur-CH 17.5 (d,XJ(C-H) = 112 Hz,
BCH), 15.6 (g, E0), 11.9 (d1J(C-H) = 119 Hz, BCH), 8.1
(br.q, 1J(C-H) = 116 Hz, B-Me), 3.6, 2.8 (each ¢, Sil)le
HB-NMR (96 MHz, [D,]-THF, 25°C): d = 19, —13.

15a yellow solid, yield from8a85% (NMR);H{'B}-NMR
(500 MHz, CDCJ, 25°C): d = 7.45 (s, 1H, BH), 6.86 (s, 2H,
Dur-H), 3.74 (s, 2H, BCH), 2.30 - 2.10 (in total 24H, Dur-

CH,), 0.15 (s, 18H, SiMg; 1*C{11B}-NMR (125 MHz, 5.

CDCl,, 25°C): d = 149.2 (s, DurC), 132.7, 131.4 (each s,
Dur-o- undm-C), 130.3 (d, Dup-C), 67.1 (d}J(C-H) = 108
Hz, BCH), 20.2, 19.4 (each q, Dur-QH2.8 (g, SiMg); 1'B-
NMR (96 MHz, CDCI, 25°C): d = 99, 86.
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