M. Yalpani, R. Boese, R. Koster

607

Isomeric Borabicyclo[4.3.0]nonanes from Bis(9-borabicyclo[3.3.1]nonane)

by Gas-Phase Pyrolysis?
Mohamed Yalpani*® Roland Boese®, and Roland Koster®

Max-Planck-Institut fiir Kohlenforschung®,
Kaiser-Wilhelm-Platz 1, D-4330 Miilheim an der Ruhr

Institut fiir Anorganische Chemie der Universitdt Essen®,
UniversitdtsstraBe 5—7, D-4300 Essen 1

Received November 7, 1986

The gas-phase pyrolysis of bis(9-borabicyclo[3.3.1]nonane) (1),
has been studied in the range of 400—620°C. At 490°C appro-
ximately equal amounts of t-borabicyclo[4.3.0]nonane (2) and 8-
borabicyclo[4.3.0]nonane (3) are formed (yield >95%). Heating
of 3 which persumably exists as the dimer (3); with a 1,1:2,2-
diborane(6) structure or as an oligomer with mixed 1,1:2,2- and
1,2:1,2-diborane(6) structure 4, in the condensed phase to above
100°C results in the formation of the air and hydrolysis stable §
with a 1,2:1,2-diborane(6) structure. The structure of § has been
determined by X-ray analysis. The pyrolysis of 9-alkyl-9-borabi-
cyclo[3.3.1]nonanes 6 [alkyl = ethyl (6a), 1,2-dimethylpropyl
(6b), and isopinocampheyl (6¢)] gives 2 and small amounts of (1),.
The formation of 2 from (1), as well as 2 and (1); from 6 indicate
that monomeric 9-borabicyclo[3.3.1Jnonane 1 is an intermediate.

The chemistry of bis(9-borabicyclo[3.3.1]nonane) [(9-
BBN), (1);), which has been known since 1960% and been
widely and extensively used as a facile reagent for various
hydroboration® and borylating® reactions, has itself re-
ceived very little attention. In particular the thermal chem-
istry of this molecule has been completely neglected prob-
ably due to an early report on its thermal stability . During
an investigation on the reductive carbon monoxide oligo-
merization with (1); we noticed that already at moderate
temperatures (120 150°C) in a fast dehydro-hydroboration
reaction the bicyclic ring is reversibly cleaved®, At higher
temperatures (>170°C) irreversible intermolecular hydro-
boration of C—C single bonds of the Cg ring of (1), results
in the formation of homologous 9-alkyl-9-BBN’s”, In these
reactions some of the results obtained pointed to at least a
partial persistence of the hydride bridged dimeric structure.
It has further been observed that this dimeric structure con-
tinues to persist even in the gas phase as indicated by the
mass spectrum of (1), showing a molecular ion at m/z =
244 with 60% abundancy?.

In contrast to these findings, kinetic experiments on the
hydroboration of alkenes® or alkynes® with (1), have
shown that the monomer 1 is in equilibrium with the dimer
(1),'” in polar or non-polar solvents.

In this report we describe results on the high temperature
gas-phase reactions of (1), and of the three 9-alkyl-9-bora-
bicyclo[3.3.1]nonanes 6a —c. The products isolated suggest
the intermediate formation of the monomer 1.
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Isomere Borabicyclo[4.3.0Jnonane aus Bis(9-borabicyclo[3.3.1]-
nonan) bei der Gasphasen-Pyrolyse"

Die zwischen 400 und 620°C untersuchte Pyrolyse des gasfor-
migen Bis(9-borabicyclo[3.3.1]Jnonans) (1), liefert bei ca. 490°C in
hohen Ausbeuten (> 95%) 1-Borabicyclo[4.3.0]nonan (2) und 8-
Borabicyclo[4.3.0]Jnonan (3), das vermutlich als Dimer (3), mit
1,1:2,2-Diboran(6)-Struktur bzw. als Oligomer 4 mit 1,1:2,2- so-
wie 1,2:1,2-Diboran-Struktur anfillt. (3); und 4 isomerisieren in
kondensiertem Zustand oberhalb ca. 100°C zu den Luft- und
Hydrolyse-resistenten Verbindungen § mit ausschlieBlich 1,2:1,2-
Diboran(6)-Struktur. Von § liegt eine Rontgenstrukturanalyse
vor. Die Pyrolyse der 9-Alkyl-9-borabicyclo[3.3.1]nonane 6
[Alkyl = Ethyl (6a), 1,2-Dimethylpropyl (6b) und Isopinocam-
pheyl (6¢)] liefert 2 sowie kleinere Anteile an (1),. Sowohl die
Bildung von 2 aus (1), als auch von 2 und (1), aus 6 weisen auf
das Auftreten des monomeren 9-Borabicyclo[3.3.1]nonans 1 wih-
rend der Pyrolyse hin.

Results and Discussion

Passing gaseous (1); with a slow stream of argon gas
through a heated quartz tube at temperatures higher than
350°C resulted in the formation of products which were
collected on a cold finger at —178°C. Above 620°C only a
complex mixture of olefinic hydrocarbons having elemental
compositions of CgH;; (GC-MS) could be detected. At in-
termediate temperatures, e.g. 490°C, and low internal pres-
sures (<001 mbar) the pyrolysate was a colourless and
slightly viscous liquid. The infrared spectrum of the product
showed an absorption band for vgy,p at 1590 cm~! and the
“'B-NMR spectrum showed two signals at § = 90.5 and 27
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Fractional distillation gave a low boiling fraction (a) (b.p.
~30°C/10~* mbar) which was an analytically pure colour-
less liquid (=50% yield). It showed no >BH absorption
band in its infrared spectrum. Elemental analysis and the
molecular mass at m/z = 122 suggested a structure isomeric
with 1. From the "B- and "C-NMR spectra of this new
compound as well as from the ''B-, 'H-, and *C-NMR spec-
tra of its 1:1 addition complex with quinuclidine, the 1-
borabicyclo[4.3.0]nonane structure (2) was deduced.

The second, higher boiling fraction (b) (b.p. ~100°C/10~*
mbar), a viscous and colourless liquid (=45% yield) par-
tially crystallized on cooling. On separation and recrystal-
lization from boiling ethanol (x20% yield) the resulting
crystals {m.p. 121 —122°C) showed an intense infrared ab-
sorption band for BH,B at 1620 ¢cm ™', The mass spectrum
with the molecular mass at m/z = 244 (no M */2), the ele-
mental composition (C;H3B,), and further analytical data
(!B and *C NMR) as well as its stability to air and protonic
solvents suggested the structure § with a 1,2:1,2-bis(1,4-
butanediyl)diborane(6} bridge which is isomeric with (1),.

Figure I. Perspective view of 5 showing the numbering scheme

Table 1. Bond lengths (A) and angles (°) for the borane bridge of
5, (1), 1,2:12-bis(biphenyl-2,2"-diyl)diborane(6) (BBDDB), and
diboranc(6) (DB)

5 (1), BEDDB DB
e 1.576(2) 1.567(1) 1.569(3) -
- 1.230(13) 1.25(2) 1.25(2) 1.321(5}
dp 1.799(3) 1.81B(3) 1.779(2) 1.770(5)
1CBC 128.0(9} 111.8(3) 131.4(3) -
{BHB 91.9(9) 94.0(4) 90.5(2) 84.0(5)
{HBH 87.0(8) 86.0(2) 89.3(2) 96.0(5)

The above structural assignment of 5 was further con-
firmed by X-ray determination which is shown in Figure 1.
The structure represents a 1,6-diboracyclodecane with two
fused cyclohexane rings linearly annelated in whick the bo-
ron atoms are bridged by two hydrogen atoms. The central
bonds around the borane bridge have, as shown in Table 1,
similar bond lengths as reported for (1),"”, for 1,2:1,2-bis-
(biphenyl-2,2’-diyl)diborane(6) ', and for diborane(6)'¥. The
bond angles show small variations as required by the struc-
ture of the substituents on the boron atoms. The methylene
carbon atoms C1, C8 and C9, C16 (cf. Figure 1), respectively,
are cis-substituted to the peripherial cyclohexane rings. Fi-
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nally, these cyclohexane rings are fused in an anti configu-
ration to the central 1,6-diboracyclodecane ring.

The viscous filtrate (¢) obtained after separation of crys-
talline 5 from the fraction (b) showed the same spectral char-
acteristics (IR, MS, and "B NMR) as found for 5. It consists,
however, of a mixture of cis/trans-fused C¢-ring isomers of
5, based on the products of alkaline hydrogen peroxide ox-
idation, which gives a 7:1 mixture of cis- and itrans-1,2-
bis(hydroxymethyl)cyclohexanes.

The IR spectrum of the pyrolysate mixture before distil-
lation, i.e. before heating, and also that of the residue after
removal of the low boiling fraction (a) at 30°C, showed a
strong BH,B absorption band at 1590 cm ™" which on heat-
ing to above 100°C disappeared giving rise to a similarly
strong band at 1620 cm~". The oxidation of this high boiling
fraction, before and after heat treatment, with alkaline hy-
drogen peroxide, gave a 10:1 mixture of c¢is- and rrans-1,2-

- bis(hydroxymethyl)cyclohexanes as the sole oxidation prod-

ucts. These results suggest the basic structure 3 which may
be present in the product mixture before distillation as the
dimer (3}, or the oligomer 4.

Therefore, 5 is not the primary gas-phase pyrolysis prod-
uct rather it forms in the aggregate form of (3), or 4 during
the distillation. Such a rearrangement and substituent ex-
change on the boron atom has been previously reported ™.

The formation of 2, an isomer of 1, in the gas-phase pyr-
olysis of (1), suggests an at least partial dissociation of the
borane bridge of (1),. This process could be enhanced by
carrying out the pyrolysis (at 460°C) over activated surfaces
such as granulated molecular sieves or glass wool. The prod-
uct obtained in this way was mainly (~80%) 2. It can be
assumed that the interaction of the boron atoms of (1), with
the oxygen atoms on the surfaces used promote the disso-
ciation into the monomer 1 which then rearranges to 2.

Another evidence for a more than transitory existence of
the monomer 1 under these conditions was obtained from
the pyrolysis of the three 9-alkyl-9-BBN derivatives 6a—c.
At high temperatures dehydroboration results in the release
of an alkene and the formation of 1 which isomerizes to 2.
The extent of the dehydroboration and therefore formation
of 2 is not only dependent on the temperature but also on
the structure of the 9-alkyl substituents. 9-Ethyl-9-BBN (6a)
is only minimally dehydroborated at 500°C and only about
5% of 2 is formed. An increase of temperature leads, how-
ever, to complete dehydroboration and formation of C; ole-
fins. With 6b dehydroboration becomes detectable at 375°C
(~2%) and the conversion to 2 is complete at about 500°C.
Interestingly, at intermediate temperatures (430—450°C)
the initial dehydroboration product, the monomer 1, is only
partially rearranged to 2. A significant amount of  survives
the further thermal reaction and can be isolated (2 10%) as
the solid dimer (1), from the cold finger on warming to room
temperature.

In the case of 6¢, the dehydroboration to 1 and its sub-
sequent dimerization is already observed during vacuum
distillation of 6¢ at 110°C and 10~* mbar. The distillate
consists of a mixture of a-pinene and crystalline (1),. Since
solid formation could not be observed in any part of the
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distillation head but in the cooled receiving flask, it can be
assumed that monomer 1 once formed in the gas phase
survives the passage through the relatively warm parts of
the distillation apparatus and dimerization and crystalliza-
tion first occurs in the cooled receiver.
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For the conversion of 1 to 2, in analogy to other known
thermal rearrangements of dialkylhydroboranes to trialkyl-
boranes'®, a four centered transition state, involving the
migration of a methylene radical from C1 to the boron atom
and of a hydrogen atom from boron to C1, can be assumed.

In the thermal transformation of (1), to 3 the monomer
1 is not an intermediate, since in the pyrolysis products of
derivatives of 6 or of (1), over active surfaces compound 3
could not be found. Therefore for the formation of the latter
two pathways both involving dimeric species can be for-
mulated:

a) The reaction is initiated by a dehydro-hydroboration
in one of the two rings of (1), to form 9-borabicyclo[4.2.1]-
nonane bound to 1, depicted in Scheme 1 as 1-(iso-1).
Suprafacial migration of the boron atom as in A would lead
to compound 1~ 3, in which a 3 moiety with a cis junction
onto the cyclohexane ring is bridged to 1 with a BH,B bond.
At this stage the cleavage of the diborane bridge would
release 3, collected from the cold finger as the dimer (3), (or

Scheme 1. Rcaction pathways in the pyrolysis of (1)
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the oligomer 4), and the monomer 1 which can undergo
rearrangement to 2.

b) The dimer (1), dissociates in part to 1 followed by fur-
ther rearrangement to 2. Both of the bicyclic rings of the
remaining undissociated (1), undergo concurrently or con-
secutively a double isomerization to (iso-1); followed by the
series of reactions described under pathway (a) without dis-
sociation of the borane bridge to form directly (3),.

The formation of approximately equal amounts (''B
NMR and isolation) of 2 and (3); or 4, respectively, in the
pyrolysis at 490°C would tend to favour pathway (a). How-
ever, since the analysis of yields of 2 and 3 in the product
mixture are complicated by the presence of unreacted (1),
at much lower and olefine formation at much higher tem-
peratures, it is not possible 1o conclude that the 1:1 ratio,
as required by pathway (a), holds at all temperatures.

Furthermore, it should be noted that the proposed su-
prafacial mode of migration of boron only rationalizes the
formation of cis-fused 3. For the approximately 10% of
trans-fused 3 found a probably more complex transition
must be invoked.

Experimental

Melting points: sealed capillary tubes, Biichi melting point ap-
paratus, uncorrected. — Gas chromatograms: Siemens Sinchromat
1 instrument with a 20 m PS 240 capillary column, injection port
at 150°C, oven at 40—300°C, programmed at 4°/min, helium as
carrier gas. — Mass spectra: MAT CH 7A. — "'B-NMR spectra:
Varian XL 100. — "*C-NMR spectra; Bruker WM 300 spectrom-
eter. — All operations were performed under argon. — The pyro-
lysis apparatus consisted of a quarz tube (50 cm long, 18 mm o.d.)
fused to a Dewar vessel with a rotatable cold finger, a pyrolysis
tube oven (20 cm length) and a preheating oven (20 cm length). The
system was evacuated by means of a double stage rotary and an
oil diffusion pump. A slow stream of argon through a capillary was
passed over the substrate which also regulated the vacuum to about
107! mbar.

General Procedure for Gas-Phase Pyrolyses: The substrate
(2—8 g) was volatilized from a porcelain boat in the preheating
section of the quarz tube and passed through the pyrolysis section,
and the pyrolysate was collected on the cold finger cooled to
—196°C. On completion of the sublimation and warming of the
cold finger to room temperature the pyrolysate dripped into a re-
ceiving flask immediately below the cold finger. In all cases the
recovery was quantitative.

Pyrolysis of (1), Isolation of 1-Borabicyclo[4.3.0 [nonane (2): Via
general procedure 8.0g (21.3 mmol) of (1); was sublimed
{90—100°C/10~? mbar) and pyrolysed at 490°C during 6 h. The
pyrolysate was a colourless liquid [IR (film): 1590 em~!. — "B
NMR (hexane): 8 = 90.5 and 27.0 { = 1:1)]. Vacuum distillation at
room temperature and 10~% mbar gave 2 as a colourless liquid,
fraction (a) (4.0 g, ~ 50% vyield). — ''B NMR (hexane): § = 90.5. —
B3C NMR (CDCly): 8 = 220 (br, t); 24.6 (br, t); 25.2 (1); 25.9 (v);
28.0 (t); 31.2 (t); 33.9 (t); 42.1 (br, d). — MS: m/z (%) = 122 (B,
M, 40); 94 {100).

CgH,B (122.0) Calcd. C 7875 H 12.39
Found C 78.83 H 12.08

Quinuclidine Adduct of 2: To 20 mi of an ether solution of 1.0 g
(8.2 mmol) of 2 was added 1.0 g (9.0 mmol) of quinuclidine. After
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stirring at room temperature for 30 min the solution was cooled to
—78°C and the microcrystalline solid separated (1.8 g, 94%), m.p.
130—131°C. — 'H NMR (CDCl;, 60 MHz): 8 = 3.0 (t, 6H);
0.2—2.0 (m, 22 H). — "C NMR (CDCl,): signals for quinuclidine
moiety & = 20.71 (d); 24.92 (t); 47.36 (1); signals for 2 moiety 8 =
24,67 (1); 2518 (1); 27.25 (1); 30.81 (t); 36.20 (t); signals for B—-C
carbons very broad. — MS: Decomposition to spectra for 2 and
for quinuclidine.
Ci:HxBN (2332) Caled. C 77.26 H 12.10 B 4.67
Found C 77.01 H 1222 B 480

anti-3,12-Diboratricyclof 12.4.0.0°'° Joctadecune (5): The distilla-
tion residue from above [IR (film): 1590 cm~! and ''"B NMR (hex-
ane) § = 27.0, *C NMR (CDCl;): 3 = 23.14 (1), 29.62 (1), 35.39
(d)] was further distilled at 100°C and 10~* mbar to yield fraction
(b). The colourless, initially liquid distillate (3.2 g, x40%) partially
crystallized on standing. Separation from filtrate (c) and recrystal-
lization from ethanol gave 1.6 g of 5 (320%), m.p. 121 -122"°C. —
IR (film): 1620 cm~". — 'H NMR (CDCl,, 200 MHz): 8 = 1.81 (m,
4H); 1.59 (m, 4H); 1.34 (m, 12H); 1.00 (br, 2H); 0.79 (m, 8H). —
"B NMR (hexane): 8 = 27.0. — *C NMR (CDCl.): § = 19.4 (br,
t): 23.88 (t); 31.38 (t); 36.95 (d). — MS: m/z (%) = 244 (B,, M ",
55); 230 (B,, 30): 122 (44); 120 (100).

CicHiB; (244.0) Caled. C 7875 H 12.39

Found C 78.70 H 12.43

Filtrate /c,: 1.6 g (20%) mixture of cis and trans isomers of 5. —
IR (film) = 1620 cm~'. — "B NMR (hexane) § = 27.0. — MS:
m:z (%) = 244 (B.. 35): 230 (B,, 20); 122 (40); 120 (100).

Oxidation of Distillation Fraction {bj: To 5 ml of a methanol
solution of 0.5 g of distillation fraction (b) at 0°C was added drop-
wise a solution of 4 ml of 30% hydrogen peroxide in 5 ml of me-
thanol. After stirring for 1 h at 0°C the mixture was refluxed for
3 h. The product obtained on ether extraction was acetylated with
acetic anhydride/pyridine mixture and analyzed by GC-MS: Two
peaks, both with & molecular mass at m;z = 228, identical to au-
thentic cis- and trans-bis(acetoxymethyl)cyclohexane, ratio 10:1.

Oxidation of Filtrate /c;: As above, gave a cis-trans ratio of 7:1.

X-ray Structure Determinations: Data collection and calculations
wcre carried out on a Syntex R 3 four cycle diffractometer with a
Nova 3:12 (Data General), Nicolet P 3 SHELXTL software'”. The
structure solutions were carried out by direct method and hydrogen
atoms were included as rigid groups. The isotropic temperature
lactors of the H atoms were taken as the 1.2 fold Uy, of -the cor-
responding C atoms. Hydrogen atoms attached to boron were
taken from difference Fourier syntheses and refined with unique
temperature factor of 0.039 (3) A -2 Compound 5, C,¢HoB,, mon-
oclinic, P 2,/n; a = 5409 (1), b = 11.525 (3), ¢ = 24.278 (5) A,
f = 9044 21, ¥ = 15134 (6) A’, D, = 1.07 gem~%, u = 0.53
cm ™' [Mo-K, (graphite monochromator)], 2663 unique reflections
of which 1857 were observed [F, = 3.5a(F)]. R = 0.048, R, =
0.047 [w~' = oXF) + 000024 - F*], maximal residual electron
density 018 ¢A -’ The atom coordinates for 5 are shown in
Table 2'¥.
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Tablc 2. Atemic coordinates and isotropical temperature para-

meters (pm*® - 10™") for §
x/a y/b z/c v

crl) 2486(13) 5763(1) 2128¢(1) 44(1)»
c(2) 2841(3) 6278(1) 1549(1) 41(1)»
i 4963(3) 5719(1) 12341(1) 50(1)»
cré) 5032(4) 6133(2) 636(1) 67(1)+
c(s) £103¢(4) 7448(2) 596(1) 62(1)~
C(6) 3074¢13) 8014(2) 931(1) 57(1)
Cr7) 3091(3) 7609(1) 1534¢1) 4dil)+
ci8) 5345(13) 810211) 1849¢(1) 47(1)»
c(9) 7564(3) BO79¢(1) 2908(1) 45(1)n
c(lo; 7165(3) 7579(1) 3490(1) 42(1)"
c(ll) 5014(3) 815511} 3789(1) 49(1)»
cri2) §904¢(4) 7763(2) 4388(1) 56(1)w
c(l13) 4814(4) 6451(2) 4441(1) 67(1)w
c(ldy 6863(4) 5868(2) 4120¢(1) 60(1)~
ctls) 6912(1) 6252(1) 3515¢(1) d4(1)»
c(l6) 4685(3) 5747(1) 3189(1) 46(1)*
Bil) 4228(3) 625612) 2597(1) 40(1l)~
B(2) 5818(3) 7585(2) 2440( 1) 40(1)»
H(a) 3752(25! 7305¢12) 2635(5) 39(1)

H(b) 6219(24) 6537(11) 2401(5) 39¢3)

* Equivalent isotropic U calculated as 1:3 of the U, tensor.

CAS Rcgistry Numbers

(1).: 21205-91-4 1 2: 5731-84-0 - 2-quinuclidine; 106904-69-2 ‘cis-S:
106880-59-5 / trans-§: 106972-41-2 / 6a: 52102-17-7 / 6b: 63942-
78-9 7 6¢: 100347-98-6 ’ cis-bis(acetoxymethyljcyclohexane: 98516~
00-8 / trans-bis(acetoxymethyl)cyclohexane: 106880-60-8
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