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Abstract: Twelve representative olefins were hydroborated with thexylborane in the molar ratio of 1:1, and the products were
examined by residual hydride analysis, ir, GLC analysis of olefins, and GLC and !H NMR analyses of the methanolysis
products. The GLC-'H NMR examination provides a convenient means of analyzing mixtures of mono- and dimethoxyor-
ganoboranes. 1n all cases examined, the methoxy protons of monomethoxydialkylboranes appear downfield (& 3.7-3.96 ppm)
relative to those of dimethoxymonoalkylboranes (4 3.5-3.65 ppm). The reaction of monosubstituted terminal olefins, such as
1-pentene, with thexylborane produces preferentially thexyldi-n-pentylborane. On the other hand, thexylmonoalkylboranes
can be prepared in excellent yields (= 90%) from a wide variety of olefins, such as isobutylene, 2-methyl-1-pentene, cis-2-
butene, cyclopentene, cyclohexene, norbornene, and 1-methylcyclopentene. In most cases, it is desirable to maintain the tem-
perature of the reaction mixture at ca. —25° to minimize dehydroboration of tetramethylethylene (TME). The yields of
thexylmonoalkylboranes from 1-methylcyclohexene and a-pinene are 80 and <75%, respectively. Complete dehydroboration
of tetramethylethylene can be achieved by treating thexylmonoalkylboranes with a fourfold excess of triethylamine. This
reaction provides the basis for a new general synthesis of the monoalkylboranes as the triethylaminates. The monoalkylbo-
rane-triethylamine complexes obtained are readily converted to alkylboronates on alcoholysis or to mixed trialkylboranes
RR’;B on reaction with appropriate olefins. The reaction of TME with thexylborane in the ratio of 1:1 produces a mixture
consisting largely of 1,1,2-trithexyldiborane. However, the reaction of TME with borane in the ratio of 16:1 produces in 95%
yield dithexylborane, exhibiting a characteristic ir band at 2470 cm™! (vg.p 1820 cm™!) and existing as the unassociated
monomer. Methoxydithexylborane can be prepared from dithexylborane and isolated by distillation (85% yield). Thexyl-
monoalkylboranes exhibit ir bands at 2470 and 1570-1540 cm™!. The ratio of these two bands increases in the following
order: isobutylene < cyclopentene < 2-butene < l-methylcyclopentene < norbornene < 2-methyl-2-butene. The results
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suggest that the thexylmonoalkylboranes exist as the monomer-dimer equilibrium mixture.

Organoboranes have become one of the most significant
classes of organometallics in organic synthesis.? Successful
applications of the organoboranes to organic synthesis often
hinge on the availability of organoboranes with definite
structures. Simple hydroboration of olefins with borane is
satisfactory, in the majority of cases, for the preparation of
trialkylboranes containing three identical alkyl groups,
R;3;B.# On the other hand, the synthesis of “mixed” organo-
boranes often requires more elaborate procedures. Recent-
ly, various applications of thexylborane® (2,3-dimethyl-2-
butylborane) derivatives, as readily available “mixed” orga-
noboranes, to organic synthesis have been demonstrated.®
These synthetic possibilities have made it highly desirable
to be able to synthesize thexylmonoalkylboranes (1) in high
yields and in high purities, Indeed, in certain reactions util-
izing the thexylmonoalkylboranes (1), the yields of organic
products were sometimes low, and these appeared to be at-
tributable to the low yields of 1.
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In our earlier study>° of the hydroboration of olefins with
thexylborane, a representative series of olefins was reacted
with the stoichiometric amount of thexylborane (olefin:
thexylborane = 2:1), and the rates and directive effects in
these reactions were established. However, the structures of
the organoborane products were not investigated. Accord-
ingly, we decided to investigate the hydroboration of olefins
with thexylborane in the molar ratio of 1:1 with the fol-
lowing objectives: (1) to establish the precise nature of the

products obtained by the hydroboration of olefins with
thexylborane in the molar ratio of 1:1; (2) to clarify the
course of the hydroboration reaction; and finally, (3) to de-
fine reaction conditions to produce thexylmonoalkylboranes
cleanly and quantitatively.

Results and Discussion

Methods of Analyses. Combination of GLC and 'H NMR
Examinations of B-Methoxyboranes. Twelve representative
olefins were selected for the present study. Each olefin was
hydroborated with an equimolar quantity of thexylborane
(0.5 M in olefin and thexylborane), and the reaction was
followed by analysis for residual olefin. At the completion
of the olefin uptake, the reaction mixture was examined by
GLC analysis (SE-30, 2 ft) of the methanolysis product’
and '"H NMR analysis of the THF-free methanolysis prod-
uct. More routine examinations utilizing residual hydride
analysis and ir and GLC analysis (CW-20M or adiponi-
trile) for tetramethylethylene (TME) were also performed.
We have-found that the combination of GLC and 'H NMR
examinations provides a simple means of examining the
methanolyzed hydroboration mixtures. The GLC examina-
tion of the methanolysis product readily permits us to iden-
tify dimethoxyalkylboranes and monomethoxydialkylbo-
ranes derived from symmetrically substituted dialkylbo-
ranes using authentic samples prepared by the previously
reported procedures.’®® It also permits a qualitative analy-
sis of methoxythexylmonoalkylboranés which, in most
cases, eluted satisfactorily. The 'H NMR examination of
the methanolysis product, after evaporation of THF and
methanol [25° (15 mm), 1-2 hr], provides a convenient
means of determining the quantities of monomethoxy and
dimethoxyboranes. In all cases examined, the methoxy pro-
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Table I. Reaction of Monosubstituted Terminal Olefins with Thexylborane or Triethylamine—Thexylborane in the Molar Ratio
of 1:1 (10 mmol Scale)
Hydro- Residual
borating Temp, Time, TME olefin,? H_ BH,¢ H— BHR.¢ H— BR,.¢
Olefin agent@ °C hr mmol mmol mmol mmol mmol
1-Pentene A 0 1 Trace 0 38 2.4
4.0)¢ (2.09d 3.7d
A =25 1 0 0 4.5)d 0.7)4d 4.6)d
B 0 0.25 0 4.9)d 0.3)d 4.8)d
3,3-Dimethyl- A 0 1 0.3 0 3.0 4.3 [2.7]e
1-butene A =25 1 Trace Trace 2.4 5.2 [2.4]¢
Styrene A 0 1 0.4 0 2.2 5.2 [2.2]e
A -25 1 Trace Trace 2.0 6.1 [1.9]e

@ A = thexylborane. B = triethylamine—thexylborane. # By GLC on a CW-20M or adiponitrile column. ¢ By GLC (SE-30) and 'H NMR-
examinations of the methanolysis product. ¢ Numbers in parentheses are based on the results of carbonylation experiments after the addition
of 10 mmol of 1-hexene. € Numbers in brackets are based on the material balance.

tons of monomethoxydialkylboranes appear downfield (8
3.7-3.96 ppm) relative to those of dimethoxymonoalkylbo-
ranes (8 3.5-3.65 ppm). It also permits us to identify
methoxythexylmonoalkylboranes whenever these are
formed as essentially single products in nearly quantitative
yields. Thus, without isolating methoxythexylmonoalkylbo-
ranes, their identity and quantities can be conveniently de-
termined.

Monosubstituted Terminal Olefins. As representative
monosubstituted terminal olefins, 1-pentene, 3,3-dimethyl-
1-pentene, and styrene were selected. The hydroboration of
these olefins with thexylborane were carried out as de-
scribed above. The experimental results with these olefins
are summarized in Table I.

As shown in Table I, the hydroboration of 10.0 mmol of
1-pentene with 10.0 mmol of thexylborane produces only
2.4 mmol of thexyl-n-pentylborane, with 3.8 mmol of thex-
ylborane remaining unreacted. Since the hydroboration of
1-pentene is complete, and since no dehydroboration of te-
tramethylethylene has taken place, the fate of the remain-
ing 3.8 mmol of thexylborane must be accounted for by the
formation of thexyldi-n-pentylborane. In order to clarify
this point, 10.0 mmol of 1-hexene was added to the hydro-
boration mixture, and the product was carbonylated at
150° and 1000 psi in the presence of ethylene glycol.®* GLC
examination (SE-30 or CW-20M) of the carbonylated mix-
ture indicated the presence of 4.0 mmol of 2, 2.0 mmol of 3,
and 3.7 mmol of 4.

CHn CH,-n CeHyzn
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The formation of thexyldi-n-pentylborane can be ac-
counted for either by the competitive hydroboration of 1-
pentene with thexyl-n-pentylborane or by the dispropor-
tionation of thexyl-n-pentylborane. This last hypothesis was
ruled out on the basis of the following two observations: (1)
the reaction mixture obtained by adding 1 equiv of 1-pen-
tene to 1 equiv of thexylborane at 0° did not show any
change (by ir) when maintained for 72 hr at 25° followed
by 1 hr at 65°; (2) in lowering the hydroboration tempera-
ture to —25°, the product of the same experiment consisted
of 45% of thexylborane, only 7% of thexyl-n-pentylborane,
and 46% of thexyldi-n-pentylborane. Clearly, the results
support the following mechanism in which thexyl-n-pentyl-
borane favorably competes with thexylborane for 1-pentene
(eq 1).

Attempts to apply thexylborane-aminates were unsuc-
cessful. Neither trimethylamine-thexylborane** nor pyri-
dine-thexylborane reacted with 1-pentene at a measurable
rate at 25°. On the other hand, triethylamine-thexylborane

{ | BH l-pentene | | B/C5H“-n l-pentene
f I 2 gdower ' l \H faster
/C5H11-n
’—’—B\ (e8]
CHyn

reacted smoothly even at 0°. However, the product con-
tained only 3% of the desired thexyl-n-pentylborane.

Results with 3,3-dimethyl-1-pentene and styrene are
more favorable. However, no clean formation of the corre-
sponding thexylmonoalkylboranes was achieved.

Disubstituted Terminal and Internal Olefins. In, marked
contrast with monosubstituted terminal olefins, disubsti-
tuted olefins (either terminal or internal) react with thexyl-
borane in the molar ratio of 1:1 to produce predominantly
the corresponding thexylmonoalkylboranes. The experimen-
tal results with these olefins are summarized in Table 11.

In all of the cases examined, no more than trace quan-
tities of thexylborane were detected as dimethoxythexylbor-
ane. When the reaction was carried out at 0°, dehydrobora-
tion of tetramethylethylene (TME) took place to the extent
of 5-25%. Moreover, the amount of TME roughly corre-
sponded to that of the monoalkylborane derived from the
olefin used. These results strongly suggest the following
reaction path (eq 2).
disubstltuted R

olefin | | o~

> > + RBH, (2
le\H‘_H : @

Fortunately, we discovered that the dehydroboration
could be essentially prevented by maintaining the tempera-
ture of hydroboration at —25°. At this temperature, all of
the disubstituted olefins examined can be converted to the
corresponding thexylmonoalkylboranes as essentially single
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products.
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Trisubstituted Olefins. The more reactive of the trisubsti-
tuted olefins, such as 2-methyl-2-butene and 1-methylcyclo-

Journal of the American Chemical Society |/ 97:10 | May 14, 1975



2793

Table Il. Reaction of Disubstituted Olefins with Thexylborane in the Molar Ratio of 1:1 (10 mmol Scale)#
Residual
Temp, TME,b olefin,? H_BHPC RBH,¢ H_ BHR,¢

Olefin °C mmol mmol mmol mmol mmol
Isobutylene 0 0.5 0 0 0.6 9.2
=25 <0.1 0 0 0.1 9.5
2-Methyl- 0 0.8 0 0 0.7 8.7
1-pentene =25 0.1 0 0 9.3
cis-2- 0 1.8 0 0 1.6 8.0
Butene -25 0.2 Trace 0 0.7 9.2
Cyclo- 0 0.8 0 0 1.2 8.8
pentene =25 <0.1 Trace 0 0.3 9.3
Cyclo- 0 2.5 0 0 2.8 7.1
hexene =25 0.6 Trace 0.5 9.1
Norbornene 0 0.7 Trace 0 2.3 7.7
=25 <0.1 Trace 0 0. 9.2

a At 1 hr, the reaction mixture was quenched with methanol. # By GLC analyses (CW-20M or adiponitrile). ¢By GLC (SE-30) and ‘H NMR
examinations of the methanolysis product. The alkyl group (R) corresponds to the olefin used.

Table IIL

Reaction of 2-Methyl-2-butene and 1-Methylcyclopentene with Thexylborane in the Molar Ratio of 1:1 (10 mmol Scale)?

Residual
Temp, TME b olefin,b H_ BH,.¢ RBH, ¢ H_ BHR,¢
Olefin °C mmol mmol mmol mmol mmol
2-Methyl-2- 0 1.5 Trace
butene =25 0.7 0.5 Trace 0.2 9.1
1-Methyl- 0 2.1 Trace
cyclopentene =25 0.5 0.3 Trace 0.6 8.8

a—cSee the corresponding footnotes of Table II.

pentene, can be hydroborated with thexylborane in the
molar ratio of 1:1 at —25° to form the corresponding thex-
ylmonoalkylboranes in ~90% yields (Table IIT).

H3<|: <|:H3 HC,
ot He<C)
H H

5

That the dehydroboration involves an equilibrium reac-
tion was demonstrated with 1-methylcyclopentene. At 0° its
hydroboration with thexylborane was followed with time.
The results are summarized in Table IV. Significantly, at
no time is the reaction mixture as clean as that obtained at
—25°,

With the less reactive of the trisubstituted olefins, such as
1-methylcyclohexene and a-pinene, the rate of hydrobora-
tion is quite slow, requiring ~24 hr to reach a plateau of
93-949% completion at —25°. The dehydroboration process
competes with the hydroboration reaction even at —25°.
The experimental results are summarized in Table V. The
GLC-'H NMR examination of the methanolyzed product
derived from Il-methylcyclohexene at 24 hr indicates that
thexyl(2-methylcyclohexyl)borane is formed in 80% vyield.
The yield of thexylisopinocampheylborane was not deter-
mined. However, it cannot exceed 75% based on the GLC
analysis of TME and the residual a-pinene.

Reaction of Thexylmonoalkylboranes with Triethylamine.
A New Synthesis of Monoalkylboranes. If the reaction path
outlined in eq 2 is indeed operative, a mere shift of the equi-
librium should provide a simple route to monoalkylboranes.
Thexyl(2-methylcyclopentyl)borane (5) was therefore se-
lected for exploratory experiments because of the relatively
high amount (21%) of TME dehydroborated during its
preparation at 0°. In order to avoid any side reactions, 5§
was prepared at —20° and then, after warming up to 0°, as-
pirator vacuum was applied for 1 hr. Analysis of the
trapped materials by GLC revealed the presence of 6% of
TME. Further evaporation at 0° (0.3 mm Hg) for another
hour resulted in an additional 19% of TME. Although

Table IV. Reaction of 1-Methylcyclopentene with Thexylborane
at 0° in the Molar Ratio of 1:1 (10 mmol Scale)

Time, TME, 1-Methylcyclopentene,
min mmol mmol
1 Trace 1.6
5 0.4 1.3
15 0.8 0.9
30 1.3 0.4
60 2.3 Trace
1440 3.0 0
2880 2.7 0
4320 2.7 0

Table V. Reaction of 1-Methylcyclohexene and a-Pinene with
Thexylborane at —25° in the Molar Ratio of 1:1 (10 mmol Scale)

Residual Residual

Time, TME,2 olefin,2  hydride,
Olefin hr mmol mmol mmol
1-Methylcyclohexene 3 Trace 4.8 16.2
18 1.1 0.6 11.8
24 1.2 0.7 11.8
a-Pinene 1 Trace 6.8
2.5 0.5 4.4
6 1.2 2.7
20 1.6
24 2.5 0.7

@By GLC analysis (CW-20M or adiponitrile).

dehydroboration occurred to some extent, it was felt that
this procedure was not sufficiently promising to justify in-
vestigation in greater detail.

Another possible means of shifting the equilibrium is se-
lective complexation of the monoalkylborane. To this end
2.5 mmol of § were treated with 2.5 mmol of pyridine at 0°,
The reaction was conveniently followed by ir. Within 1 hr,
free pyridine and all free B~H species had disappeared.
Analysis of an aliquot after methanolysis indicated the
presence of only 11% of TME. After 5 days at room tem-
perature, the increase in dehydroboration was only 2%.
Clearly, pyridine quenches the entire reaction mixture by
coordinating with 5. However, when triethylamine was
added to a THF solution of 5, a rapid dehydroboration oc-
curred with formation of TME.

Brown et al. |/ Convenient Synthesis of Thexylmonoalkylboranes



2794

Table VI. Reaction of Thexyl(zrans-2-methylcyclopentyl)borane
with Triethylamine

TME dehydroborated, %

ranes, RR’;B, by this procedure is quite simple, opening a
convenient new route to tertiary alcohols. The complete ex-
perimental results are summarized in Table VIL
Dithexylborane. A Monomeric Dialkylborane. It has been
previously established that the hydroboration of tetrameth-
ylethylene (TME) with borane in the molar ratio of 1:1 pro-
duces thexylborane as the dimer®? (eq 4). We also studied
the reaction in the molar ratio of 3:1 (TME:borane) in di-
glyme.’® At 25°, 1.78 mol of TME was consumed per mole

Time,
hr  Reaction ratio: 1:1 1:2 1:4
0.25 75 88
0.5 75 84 94
1 78 84 98
3 86 98
Table VII. Preparation and Characterization of Triethylamine—Monoalkylboranes®

Triethylamine—monoalkylborane?

Dimethyl alkaneboronate®

Alcoholc.d TME dehydro- Yield, %

Olefin mmol borated,© mmol GLC Isolated Bp, °C (mm Hg) n*p
trans-3-Hexene 10.0 9.5 96 75 52-53(15) 1.407
2-Methyl-1-pentene 9.3 8.8 90 70 56-57 (15) 1.409
Cyclopentene 9.6 10.0 98
Cyclohexene 9.8 10.0 95 77 75-76 17y 1.437
2-Methyl-2-butene 9.5 9.5 g
1-Methylcyclopentene 9.7 9.8 93 80 60-61 (15) 1.429

aPrepared by the reaction of 10 mmol of thexylmonoalkylborane and 40 mmol of triethylamine.  All exhibit a strong, broad ir absorption
centered at ca. 2350 cm ™ and satisfactory 'H NMR spectra. The GLC yield of triethylamine 100—105%. ¢By GLC. 9 Alcohol corresponds to
the olefin used. Less than 0.5 mmol of 2,3-dimethyl-2-butanol and less than 0.1 mmol of 2,3-dimethyl-1-butanol observed except with 2-
methyl-l-pentene. In the case of 2-methyl-1-pentene, 1.0 mmol of 2,3-dimethyl-2-butanol observed. € Satisfactory 'H NMR and ir data ob-
tained. On oxidation, the corresponding alcohol was obtained in 100 + 5% yields. fTriethylamine—cyclopentylborane was identified by con-
version in 70% yield to 2-(cyclopentyldi-n-penthylcarbinyl)-2-bora-1,3-dioxolane, bp 127-128° (0.7 mm); n*°D 1.4675. 8§ Triethylamine—
(3-methyl-2-butyl)borane was identified by conversion in 72% yield to 2-[(3'-methyl-2’-butyDdicyclopentylcarbinyl]-2-bora-1,3-dioxolane,

bp 130-131° (0.8 mm); n*°D 1.4996.

By using 100% excess of triethylamine, 84% of TME was
recovered within | hr at 25°. This value went up to 94%
after 21 hr. Addition of 4 equiv of triethylamine achieved
complete TME dehydroboration without the concurrent
formation of 1-methylcyclopentene within 1 hr at 25°. The
results are summarized in Table VL.

Alkaline hydrogen peroxide oxidation of the hydrolyzed
reaction mixture provided trans-2-methylcyclopentanol in
97% yield. Evaporation of the volatile substances produced
triethylamine-(2-methylcyclopentyl)borane in quantitative
yield. Clearly the present synthesis is exceedingly simple
and convenient. It was successfully extended to other thex-
ylmonoalkylboranes. The experimental results are summa-
rized in Table VII.

The triethylamine-monoalkylboranes (6) function as
monoalkylboranes in disguise. They can be readily methan-
olyzed with 100% excess methanol. A quantitative amount
of hydrogen is generated within 30 min at 25°, thus indicat-
ing the presence of 2 equiv of hydride per boron. GLC anal-
ysis reveals the presence of the corresponding dimethyl alk-
ylboronates (7) as the sole products (eq 3). Unlike free

CH,0H .
RBH,-NEt, ——— 2H, + RB(OCH,), + NEt, (3)

6 7

monoalkylboranes,3® triethylamine-monoalkylboranes ap-
pear quite stable to disproportionation. A sample of 6 (R =
2-methylcyclopentyl) did not show any sign of dispropor-
tionation for at least a week at room temperature. In sharp
contrast with the trimethylamine or pyridine complexes,
which show very little tendency to hydroborate at room
temperature, triethylamine-monoalkylboranes react with
olefins at reasonable rates at 25° (Table VIII),

Addition of boron trifluoride etherate to a THF solution
of triethylamine-(2-methylcyclopentyl)borane does not ap-
pear to generate the free borane since little or no accelera-
tion of the reaction was observed (Table IX). However, in
hexane solvent, addition of boron trifluoride etherate does
appear to generate free monoalkylboranes, at least as an in-
termediate. Nearly 90% of 1-octene was taken up within 30
min at 25° (Table IX). The synthesis of mixed trialkylbo-

g H )2\
o + 288 — \>?B;H,B )

H

1565 2540 em”!

of borane in 24 hr. It has not been established whether the
reaction could be pushed further. With the hope of synthe-
sizing dithexylborane, we decided to investigate the reaction
in more detail. First, the reaction was carried out in the
molar ratio (TME:borane) of 1.5:1, 2:1, and 4:1 and fol-
lowed by analysis for residual hydride with time and GLC
examination of the oxidation products (Table X). The re-

Table VIII. Hydroboration of 1-Octene with
Triethylamine—trans-2-Methylcyclopentylborane at 25°
in the Molar Ratio of 2:1

Time, hr 1-Octene consumed, %
0 0
0.5 49
1 58
2 71
3 79
6 86
21 90

Table IX. Hydroboration of 1-Octene with
Triethylamine—trans-2-Methylcyclopentylborane at 25°
in the Molar Ratio of 2:1 in the Presence of Boron
Trifluoride Etherate

1-Octene consumed, %

Time, hr In THF In hexane
0 0 0
0.25 43 72
0.5 46 86
1 55 85
3 72 88
6 82 88

18 85 88
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Table X. Reaction of Tetramethylethylene with Borane in THF at 25°¢
TME:BH,
1.5:1 2:1 4:1
Residual Residual Residual
Time, TAD b hydride, TAD L hydride, TAD b hydride,
hr mmol mmol mmol mmol mmol mmol mmol mmol mmol
0 0 0 300 0 0 300 0 0 300
1 107 Trace 192 123 Trace 167 145
24 125 Trace 165 145 3 151 181 4 107
48 124 4 166 142 8 146 174 11
72 126 6 162 171 18 107
96 128 15 151
120 122 13 163

@The scale and concentration were 100 mmol and 1.0 M in borane, respectively. PTA = thexyl alcohol; I = 2,3-dimethyl-l'-butanol.

sults clearly indicate that the reaction involves an equilibri-
um. Moreover, it is further complicated by a relatively fast
isomerization of the 2,3-dimethyl-2-butyl group. The
amount of the 2,3-dimethyl-1-butyl group in the product is
not negligible beyond 24 hr at 25°.

When the thexyl to boron ratio in the product is 3:2
(reactant ratio, 2:1), the ir features are basically the same
as those of 1,2-dithexyldiborane, except that the intensity of
the 2540 cm™! band has diminished, and a very minor band
appears at 2470 cm™!. No noticeable change in intensity of
the 1565 cm™! band is observed (Figure 1). These observa-
tions indicate that the product exists essentially as 1,1,2-tri-
thexyldiborane (eq 5).

\%( )8\ \/?K"H\:Bfe\
o \ ——
15T65 25T40 cm

A dramatic change in ir spectra takes place as the reac-
tion proceeds beyond the formation of 1,1,2-trithexyldibo-
rane. The two original bands at 1565 and 2540 cm™! dimin-
ish, and the minor band at 2470 cm™! increases. When the
ratio of TME to borane is 16:1, the ir spectrum of the reac-
tion mixture (0.5 M in B) at 3 hr and 25° shows only the
2470 cm™! band in the 2600-2400 cm™! region, and practi-
cally no absorption is observed in the 1600-1500 cm™! re-
gion (Figure 1). The amount of residual hydride corre-
sponds to the formation of a dialkylborane (active hydride:
B = 1.01), and GLC examination of the oxidation product
indicates the formation of 1.96 mol of thexyl alcohol'? per
mole of borane. These observations are consistent only with
the formation of monomeric dithexylborane (eq 6).

At = Ko
\8( Nie \ \e( T

2470 om™

Treatment of the 16:1 reaction mixture with a 100% ex-
cess of methanol followed by evaporation of the volatile
substances at 25° (0.5 mm) provides ~95% pure!! methox-
ydithexylborane in 95% yield, purified by distillation (85%
yield by isolation).

The assignment of the band at 2470 cm™! was further
confirmed by treating tetramethylethylene with deuteriobo-
rane (BD3) in THF to produce the deuterium analogs of
1,2-dithexyldiborane (8) and dithexylborane (9) and ob-
serving the infrared shifts produced by the introduction of
the deuterium atoms. The shift from 2540 cm™! for the ter-
minal B-H stretching to 1870 cm™! for the corresponding
B-D stretching is in agreement with the predicted effect of

-1

2600 2400 1700 1800
L1 l#;.l 1 J
om!
Hop H X\
\e(&H'B\H
A He X\
BHB\H
U
/\3<<B-H T\
UL {}l ] 1
2600 2400 1700 1300
cm

Figure 1. Infrared spectra of dithexyldiborane, trithexyldiborane, and

dithexylborane.

the heavier isotope.!? The similar shift, from 2470 cm™! for
dithexylborane to 1820 cm™! for the corresponding deuteri-
um derivative 6 supports the assignment of these absorp-
tions to the stretching frequencies for the monomeric
species. The monomeric nature of dithexylborane was fur-
ther established by !B NMR, which exhibits a doublet cen-
tered at 81.3 ppm (J = 110 Hz) downfield relative to boron
trifluoride etherate.
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That dithexylborane exists as an unassociated monomer
rather than the THF complex was established by its synthe-
sis in the absence of THF. The reaction of TME with per-
formed neat dithexyldiborane in the 30:1 molar ratio
(TME:B = 16:1) produced slowly (24 hr) at 25° dithexyl-
borane which exhibits the same ir features in the 2600-
2400 and 1600-1500 cm™! regions as the sample prepared
in THF. The molecular weight of the product in TME, de-
termined by osmometry, was 185, in excellent agreement
with the theoretical value 182 for the monomer.

All dialkylboranes studied previously exist as the dimers,
i.e., as the tetraalkyldiboranes, either under neat conditions
or in various solvents, such as cyclohexane and tetrahydro-
furan. Thus, pure dialkylboranes, such as dimethylborane,!?
di-n-butylborane,!® diisobutylborane,!? disiamylborane,®®
dicyclohexylborane,? bis(2-methylcyclohexyl)borane,’? di-
isopinocampheylborane,’ borinane,!4? 3,5-dimethylbori-
nane,'#® and 9-borabicyclo[3.3.1]nonane,'’ all exhibit the
strong absorption characteristic of the B-H-B stretching in
the 1600-1500 cm™! region and no absorption characteris-
tic of the terminal B-H stretching in the 2600-2400 cm™!
region.'® Thus, this study represents the first identification
of a monomeric dialkylborane. Interestingly, examination
of the ir spectra of the thexylmonoalkylboranes described in
the present study reveals the presence of the ir band at 2470
cm™! attributable to monomeric dialkylboranes in varying
intensities. The ratio of intensities of the band at 2470 cm™!
to that in the 1600-1500 cm™! region increases in the fol-
lowing order and seems to correlate with the steric require-
ments of olefins: isobutylene < cyclopentene < 2-butene <
1-methylcyclopentene < 1-methylcyclopentene < norbor-
nene < 2-methyl-2-butene. These results strongly suggest
that these thexylmonoalkylboranes exist as the monomer-
dimer equilibria (eq 7), and that the large steric require-
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ments of the two alkyl groups are primarily responsible for
the existence of such monomeric dialkylboranes.
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Experimental Section

The organoboranes were always handled under nitrogen. 'H
NMR, "B NMR, and ir spectra were obtained with a Varian
T-60, a Varian XL-100, and a Perkin-Elmer 700, respectively.

Materials. The preparation of borane!” and thexylborane'® in
THF were carried out as described previously. Commercially
available olefins, straight-chain hydrocarbons (internal standards),
methanol, and trialkylamines were used without additional purifi-
cation after checking the purities.

Reaction of Olefins with Thexylborane at 0° in the Molar Ratio
of 1:1. The following procedure is representative. In a 50-ml flask,
equipped with a septum inlet and a condenser connected to a mer-
cury bubbler, was added 5.75 ml (10 mmol) of a 1.74 M solution
of thexylborane in THF. To this was added, at 0°, 14.25 ml of a
THF solution containing 10 mmol of cyclopentene and 5 mmol of
n-decane. A 1-ml aliquot was hydrolyzed at 1 hr with a 1:1:1 mix-
ture of water, glycerol, and THF, and the amount of hydrogen
evolved was measured. Another l-ml aliquot (0.5 mmol) was
methanolyzed with 1 mmol (0.04 ml) of methanol and analyzed for

TME and the residual olefin on a 6-ft CW-20M (or an adiponi-
trile) column. GLC examination of the same mixture carried out
on a 2-ft SE-30 indicated the absence of dimethoxythexylborane.!?
A major peak and a minor peak were observed. The minor peak
was identified as dimethoxycyclopentylborane.!® The major peak
was tentatively assigned to methoxythexylcyclopentylborane. A
third 5-mmol aliquot was methanolyzed (0.4 ml, 10 mmol), evapo-
rated under diminished pressure [25° (15-20 mm)], and examined
by 'H NMR after adding 0.22 ml (2.5 mmol) of benzene as an in-
ternal standard. This established the amounts of methoxythexylcy-
clopentylborane and dimethoxycyclopentylborane. The methoxy
protons of most of the methoxythexylmonoalkylboranes prepared
in the present study appeared in the 3.7-3.8 ppm region. Methoxy-
dithexylborane exhibits a peak at 3.96 ppm for the methoxy pro-
tons. The methoxy protons of the dimethoxyalkylboranes described
in the present study appeared in the 3.5-3.65 ppm region. The
final identification of methoxythexylcyclopentylborane is de-
scribed in the following experiment. An aliquot of the hydrobora-
tion mixture was also examined by ir. A strong broad band ap-
peared at 1540 cm™!. A weak band at 2540 cm~! and a weak but
somewhat stronger band at 2470 cm~! were observed in the
2600-2400 cm™! region. The experimental results of the hydrobo-
ration of olefins with thexylborane at 0° are summarized in Tables
I-1V.

Reaction of Olefins with Thexylborane at —25° in the Molar
Ratio of 1:1. The experiments were carried out in a manner similar
to the one described above. A commercially available low-tempera-
ture bath (Neslab, Inc.) was used to maintain the reaction temper-
ature at —25°. In the favorable cases, neat samples of methoxy-
thexylalkylboranes were prepared in the absence of an internal
standard and identified by 'H NMR examination. The experimen-
tal results are summarized in Tables [-1V.

The case of methoxythexylcyclopentylborane is representative:
'TH NMR (CCls, MesSi 8 0.76 (t, J = 4 Hz, 12 H), 1.3-2.0 (sin-
glet-like m, 10 H), 3.75 (s, 3 H) ppm.

Carbonylation of the Product Obtained by the Hydroboration of
1-Pentene with Thexylborane Followed by the Addition of 1-Hex-
ene. To a 10-mmol hydroBoration mixture derived from 1-pentene
and thexylborane as described above was added 1-hexene (1.25 ml,
10 mmol) at 0° (or —25°). The reaction mixture was stirred for 1
hr at this temperature and then for 2-3 hr at 25°. After the addi-
tion of 1.8 ml (30 mmol) of ethylene glycol, the reaction mixture
was carbonylated as described previously.%8 The carbonylated
products were analyzed by GLC on a SE-30. In each case, at least
three peaks were observed in the expected region. Two were identi-
fied as 2'° and 4.'° A peak between those for 2 and 4 was assigned
to 3. The GLC response factor of 3 was assumed to be the arithme-
tic mean of those of 2 and 4.

Preparation of Trimethylamine-Thexylborane. The compound
was prepared by the procedure described previously.5?

Preparation of Pyridine-Thexylborane. To 28.3 ml (50 mmol) of
1.77 M thexylborane in THF was added, at 0°, 4.0 ml (50 mmol)
of pyridine. Evaporation of the volatile compounds produced an or-
ange solid. After recrystallization from pentane, a colorless solid
was obtained: mp 38-39°; ir (Nujol) 2330 (s) and 1620 (s) cm™%
'H NMR (CCly, MesSi); § 0.53 (s, 6 H), 0.83 (d, J = 6 Hz, 6 H),
1.1-1.6 (m, 1 H), 7.35-7.75 (triplet-like m, 2 H), 7.81-8.18 (dou-
blet-like m, 1 H), and 8.45-8.65 ppm (doublet-like m, 2 H).

Anal. Caled for C HyBN: C, 74.59; H, 11.38; B, 6.11; N,
7.91. Found: C, 74.40; H, 11.36; B, 6.01; N, 8.00. The compound
appeared to be quite insensitive to air and moisture.

Preparation of Triethylamine-Thexylborane. To 10 mmol of
thexylborane (5.75 ml of 1.74 M solution) was added 20 mmol of
triethylamine. The ir spectrum of the product exhibited a strong
broad band at 2400-2380 cm~!. The bands at 2540 and 1565
cm™! attributable to free thexylborane were virtually absent.
When the ratio of triethylamine to thexylborane was 1.5, the bands
at 2540 and 1565 cm™! were present in addition to the band at
2400-2380 cm™1L.

Hydroboration of Olefins with Trialkylamine-Thexylborane. The
reaction of l-octene with either trimethylamine-thexylborane or
pyridine-thexylborane did not take place to any measurable extent
in 1 hr at 25°. Hydroboration of 1-octene with triethylamine-thex-
ylborane in the molar ratio of 1:1 at 0° was fast and over in 1§
min. The reaction in the molar ratio of 2:1 at 0° required 30 min
for completion. Based on these results, 10 mmol of 1-pentene was
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reacted with 10 mmol of triethylamine-thexylborane for 15 min at
0°. To this was added 10 mmol of 1-hexene. After stirring for 30
min at 0°, the reaction mixture was carbonylated as described
above and analyzed by GLC (SE-30).

Attempted Synthesis of frans-2-Methylcyclopentylborane by the
Dehydroboration of Tetramethylethylene from Thexyl(trans-2-
methylpentyl)borane under Reduced Pressure. Evaporation of a so-
lution containing 100 mmol of § was carried out at 0° (~15 mm)
for 1 hr. GLC examination of the trapped material (in 150 ml of
THF in a Dry Ice trap) indicated the presence of 6 mmol of TME.
The pressure was lowered to 0.3 mmHg and maintained an addi-
tional hour. The amount of TME dehydroborated had increased to
25 mmol. The residue was quenched at 0° with 16 ml (400 mmol)
of methanol. GLC examination of the mixture on a 2 ft X 0.125 in.
10% SE-30 indicated the presence of 15 mmol of trans-2-methyl-
cyclopentylborane (decane was used as internal standard). It was
found that a small amount of bis(2-methylcyclopentyl)borane was
also formed. As pointed out in the Discussion, no further attempts
were made.

Reaction of Thexyl(2-methylcyclopentyl)borane with Pyridine.
To a 5-ml aliquot of 0.5 M thexyl(2-methylcyclopentyl)borane
(2.5 mmol) prepared at —25° was added 0.2 ml (2.5 mmol) of pyr-
idine at 0°. After stirring for 1 hr, ir examination of a 0.4-ml ali-
quot indicated the disappearance of bands at 1580 cm™! for pyri-
dine and at 1550 cm™! for thexyl(2-methylcyclopentyl)borane. A
broad band at 2340 cm™! and a sharp band at 1620 cm™! indicat-
ed the formation of pyridine-alkylborane complexes. GLC exami-
nation on a CW-20M of an aliquot after methanolysis (using 100%
excess of dry methanol) revealed that 11% of TME had been dehy-
droborated. The cooling bath was removed, and the temperature of
the mixture was allowed to rise to 25°. Even after 5 days of stand-
ing at 25°, the amount of TME dehydroborated was only 13%. The
5-day-old reaction mixture was then refluxed for 1 hr. The amount
of TME increased to only 19%., When a 0.5-mmol aliquot of the re-
fluxed mixture was hydrolyzed with a 1:1 mixture of water and
glycerol, 0.48 mmol of active hydride was evolved within 15 min at
25°.

Reaction of Thexylmonoalkylborane with Triethylamine. The
following experiment is representative. To 11.3 ml (20 mmol) of
1.77 M thexylborane in THF was added, at —25°, 2.1 ml (20
mmol) of 1-methylcyclopentene. After stirring the mixture for 1 hr
at —25°, 2.8 ml (20 mmol), 5.6 ml (40 mmol), or 11.2 ml (80
mmol) of triethylamine was added at —25°. The temperature of
the mixture was raised to 25°, and the reaction was followed by
GLC analysis (CW-20M) of TME. The results are summarized in
Table VII.

Preparation of Triethylamine-Monoalkylboranes. The following
preparation of triethylamine-trans-2-methylcyclopentylborane is
representative. The preparation of 20 mmol of thexyl(2-methylcy-
clopentyl)borane was carried out as described above. To this was
added 11.2 ml (80 mmol) of triethylamine at —25°. The tempera-
ture of the mixture was raised to 25°, and the mixture was stirred
for 1 hr. For most purposes, this reaction mixture was directly used
as described later. Evaporation of the volatile substances at 15 mm
for 2 hr produced triethylamine-zrans-2-methylcyclopentylborane:
TH NMR (benzene, MesSi) 8 0.86 (t,J =7 Hz, 9H), 1.28 (d, J =
6 Hz, 3 H), 1.40-2.2 (m, ca. 8 H), and 2.46 (q, J = 7 Hz, 6 H)
ppm; ir (neat) 2350 cm™! (s). The product was further character-
ized by its conversion into dimethyl trans-2-methylcyclopentylbo-
ronate. An aliquot of the reaction mixture obtained by using 80
mmol of triethylamine was oxidized with alkaline hydrogen perox-
ide. [Caution! Hydrogen peroxide (30%) should be added after
completing the destruction of active hydride (25°, 0.5-1 hr) with 3
N sodium hydroxide. Premature addition of hydrogen peroxide can
cause minor explosions.] GLC examination on a CW-20M indicat-
ed the presence of trans-2-methylcyclopentanol (97% yield) along
with traces (<1% each) of the cis isomer, 2,3-dimethyl-1-butanol,
and 2,3-dimethyl-2-butanol.

Preparation of Dimethyl Alkaneboronates. The following prepa-
ration of dimethyl rrans-2-methylcyclopentaneboronate is repre-
sentative. A mixture containing 20 mmol of triethylamine-trans-
2-methylcyclopentylborane was prepared as described in the previ-
ous experiment. To this was added 40 mmol (100% excess) of dry
methanol. Evolution of 19.8 mmol (99%) of hydrogen was ob-
served within 30 min at 25°. GLC examination of the methanolysis
product on a 2-ft SE-30 indicated the presence of 18.6 mmol (93%)
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of dimethyl trans-2-methylcyclopentaneboronate. Distillation pro-
vided 2.5 g (80%) of the product: bp 60-61° (15 mm); n%°D
1.4290; 'H NMR (CCly, MesSi); 6 0.7-1.2 (m with a sharp dou-
blet centered at 0.95, J = 6 Hz, 4 H), 1.3-2.2 (m, 7 H), and 3.52
(s, 6 H) ppm; ir (neat) 2970 (s), 2890 (s), 1475 (s), 1360 (s), 1325
(s), 1020 cm™1 (s). Oxidation of the product yielded trans-2-meth-
ylcyclopentanol in 98% yield along with traces of impurities.

In a separate run, a mixture containing triethylamine-trans-2-
methylcyclopentylborane was stored at 25° under nitrogen and pe-
riodically methanolyzed. The products were analyzed by GLC.
Practically no change in the yield of dimethyl trans-2-methylcy-
clopentaneboronate was observed for | week.

Hydroboration of Olefins with Triethylamine-Monoalkylboranes
in the Absence of Boron Trifluoride Etherate. The following experi-
ment on the reaction of l-octene with triethylamine-zrans-2-meth-
ylcyclopentylborane is representative. To 25 ml (20 mmol) of 0.8
M triethylamine-trans-2-methylcyclopentylborane were added, at
25°, 15 ml of a THF solution containing 4.48 g (40 mmol) of -
octene and 10 mmol of n-nonane. At appropriate times, aliquots
were quenched with methanol and analyzed by GLC (SE-30). The
experimental results are summarized in Table VIII.

Hydroboration of Olefins with Triethylamine-Monoalkylboranes
in the Presence of Boron Trifluoride Etherate. (a) In THF. This ex-
periment was carried out in essentially the same manner as de-
scribed in the previous experiment except that 11.28 g (80 mmol)
of boron trifluoride etherate was added immediately after the addi-
tion of 1-octene. The results are summarized in Table 1X. Practi-
cally no acceleration of the rate was observed.

(b) In Hexane. Triethylamine-trans-2-methylcyclopentylborane
(20 mmol) was prepared as described earlier in this section. After
evaporation of the volatile substances [25° (15 mm), 1-2 hr], 30
ml of hexane, 10 mmol of n-nonane, 4.48 g (40 mmol) of 1-octene,
and 2.82 g (20 mmol) of boron trifluoride etherate were added in
this order at 25°. At appropriate times, aliquots were analyzed by
GLC after treatment with water. The results are summarized in
Table 1X.

Preparation of “Mixed” Trialkylboranes by the Hydroboration
of Olefins with Triethylamine-Monoalkylboranes and Their Car-
bonylation. The following experiment is representative. A mixture
containing 10 mmol of triethylamine-cyclopentylborane was ob-
tained as described earlier in this section. 1-Pentene (1.4 g, 20
mmol) was added at 25°, and the reaction mixture was stirred for
16 hr. GLC examination indicated that 94% of 1-pentene had been
consumed. After the addition of 1.86 g (30 mmol) of ethylene gly-
col, the mixture was carbonylated at 150° (70 atm) in the same
manner as reported previously.!® GLC examination (SE-30) of the
product indicated the presence of 7.0 mmol (70% yield) of 2-(cyc-
lopentyldi-n-pentylcarbinyl)-2-bora-1,3-dioxolane  contaminated
with an apparently isomeric product (~5%). The product was iso-
lated by distillation: bp 127-128° (0.7 mm); n?°D 1.4675; 'H
NMR (CCl4, MesSi) 6 0.6-2.1 (m, with peaks at 0.9, 1.27, and
1.47,31 H) and 4.1 ppm (s, 4 H) ppm; ir (neat) 2950 (s), 1460 (s),
1390 (s), 1265 (s), 1240 (s), 1210 (s), 1030 (s), 950 cm™! (s).

Anal. Calcd for C1gH35BO»: C, 73.46; H, 11.99; B, 3.67. Found:
C,73.62;H,12.22;B, 3.72.

Reaction of Tetramethylethylene with Borane in THF in the
Molar Ratio of 1.5:1, 2:1, or 4:1 at 25°. To 44.5 ml (100 mmol) of
2.25 M borane in THF were added, at 25°, 150, 200, or 400 mmol
of TME and 3.9 ml (20 mmol) of n-decane. The total volume was
adjusted by the addition of THF so that the concentration of boron
in each case was 1.0 M. At appropriate times, aliquots were exam-
ined by ir, residual hydride analysis, and GLC analysis of the oxi-
dation product. The results are summarized in Table X.

Hydroboration of Tetramethylethylene with Borane at 25° in the
Molar Ratio of 16:1. Ten millimoles of thexylborane in THF was
evaporated. To this was added 19.2 ml (160 mmol) of TME and 1
ml of THF. The mixture was stirred at 25° and analyzed at appro-
priate times as described in the previous experiments. At 3 hr, the
ir spectrum showed only the band at 2470 cm~! in the 2600-2400
cm~! region and practically no absorption was observed in the
1600-1500 cm™! region. The active hydride analysis indicated the
presence of 10.1 mmol of active hydride. An aliquot was oxidized
using 6 N sodium hydroxide and 30% hydrogen peroxide. Ethanol
was also used as a cosolvent. GLC examination of the oxidation
product on a CW-20 indicated the formation of 1.96 mol of thexyl
alcohol and 0.02 mol of 2,3-dimethyl-1-butanol per mole of bo-
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rane. Another 5-mmol aliquot was treated with 0.4 ml (10 mmol)
of dry methanol, evaporated [25° (0.5 mm)], and examined by 'H
NMR with benzene as a standard. There were formed 0.90 mol of
methoxydithexylborane and 0.05 mol of dimethoxythexylborane
per mole of borane.

Preparation of Methoxydithexylborane. The preparation of di-
thexylborane described above was repeated on a 20 mmol scale.
After quenching the reaction mixture with 1.6 ml (40 mmol) of
dry methanol, distillation provided 3.6 g (85% yield) of methoxydi-
thexylborane: bp 50-52° (0.25 mm); n%*°pD 1.4515; 'H NMR
(CCly, MesSi): 8 0.79 (d, J = 7 Hz, 24 H), 1.70-2.30 (septet, J =
7 Hz, 2 H), and 3.96 ppm (s, 3 H); ir (neat) 1310 (s), 980 cm™!

(s).

Anal. Calcd for C13H2BO: C, 73.58; H, 13.78; B, 5.10. Found:
C, 73.77; H, 13.76; B, 5.28. Oxidation of 1 mmol of the distilled
product yielded 1.98 mmol (99%) of thexyl alcohol. A trace
amount (0.02 mmol) of 2,3-dimethyl-1-butanol was also observed.

Preparation of Dithexylborane in the Absence of THF. Ten mil-
limoles of thexylborane was evaporated. 'H NMR examination of
an aliquot indicated the absence of THF. To the remaining residue
was added 19.2 ml (160 mmol) of TME, and the mixture was
stirred at 25°. The reaction was slow, requiring 24 hr for comple-
tion. The ir spectrum taken at 24 hr showed the same patterns in
the 2600-2400 and 1600-1500 cm™! region.

Reaction of Tetramethylethylene with Deuterioborane in the
Molar Ratio of 16:1. To a flask of a small set-up for the generation
of borane!” containing 0.64 g (15 mmol) of sodium borodeuteride
and 1 ml of diglyme was added, at 25°, 2.54 ml (20 mmol) of
boron trifluoride etherate over a period of 5-10 min. Deuteriobo-
rane thus formed was absorbed in a flask containing 20 ml of
THF. The reaction mixture was stirred for 30 min at 25° and then
heated for 2 hr at 50-60°. The concentration of deuterioborane in
THF was 0.33 M. A 16-ml aliquot (5.3 mmol) of deuterioborane
in THF was reacted with 0.64 ml (5.3 mmol) of TME. The con-
centration was adjusted to 0.5 M in boron by the addition of THF.
An aliquot was examined by ir. The volatile substances were then
evaporated at 25° (15 mm), and 9.6 ml (80 mmol) of TME and
0.6 ml of THF were added to the residue. The product was exam-
ined by ir. The results are described in the main text.
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