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Hydroboration. 67. Cyclic Hydroboration of Acyclic a,w-Dienes with
9-Borabicyclo[3.3.1Jnonane/Borane-Dimethyl Sulfide
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Hydroboration of acyclic a,w-dienes, 1,3-butadiene, 1,4-pentadiene, 1,5-hexadiene, 1,6-heptadiene, 1,7-octadiene,
1,8-nonadiene, 1,9-decadiene, 1,11-dodecadiene, and 1,13-tetradecadiene, with 2 molar equiv of 9-borabicyclo-
[3.3.1]nonane (9-BBN), followed by redistribution of the resulting dumbbell-shaped trialkylboranes with 1 molar
equiv of borane—methyl sulfide complex (BMS), has been investigated. With 1,3-butadiene, the initial redistribution
product, the five-membered boracyclane, borolane, underwent a rapid ring-opening reaction to give the known
1,6-diboracyclodecane. 1,4-Pentadiene and 1,5-hexadiene afforded the corresponding boracyclanes, borinane
and borepane, in quantitiative yields. With all other dienes, the initial redistribution products were polymeric.
They were converted to the methyl esters by treatment with methanol, and these products were depolymerized
into cyclic derivatives in 88~98% yield by vacuum distillation at 175-200 °C. In every case the cyclization was
accompanied by varying amounts of isomerization so that the major products were both the parent B-meth-
oxyboracyclane and the corresponding B-methoxy-2-n-alkylborinane. Thus, 1,6-hepatdiene afforded B-meth-
oxyborocane and B-methoxy-2-ethylborinane in 3:1 ratio and a total yield of 95%. With 1,7-octadiene, 1,8-nonadiene,
1,9-decadiene, and 1,11-dodecadiene, the isomerized product constituted the major constituent of the distillate.
1,13-Tetradecadiene afforded the parent boracyclane and the isomer in a 47:53 ratio and a combined yield of
82%. The B-methoxyboracyclanes were converted to the corresponding cyclic ketones by the DCME reaction

in 55-65% yield.

In the past few years, the cyclic hydroboration of dienes
has been actively investigated.® This has led to highly
efficient syntheses of valuable boracyclanes such as 9-
borabicyclo[3.3.1]nonane (9-BBN, 1), borinane (2),5°1°
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3,5-dimethylborinane (3),!! 3,6-dimethylborepane (4),!!
B-chloroborepane,'?2 B-methoxyborepane!® and B-halo-9-
borabicyclo{3.3.1]nonanes.}® The discovery of carbony-
lation,'*'7 cyanidation,!® and the dichloromethyl methyl
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ether reaction (the DCME reaction)!®* permits ready
conversion of these boracyclanes into the corresponding
cyclic ketones, thus making it a new, powerful annelation
reaction.?!-23

Of the various reagents used for cyclic hydroboration
such as BH; THF,*1124-% thexylborane,?"-2° monochloro-
borane etherate,'? 9-BBN/BH ;- THF,!* and 9-BBN/
BH;-SMe,,%1° the last seemed to be the most promising.
Both 9-BBN and BH;SMe, (BMS) are commercially
available,® stable reagents, are handled conveniently, and
afford clean products. Recently, we published an efficient
synthesis of borinane by this methodology.*! We wanted
to explore the scope of this reaction; therefore, we un-
dertook a systematic study of the cyclic hydroboration of
representative acyclic a,w-dienes.

Results and Discussion
The hydroboration of the dienes was carried out at 25
°C in THF, by using 2 molar equiv of 9-BBN. On com-
pletion of hydroboration (3-6 h), 1 molar equiv of BMS
was added and the reaction continued until the redistri-
bution was complete, as evidenced by !B NMR (18-24 h
at 25 °C or 3 h at reflux). The content of polymeric and
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monomeric species in the reaction product was established
by the following procedure. The reaction mixture was
methanolyzed and the amount of hydrogen evolved was
measured. The solvents and excess methanol were
pumped off under reduced pressure, and the resulting
mixture of borinate esters was distilled under vacuum. The
more volatile monomeric species (B-OCH;-9-BBN and any
B-methoxyboracyclane) were distilled out at relatively low
temperataure (<100 °C). The temperature was then slowly
raised to 175-200 °C to effect depolymerization. The
distilled products were characterized by oxidation with
alkaline hydrogen peroxide to the corresponding diols and
by conversion to the corresponding cyclic ketones by the
DCME reaction.!®® The cyclic ketones were characterized
by mass spectra, IR, and 'H and *C NMR spectroscopy.

The nature of the redistribution product was dependent
on the diene. Thus, with 1,3-butadiene, the initially
formed boracyclane, borolane, underwent a rapid ring
opening to form 1,6-diboracyclodecane. This is in ac-
cordance with the known instability of this compound.®
With 1,4-pentadiene and 1,5-hexadiene, the redistribution
products were the stable boracyclanes, borinane®!® and
borepane,'® respectively. The higher dienes yielded es-
sentially polymeric products.

The depolymerization was accompanied by isomeriza-
tion, and the depolymerized products consisted mostly of
a mixture of the parent boracyclane and the corresponding
2-n-alkyl derivative. The extent of isomerization was in
turn dependent on the diene. Thus, 1,6-heptadiene yielded
the parent compound, B-methoxyborocane, and the isomer
B-methoxy-2-ethylborinane in a nearly 3:1 ratio. With
other higher dienes, the ratio favored the isomer. On the
other hand, the longer chain derivative, 1,13-tetradeca-
diene, afforded the parent compound and the isomer in
almost equal amounts.

The results obtained with individual dienes are de-
scribed below.

1,3-Butadiene. The hydroboration of 1,3-butadiene has
been extensively investigated by several workers in the
past.® It has been established that the initial product of
hydroboration is polymeric and that it undergoes cycli-
zation on depolymerization at 140 °C. Késter originally
proposed the “bisborolane” (5) structure for this com-
pound.> This was shown to be incorrect, and, currently,
the “1,6-diboracyclodecane” (6) structure, proposed by
Brown and co-workers,? has been accepted as the correct
structure,33-35

In the present study, hydroboration of 1,3-butadiene was
carried out by adding the diene to a slurry of 9-BBN (2
molar equiv) in THF at ~78 °C (eq 1). The reaction
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@B—(CH2)4——@ (1)
®~<6H2>4———8® + BHyeSMe, —= 2®3H +
H
O w
5
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mixture was slowly warmed to 25 °C and the reaction
continued until the !B NMR indicated the completion of
hydroboration (4 h). BMS was added, and the redistri-
bution was carried out at 25 °C for 14-18 h. On completion
of reaction, the solvents were pumped off under aspirator
vacuum and the residue was distilled under vacuum. The
compound that distilled (bp 41-42 °C (2 mm)) was not the
desired bisborolane 5 but the dimer 1,6-diboracyclodecane
(6) (eq 1-3). This is not surprising, since it is known that

LM >
o emco I
6

5

the borolane ring system is highly unstable (¢, /5 = 15 min
at 25 °C) and that it readily dimerizes to 6.5 A major
advantage of the present procedure is its avoidance of the
formation of a considerable amount of byproduct of 1,3-
dibora derivatives. '

1,4-Pentadiene. The hydroboration of 1,4-pentadiene
with diborane was first reported by Késter.8 An exhaustive
study of the cyclic hydroboration of this diene with
BH,- THF was conducted in our laboratory, which led to
a practical synthesis of borinane 2.78242 However, hy-
droboration of 1,4-pentadiene with 9-BBN and redistri-
bution with BMS provides the most convenient synthesis
of this useful reagent®! (eq 4). Borinane is isolated from

2®BH + m 25 °C, 6 h
BHz* SMe,
®—<CH2>5—@ 257, B-24n
CHer

o

N T

the reaction mixture by careful distillation. The 9-BBN
remaining as pot residue can be conveniently recycled.
Alternatively, borinane itself can be used for hydroboration
in place of 9-BBN, generating 3 mmol of reagent from 2
mmol. This also obviates the need for distillation.
1,5-Hexadiene. In the past, several workers have
studied the hydroboration of 1,5-hexadiene with borane
(or diborane,®2426:36-38 monochloroborane etherate,!?s
thexylborane,?®? 9-BBN/BH,-THF,"® and 9-BBN/B-
(OCHj,)5).1® The last two reagents afforded the borepane
ring system in quantitative yields. Thus, 9-BBN/BHj;:
THF gave a mixture of 9-BBN and borepane in solution
(which could not be separated), and 9-BBN/B(OCHj;);
afforded B-methoxyborepane and B-OCH3-9-BBN (which
could be separated by fractional distillation). In the
present study, directed mainly at the separation of bore-
pane from 9-BBN, we used the more readily available BMS
instead of BHg ' THF. As with 1,4-pentadiene, the hydro-
boration of 1,5-hexadiene with 9-BBN and redistribution
of the dumbbell-shaped compound with BMS led to the
formation of borepane (7) and the regeneration of 9-BBN
(eq 5). But, just like the previous workers, we failed in
our attempt to separate the two. None of the methods
attempted, such as fractional crystallization from different

(36) Saegebarth, K. W. J. Am. Chem Soc. 1960, 82, 2081.

(37) Mikhailov, B. M.; Vasil’ev, L. S.; Safonva, E. Izv. Akad. Nauk
SSSR, Ser. Kim. 1962, 147, 630.

(38) Zakharkin, K. I.; Kovredov. A. L. Izv. Akad. Nauk SSSR, Ser.
Khim. 1962, 147, 106.
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25 °C, 6 h
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@“‘CHZ)G‘“@ 25 °C, B-24 h
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solvents, selective complexation with amines, or distillation,
could effect a complete separation of the two boracyclanes.
Most disappointing was the failure of distillation, which
had proved so convenient for the isolation of borinane.
Borepane appears to be thermally unstable, and attempted
distillation resulted in deterioration of the compound,
presumably due to polymerization. Fractional crystalli-
zation from ethereal solvents such as THF, DME, and
ether resulted in simultaneous precipitation of both 9-BBN
and borepane. From hydrocarbon solvents such as n-
pentane, n-hexane, and toluene pure 9-BBN (~70-75%
of that used in the reaction) precipitated at -78 °C. But
cooling the mother liquor to —78 °C did not achieve any
further enrichment, due to the coprecipitation of borepane
(see Table I). Possibly the situation is complicated by the
formation of mixed dimers. Earlier we had succeeded in
separating borinane from 9-BBN by exploiting their dif-
ferent complexation abilities with suitable amines such as
triethylamine, N,N,N’,N’-tetramethylethylenediamine
(TMED), and triethylenediamine (TED). This method
also failed in the present case.

1,6-Heptadiene. The hydroboration of this diene with
9-BBN and redistribution of the dumbbell-shaped com-
pound with BMS resulted in the regeneration of the 9-
BBN, but no cyclization. Instead, a polymer was obtained

(eq 6). This was established as follows: the reaction
2®BH AN N, e

BH3+ SMep R
@-«CH2;7—® N c@BH + polymer  (6)

mixture, from which the polymer had separated out as a
white globular species, was methanolyzed and the amount
of hydrogen evolved was measured within experimental
error. The theoretical amount of hydrogen was evolved,
indicating that the all of the B-H species in the reaction
product were active. The solution was transferred to a
distillation setup, and the solvent and excess methanol
were pumped off. The distillation setup was then evacu-
ated to 0.01-mm pressure and slowly heated to 90 °C. In
this manner all of the B-OCH;-9-BBN and any monomeric
species arising from 1,6-heptadiene was collected. Oxi-
dation and GC analysis of the diols, as their bis(tri-
methylsilyl) ethers, showed that the distillate consisted of
only B-OCH;-9-BBN and just traces of B-methoxy-
borocane (8). The residue left in the distillation apparatus
was heated to a temperataure of 175-200 °C under vacu-
um. Under these conditions, the polymeric species un-
derwent depolymerization and cyclization. The cyclized
species distilled over and was collected in a dry ice—acetone
cooled receiver. Examination of the distillate by !B NMR
showed only one signal at § +56 (R.BOCH;). This shows
that the distilled species must be a boracyclane. If it
consisted of a linear monomer, the 'B NMR would have
shown a signal at § +32, corresponding to RB(OCH;),.

Brown, Pai, Naik

This fact was conclusively proven by applying the DCME
reaction. Cyclooctanone and 2-ethylcyclohexanone were
formed in a 3:1 ratio. The presence of 2-ethylcyclo-
hexanone indicates that the depolymerization was accom-
panied by isomerization. This was also revealed by oxi-
dation of the distillate, providing mainly two diols, 1,7-
heptanediol and 1,5-heptanediol, arising from B-meth-
oxyborocane (8) and B-methoxy-2-ethylborinane (9), re-
spectively (eq 7). The fact that the isomerization occurs

polymer 1372007, O + O\/ + others (7)
B8

|
éCH3 OCH;4
8 9

0

during the depolymerization and not during the redistri-
bution or the methanolysis was established by analysis of
the methanolyzed product before distillation. The GC
analysis of the diols in this case showed the presence of
only cis-1,5-cyclooctanediol (from B-OCH3-9-BBN) and
1,7-heptanediol (from the linear polymer) in a 2:1 ratio.

Other Dienes. The hydroboration—redistribution of the
higher a,w-dienes such as 1,7-octadiene, 1,8-nonadiene,
1,9-decadiene, 1,11-dodecadiene, and 1,13-tetradecadiene
was studied as described earlier for 1,6-heptadiene. In
every case, 9-BBN and a linear polymer were obtained.
Methanolysis, removal of B-OCH3-3-BBN, and depolym-
erization at the 175-200 °C under reduced pressure af-
forded the boracyclanes as before. But unlike the 1,6-
heptadiene experiment, in all cases, except 1,13-tetrade-
cadiene, the isomerized product comprised the major
portion of the distillate (see Table II). In the case of
1,13-tetradecadiene, the parent 15-membered boracyclane
and its isomer were obtained in nearly equal amounts.

The structures of the isomers obtained from the reaction
mixture of 1,8-nonadiene and 1,9-decadiene were estab-
lished as follows: the distilled boracyclanes were converted
to the corresponding cyclic ketones by the DCME reaction.
The desired isomers were isolated by preparatiave gas
chromatography. A mass spectral analysis of these com-
pounds showed the correct molecular weights (154 and 168,
respectively). A 3C NMR analysis (fully decoupled)
showed the required number of carbon signals. An APT
(Attached Proton Test) 3C analysis established the
presence of only one CH; group and only one tertiary
carbon atom. 'H NMR spectra at high fields (470 MHz
and/or 200 MHz) showed the CH; signal as a distorted
triplet (J = 6.1-6.7 Hz). All of these facts suggested that
the compounds must be straight-chain alkyl-substituted
cyclic ketones but gave no information about the size of
the ring or the length of the alkyl chain.

To obtain a positive structure proof, we resorted to the
recently developed,®®*® “INADEQUATE” (Incredible
Natural Abundance Double Quantum Transfer Experi-
ment) ¥C NMR experiment. This experiment is a unique
method for studying carbon—carbon couplings in natural
abundance compounds. Thus, one can obtain unperturbed
satellite spectra by suppressing the strong signals (200
times stronger since the natural abundance of 13C is 1.1%)
from molecules with isolated '°C nuclei. Since an INAD-
EQUATE spectrum recorded with the pulse timing set for
the detection of one-bond couplings represents the sum
of nothing but AB- and/or AX-spectra, each corresponding

(39) Bax, A.; Freeman, R.; Kempsell, S. P. J. Am. Chem. Soc. 1980,
102, 4849,
(40) Bax, A.; Kempsell, S. P. J. Magn. Reson. 1980, 41, 349.
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Table I. Fractional Crystallization of 9-BBN from its Mixture with Borepane from Various Solvents
strength of
r;};:tfrzc&?t% composition? 9-BBN:borepane
respect to temp, mother
solvent 9-BBN, M °C liquor residue
tetrahydrofuran 0.5 -78 35:65 86:14
1,2-dimethoxyethane 0.38 0 51:49 50:50
ether 0.33 -40 40:60
-178 34:66 92:8
pentane 1.0% -78 32:68 100:0°
-116 36:64
-130 32:68
hexane 0.5 -35 59:41
-78 27:73¢ 100:0°¢
toluene 0.66 -78 38:62 99:1

% Determined by oxidation and GC analysis of the diols. ? Partially heterogeneous reaction mixture. € ~70% of the
9-BBN used in the reaction. ¢ Further concentration and coolmg of the reaction mixture resulted in sxmultaneous precipi-
tation of both borepane and 9-BBN. € ~74% of the 9-BBN used in the reaction.

Table II. Hydroboration-Redistribution-Depolymerization of Representative Dienes with 9-BBN-BMS
"
total yield % composition
depolymeri- of bora- parent 2-alkyl other
diene zation temp, °C cyclanes, % boracyclane derivative isomers
1,5-hexadiene 100 100
1,6-heptadiene 175-180 95 75 25 <2
1,7-octadiene 185-190 93 11 67 22
1,8-nonadiene 190-200 98 15 71 14
1,9-decadiene 175-180 88 12 65 23
1,11-dodecadiene 180-185 91 0 65 35
1,13-tetradecadiene 175-195 95 38 44 18
¢ Determined by oxidation and GC analysis of the diols.
Chart 1 Chart 11
(CH,) (CH,)
TN s @B—OCH + polymer o 6\| 1) o-BeN @B—OCH + polymer
|| I i) BMS I ' 1) BMS
111) MeOH 111} MeOH
175-200° C/?\q @HCH 175- zoo°wka @s—OCH3
distillation d1st111at1on

DCME RK + others
—2LlE R
[P\/\/ B)\,/\/
5 [J(:H3

u

¥XL-200 C O S M1 C
TR ETARRANKRREARNK c

5 8
VERSION 4/27/81 RR . . \\
‘ S RN
SAMPLE Pai-1 l '
LIMIT FOR COUPLING: 0.30 HZ
LIMIT FOR A-B TEST: 1.00 HZ 6
N,/

SATELLITE ANALYS1S
srarzszzrsEsassEEs=
BOND  SAT Jee 1S0-8HIFTS
25 12 34.63 -0.49/-0 47
34 13 30.47 -0.54/-0.54
13 13 29.97 -0.34/-0.58
12 13 34.55 -0.43/-0.440
e~ 7 24 13 32.96 -0.35/-0.42
-3 24 24 32 B7 -0.47/-0 2%
a- v 24 12 34.46 -0.37/-0.24

H
3
6
8

NOT ASSIGNED SAT 1 OF SIGNAL 1
NOT ARSICNED SAT. 6 OF SIGNAL 1
NOT ASSICNED SAT 2 OF SICNAL 1
NCT ASSIGNED SAT 4 OF SICNAL 2

to a specific C—C bond, it offers the unique possibility of
tracing the whole carbon connectivity pattern of organic
compounds.

Such an analysis of the isomers isolated from the 1,8-
nonadiene and 1,9-decadiene reactions unequivocally es-
tablished that they were 2-n-butylcyclohexanone and 2-
n-pentylcyclohexanone, respectively (Charts I and II).
The dotted bonds in the structures represent the bonds

< DCME RK (j\ + others
B Ve
i
0 OCH,
v

IL-200 C O S M1 C

ArmATEEARRNAE TR
VERSION 4/27/B1 RR

SAMPLE- Nafk-1 C..

4
LIMIT FOR COUPLING 0.30 HZ = Ve \
LIMIT FOR A-8 TEST 1.00 HZ '2 / \/
7
SATELLITE ANALYSIS 5
................... /
\8
EOND SAT Jce 180-SHIFTS

6 14 13 29.9% -0.44/-0.72
8 14 24 32.94 -0.45/-0 62
§ 13 13 34 43 -0.33/-0.52
113 14 36.37 -0 627-0. 61

5- 7 24 13 3%.09 -0.41/-0.%5¢6
8 24 13 33.03 -0.5¢6/-0.48
4 24 24 34.67 -0.52/-0.47
0

-1 24 12 34.¢68 -0.%53/-0.47

NOT ASSICNED SAT 2 OF SICNAL 1
NOT ASSICNED SAT 3 OF SIGNAL 1
NOT ASSICNED SAT Z OF SIGNAL 2
NOT ASSIGCNED SAT 3 OF SICNAL 2
NOT ASSIGNED SAT  OF SICNAL 3
NOT ASSIGNED SAT 3 OF SIGCNAL 3

not assigned by this analysis. Their connectivities are,
however, easy to guess. The satellite lines arising from the
coupling between the carbonyl carbon and its neighboring
carbons (carbons 1 and 2) are not observed due to the fact
that in the 13C spectra the carbonyl carbon is located far
away from the transmitter, which is centered on the ali-
phatic region, and also due to the long relaxation time of
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Freq 2 (Hz)
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Freq 1(Hz)

Figure 1. 3C 2D INADEQUATE analysis of 1,8-nonadiene
reaction mixture.

Scheme I

i. 2 9-BBN
i. BMS | i.175-200 °C (0.0l mm)
” H iii. MeOH polymer  TheME RK

@B—OCH3

0
(CH,),7
10,n" =1
11,n' =2
12,n' =3
13,n' =5
14,n" =17

(major product)

the former. Similarly, the bond between carbons 4 and
5 (Chart I) was not assigned because they form a strongly
coupled AB system (The equation 7 = (2n + 1)/4J ;n =
0, 1, 2... used for this analysis is not strictly applicable for
strongly coupled AB systems.*!).

Even this minor uncertainty was settled for the 1,8-no-
nadiene reaction sample by conducting a 2D INADE-
QUATE '3C analysis (Figure 1), which unequivocally es-
tablished structure 11 (Chart I) for this isomer. Also, there
is a literature precendent for the formation of six-mem-
bered boracyclanes during thermal depolymerization. It
was observed that during the depolymerization of the
hydroboration product of 1,7-octadiene with BH,Cl-OEt,,
B-chloro-2-n-propylborinane was the major isomer
formed.1?*

The isomers isolated from the reaction mixture of other
dienes, 1,7-octadiene, 1,11-dodecadiene, and 1,13-tet-
radecadiene, exhibited similar *C and 'H NMR behavior.
So, by analogy, we assigned them 2-n-propyl-, 2-n-heptyl-,
and 2-n-nonyleyclohexanone structures (Scheme I, com-
pounds 10, 13, and 14, respectively). As said previously,
the last diene also gave the 15-membered boracyclane (and
ketone) in 36% GC yield. Its structure was proven by GC
comparison with an authentic sample of cyclo-
pentadecanone and lack of CHj signal in the 'H NMR
spectrum.

In an earlier study of the cyclic hydroboration of the
a,w-dienes with monochloroborane etherate,!?® it was re-
ported. that the initial reaction mixture consisted of mo-
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nomer and polymer. The polymer could be depolymerized
by heating under vacuum. But the depolymerization
temperature increased with the size of the diene. In the
present study we did not observe any such effect. In all
cases, the depolymerization proceeded at an acceptable
rate at 175-200 °C.

It is conceivable that the undesirable isomerization will
be minimized if the depolymerization can be carried out
at lower temperature. We attempted to catalyze the de-
polymerization by adding a catalytic amount (5 mol %)
of BMS. This did not facilitate the depolymerization. In
fact, the reaction mixture was more complex in this case,
showing the presence of R3B species. One of the reasons
for the lack of catalytic effect may be the conversion of
R,BOCHj species to R,BH species by BMS. Even though
we did not characterize it, during distillation, a small
amount of solid was seen to collect and was ascribed to
9-BBN.

Conclusions

The hydroboration of a,w-dienes with 9-BBN and re-
distribution of the trialkylborane so formed with BMS
leads to the formation of six- and seven-membered bora-
cyclanes in excellent yield. The isolation of the six-mem-
bered boracyclane, borinane, is possible, but the seven-
membered boracyclane could not be separated from its
admixture with 9-BBN. The initial product of this reaction
with 1,3-butadiene, borolane, undergoes a rapid dimeri-
zation to yield 1,6-diboracyclodecane in quantitative yield.
With all higher dienes, the reaction products are polymeric.
These could be cyclized by methanolysis and thermal
depolymerization at 175-200 °C under vacuum. The de-
polymerization is accompanied by isomerization, and
varying amounts of the parent boracyclane and the cor-
responding 2-n-alkylborinane are obtained as the major
products, depending on the size of the diene. Attempts
to effect the depolymerization at lower temperatures by
using a catalytic amount of BMS gave unsatisfactory re-
sults.

Since the boracyclanes can be readily converted to the
corresponding cyclic ketones, the present study offers great
promise as a new, powerful annelation reaction.

Experimental Section

Materials. 9-BBN and BMS were obtained from the Aldrich
Chemical Co. The commercially available dienes were used
without further purification. All glassware were dried at 140 °C
overnight, assembled hot, and cooled to room temperature in a
stream of argon or nitrogen. All reactions involving organoboranes
were carried out under a static pressure of argon or nitrogen. The
liquids were transferred with syringes fitted with stainless steel
needles. The solvents were dried as described elsewhere.*?

Proton NMR spectra were scanned on a Varian XL-200 or a
Nicolet NT-470 NMR spectrometer. The !B NMR spectra were
obtained on a Varian FT-80A spectrometer. The *C NMR spectra
were scanned on a Varian FT-80A or a Varian XL-200 spec-
trometer. The APT, the INADEQUATE, and the 2D '3C ex-
periments were run on a Varian XL-200 spectrometer. The IR
measurements were conducted on a Perkin-Elmer 700 spectro-
photometer or a Perkin-Elmer 1420 Ratio Recording IR spec-
trophotometer. GC analyses were performed on a Hewlett-
Packard 5750 research chromatograph, on 6 ft X !/, in 10%
Apiezon L or 10% SE-30 columns. The diols were analyzed by
converting them to their bis(trimethylsilyl) ethers by treatment
with excess N,O-bis(trimethylsilyl)acetamide. Peak integration
was done by using a Hewlett-Packard 33805 digital integrator.

Oxidation of Organoboranes and the GC Analysis of the
Diols. The procedure described for the oxidation of borinane

(41) Bax, A.; Freeman, R. J. Magn. Reson. 1980, 41, 507.

(42) Reference 19, Chapter 9.
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is typical. Five milliliters of the reaction mixture containing a
total of 5 mmol of boranes was transformed to a Ny-flushed flask
containing a known amount of tridecane (GC internal standard).
The solution was diluted with 5 mL of THF and hydrolyzed by
dropwise addition of water (this step is unnecessary if the
methanolyzed product is used). The contents were then oxidized
by the addition of 4 mL of 3 M NaOH solution and 3 mL of 30%
H,0,. After 1 h, 7 g of solid K,CO; was added to saturate the
aqueous layer. About 1 mL of organic layer was transferred to
a vial containing MgSO,. The vial was shaken and, after awhile,
centrifuged. The diols present in the clear supernatant solution
were converted to their bis(trimethylsilyl) ethers by adding 100
wL of this solution to 100 uL of neat N,O-bis(trimethylsilyl)-
acetamide. After 15 min at room temperature, the silyl ethers
were analyzed on a 6 X !/, in. 10% Apiezon L column, 80-220
°C/10 °C/min, carrier gas He, 35 mL/min. The diols were
characterized by coinjection with authentic cis-1,5-cyclooctanediol
and 1,5-pentanediol.

Hydroboration-Redistribution of Dienes. The following
method is representative. An oven-dried, 50-mL, round-bottomed
flask fitted with a septum-capped side arm, a reflux condenser,
a connecting tube, and a magnetic stirring bar was cooled to room
temperature in a stream of N,. The flask was charged with 2.5
g of solid 9-BBN (20 mmol, 9-BBN can be handled in air for a
short time; however, for quantitative work, the use of a Nj-filled
glovebag is advisable). The flask was thoroughly flushed with
N; and 18 mL of THF and 1.34 mL (10 mmol) of 1,6-hepatadiene
were added. The hydroboration was followed by 1'B NMR and,
on completion of reaction (~3 h), 1.12 mL of 9.4 M BMS (10.5
mmol, 5% excess) was added and the reaction continued at room
temperature. As the redistribution progressed, the polymeric
species started to separate from the solution. The redistribution
was complete in 18 h at room temperature or 3 h at reflux, as
evidenced by the !B NMR of the clear solution. The reaction
mixture was carefully methanolyzed, and the amount of H, evolved
was measured by using a gas buret. On completion of metha-
nolysis, an aliquot was examined by "B NMR. It showed a single
peak at & +56.

Oxidation of a small amount of the reaction mixture showed
only cis-1,5-cyclooctanediol and 1,7-heptanediol in 2:1 ratio. The
reaction mixture was transferred to a specially designed distiliation
setup consisting of a cylindrical vial of 20-cm length and 4.5-cm
diameter fitted with a side arm, a bent-tube, and a receiver fitted
with a Teflon stopcock. The solvent and excess methanol were
pumped off under aspirator vacuum. The distillation assembly
was connected to the oil pump, and the vial was heated by using
a Kigelrohr oven to 90 °C. The distillate was collected in the
receiver cooled to —78 °C. After complete removal of volatile
materials, the vacuum was broken with N, and the distillate was
withdrawn with a syringe and weighed. Oxidation and GC
analyses showed that it was almost pure B-OCH;-9-BBN con-
taining <1.5% of B-methoxyborocane; yield 100%. The flask was
reevacuated and the vial heated to 175-200 °C. After 3-4 h, the
depolymerization was complete. The distillate was weighed and
a part of it was oxidized. It consisted of B-methoxyborocane (8)
and B-methoxy-2-ethylborinane (9) in 75:25 ratio; yield 94%.
Traces of other isomers and B-OCH;-9-BBN were also present.

A part of the distillate was subjected to the DCME reaction.
The ketones, cyclooctanone and 2-ethylecyclohexanone, were
isolated in 60% yield. They were separated by preparative GC
and characterized by comparison of their 'H NNR, °C NMR, IR,
and GC behavior with authentic samples.

1,3-Butadiene. To a suspension of 2.5 g (20 mmol) of 9-BBN
in THF was added the diene at —78 °C. The reaction mixture
was slowly warmed to room temperature and reaction continued
for 3-4 h. BMS was added (1.11 mL of 9.4 M liquid) and reaction
continued overnight. THF was removed under aspirator suction
and the 1,6-diboracyclodecane (6) was isolated from the reaction
mixture by distillation: bp 41-42 °C (2 mm); !'B NMR § +28;
IR 1612 cm}; nD? 1.4835 [lit. nD? 1.4886]; yield 92%. 9-BBN
remained as pot residue and could be recycled.

1,4-Pentadiene. Synthesis of borinane has been described by
this method elsewhere.l®

1,5-Hexadiene. Fractional Crystallization Studies. An
oven-dried, 50-mL centrifuge vial was cooled to room temperature
in a stream of N, and capped with a septum. Forty milliliters
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of a 0.5 M 9-BBN solution was added to the flask, followed by
1.19 mL (10 mmol) of 1,5-hexadiene. After 6 h, 1.06 mL of 9.4
M BMS was added and the reaction carried on overnight. The
1B NMR spectrum at this time indicated complete reaction, as
evidenced by the absence of RsB and BMS (§ +80 and -20,
respectively) and the presence of an R,BH signal at 6 +27. The
vial was cooled to 0 °C and then to —78 °C. After 1 h, it was
centrifuged quickly and reimmersed in the cold bath, and the clear
supernatant liquid was transferred into another similar vial with
a double-ended needle. The precipitate was washed once with
a small amount of hexane and centrifuged, and the washing was
added to the mother liquor. The residue was dried under vacuum
and weighed: 1.88 g (77%). Oxidation and GC analysis gave only
cis-1,5-cyclooctanediol, thus indicating it to be pure 9-BBN. A

“similar analysis of the mother liquor showed that it was a mixture

of borepane and 9-BBN in the ratio 68:32. The mother liquor
was concentrated to half its volume and cooled to -78 °C. The
precipitate and supernatant were analyzed as above and found
to have the following compositions (9-BBN:borepane): precipitate,
78:22; supernatant, 26:74.

1,6-Heptadiene. Depolymerization at 175-180 °C (0.01 mm):
yield of boracyclanes 95%; 1B NMR 6 +56. Oxidation showed
1,7-heptanediol and 1,5-heptanediol in a ratio of 3:1; minor isomers
<2%. The DCME reaction gave a mixture of cyclooctanone and
2-ethylcyclohexanone; yield 60%. The ketones were separated
by preparative GC on 10% SE-30/115 °C/isothermal. Cyc-
clooctanone: IR (thin film) 1720 cm™; 3C NMR (CDCly) § 24.91,
25.77, 27.35, 41.99, 195.38. Identical with an authentic sample
on coinjection.

1,7-Octadiene. Depolymerization at 185-190 °C (2 mm):
yield of boracyclanes 93%; !B NMR & +56. Oxidation showed
1,8-octanediol (11%), 1,5-octanediol (67%), and another four
isomers (22%). The DCME reaction gave a mixture of ketone;
yield 58%. The major isomer (80% of the mixture) was isolated
by preparative GC on 10% SE-30/95 °C/isothermal: IR (thin
film) 1715 cm™; 3C NMR (CDCly) 6 14.10 (q in off-resonance),
20.27, 24.78, 28.00, 31.62, 33.81, 41.87, 50.48, 199.26; 'H NMR
(CDCly) 6 0.90 (t, J = 6.7 Hz), 1.28 (m), 1.66 (m), 2.06 (m), 2.37
(m). .

1,8-Nonadiene. Depolymerization carried out at 190-200
°C (0.01 mm): yield of boracyclanes 98%; !B NMr § +56.
Oxidation showed 1,9-nonanediol (15%), 1,5-nonanediol (71%),
and other isomers (14%). The DCME reaction afforded a mixture
of ketones; yield 65%. The major isomer was purified by prep-
arative GC on 10% SE-30/130 °C/isothermal: IR (thin film) 1712
cm™; 13C NMR (CDCI,) § 14.04, 23.07, 25.15, 28.20, 29.42, 29.66,
34,18, 42.00, 50.78, 201.40; 'H NMR (CDCly) 6 0.89 (t, J = 6.7 Hz),
1.29 (m), 1.62 (m), 2.07 (m), 2.27 (m).

1,9-Decadiene. Depolymerization carried out at 175-200
°C (0.01 mm): yield of boracyclanes 88%; !B NMR § +56.
Oxdiation showed 1,10-decanediol (12%), 1,5-decanediol (65%),
and other isomers (23%). The DCME reaction afforded a mixture
of ketones from which the major isomer (72% of the mixture)
was isolated by preparative GC on 10% SE-30 column/125
°C/isothermal: IR (thin film) 1715 em™; 3C NMr (CDCl,) 5 13.91,
22.51, 24.79, 26.84, 27.98, 29.41, 31.96, 33.86, 41.87, 50.72, 199.51;
'H NMR (CDCl,) 6 0.88 (t, J = 6.7 Hz), 1.27 (m), 1.66 (m), 2.27
(m),

1,11-Dodecadiene. Depolymerization at 180-185 °C (0.01
mm): yield of boracyclanes 91%; 'B NMR é +56. Oxidation
showed one major peak (65%) and a mixture of four other isomers
(85%). The DCME reaction gave a mixture of ketones (55% yield)
from which the major isomer (47%) was purified by preparative
GC on 10% SE-30 column/160 °C/isothermal: IR (thin film) 1720
em™; 13C NMr (CDClg) 6 14.07, 22.60, 25.11, 27.26, 27.81, 29.18,
29.51, 29.76, 31.83, 33.86, 41.56, 50.45, 203.31; 'H NMR (CDCly)
5 0.88 (t, J = 6.7 Hz), 1.27 (m), 166 (m), 2.36 (m).

1,13-Tetradecadiene. Depolymerized at 175-195 °C (0.01
mm): yield of boracyclanes 95%; 1'B NMR & +56. Oxidation
showed 1,14-tetradecanediol (38% ), another diol (44% ) that was
not coincident with 1,13-tetradecanediol, and three other isomers
(18%). The DCME reaction afforded a mixture of ketones in 66%
yield. The two major isomers were isolated by preparative GC
on 20% SP-2100 column (200 °C/isothermal). The minor isomer
was identified as cyclopentadecanone by coinjection with an
authentic sample: 'H NMR (CDCly) 6 1.30 (m, 20 H), 1.65 (t, J
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=6 Hz, 4 H), 2.43 (t, J = 6 Hz, 4 H). The other isomer showed
the following 'H NMR signals: (CDCl) 4 0.88 (t, J = 6.8 Hz),
1.26 (m), 1.57 (m).
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The addition of aromatic aldehydes to certain lithium dialkylamides in benzene or tetrahydrofuran gave o-amino
alkoxides which were ortho lithiated with excess n-butyllithium. Subsequent alkylation and hydrolysis provided
ortho-substituted aromatic aldehydes via a one-pot reaction. The ortho metalation of a-amino alkoxides derived
from 1- and 2-naphthaldehyde and various substituted benzaldehydes was examined. When N,N,N’tri-
methylethylenediamine was used as the amine component of the «-amino alkoxide, metalation could be carried
out at lower temperatures. This rate increase is due to an intramolecular TMEDA-like assisted metalation. The
synthetic utility of this ortho metalation, including how varying the amine component of the a-amino alkoxide
affects the regiochemistry and metalation rate, is discussed.

In recent years there has been considerable interest in
the area of ortho metalation.! A variety of ortho-directing
groups have been utilized on various aromatic rings to
direct regiospecific metalation in the ortho position.
Carbonyl-derived directing groups include CONR,,?
CONHR,? oxazolines,* a-amino alkoxides® (prepared from
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tertiary amides and RLi), CH(OR),,® imidazolidines,’ cy-
clohexylimines,® and a-amino alkoxides® (prepared from
aromatic aldehydes and lithium N-methylpiperazide). We
recently reported an in situ protection of aromatic and
aliphatic aldehydes in high yield via the formation of o-
amino alkoxides.l® The a-amino alkoxides 3 are prepared
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by the addition of an aromatic aldehyde (1) to certain
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