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Abstract

(R,R)- And (S,S)-2,5-dimethylborolanes {(R,R)-1-1 and (S,S)-1-1} have been
synthesized and applied to asymmetric synthesis of several fundamental organic
reactions. An efficient separation of trans- from cis-B-methoxyborolane and resolution
of the corresponding racemic B-methoxyborolane (trans-(t1)-2-51) are central to the
synthesis.

Asymmetric hydroboratior using homochiral 3,4-diethyl- or 3,4-dicyclohexyl-
borolane (2-8 or 2-9, respectively) with type II-IV olefins exhibits marginal degree of
enantioselectivities. However, 2,5-dimethylborolanes are shown to be highly
enantioselective hydroborating reagents (>98% ee). A mechanistic study on the
hydroboration of 1-1 is carried out utilizing 11B NMR for the first time to quantify the
boron species in kinetic measurements. Three-halves order kinetics is observed for the
hydroboration of 1-1 with cis-3-hexene; 1st order in the olefin and a half order in the
borolane dimer. The kinetic data coupled with study of the hydroboration of different
types of alkenes with the conformationally fixed borolanes provides valuable
information about the transition state of this reaction.

It is found that the enolate prepared from S-3-(3-ethyl)pentyl propanethioate
employing (S,5)-2,5-dimethylborolanyl trifluoromethanesulfonate {{S,5)-3-21} as an
external chiral reagent in the presence of diisopropylethylamine undergoes aldol
reaction with various aldehydes to provide anti-2-methyl-3-hydroxycarbonyl
compounds with high diastereoselection (anti/syn >30:1) and enantioselection (>97%
ee for the anti- isomer). Likewise the corresponding boron enolate derived from S-3-(3-
ethyl)pentyl ethanethioate provides upon reaction with aldehydes 3-hydroxycarbonyl
compounds with an asymmetric induction of 90-98% ee. This methodology using
external boron reagents is applied to the aldol reactions of methyl ketones aiming to
develop methods to couple large synthetic fragments in a stereoselective manner.
Moderate to good enantioselections are observed with various homockirai boron
reagents including B-chloroboranes, a practical alternative to the boron triflate.
Rationales for the high diastereo- and enantioselectivities encountered in these
reactions are given on the basis of 6-membered, cyclic transition states.



B-Allyl- and B-(Z)- and (E)-crotyl-2,5-dimethylborolanes (4-1, 4-2, and 4-3,
respectively} are prepared from the corresponding B-methoxyborolane (2-51) with
allylmagnesium bromide and (Z)- and (E)-crotylpotassium, respectively. Reactions of
(5,5)-4-1 with representative achiral aldehydes proceed at -78°C to provide homoallylic
alcohols of 85-93% ee. In a similar manner (R,R)-4-2 and (R,R)-4-3, upon reaction with
achiral aldehydes, lead to the predominant formation of the syn- and anti-2-methyl-1-
hydroxyl products, respectively, with an average selectivity of 20:1 and the ee's of the
major product ranging between 86-37% for the 4-2 series and between 95-97% for that of
4-3. A set of double asymmetric reactions with a chiral aldehyde (R)-2,3-O-
isopropylideneglyceraldehyde (4-38) are carried out to provide highly diastereo- and
enantioselective syn- and anti- homoallylic units, respectively, conforming to the rule
that has been established for double asymmetric synthesis. A rationale for the high
selectivities observed with reagents 4-1, 4-2, and 4-3 is given based on steric interactions
in the corresponding transition states.

Thesis Supervisor: Professor Satoru Masamune
Title: Professor of Chemistry
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The last two decades have witnessed the rise of asymmetric synthesis to the
forefront of organic chemistry.] Numerous chiral reagents and new methodologies
have emerged for the efficient construction of molecules possessing one or more
stereogenic centers.

Before the advent of highly selective "reagent controlled" synthesis based on
double-asymmetric strategy,? the selectivities in acyclic organic reactions invariably
resorted to the diastereofacial selectivities (D.S.'s3) of the substrates (“substrate
controlled" reaction) rationalized by Cram,4 Felkin,5 or cyclic chelation-controlled®
models. Except for the cases of metal-chelated reactions,” the selectivities in the
substrate controlled reactions usually do not exceed 5:1. Double-asymmetric synthesis,
which enhances ("matched"3 case) or overrides (“mismatched"3 case) the substrate
selectivities by use of powerful homochirald reagents, has made possible the
construrtion of the desired chiral carbon units in a predictable and controlled manner.
It has proven to be an extremely powerful methodology for the total synthesis of
complex natural products where efficient stereochemical control is vitai.2.8

As depicted in Scheme 1 double asymmetric synthesis can be executed by two
different pathways. Reaction of the substrate A*-C(X) with a selected “internal"t chiral
reagent B*-C(Y) (step a) provides a product which contains the chiral auxiliary of the
reagent in addition to the newly formed chiral centers (Cn*). In order to obtain the
product A*-C(Cn*)-C(Z) which is furnished with a desired functionality for further
synthetic transformation, the chiral auxiliary B* must be removed (step b) with full
preservation of the stereochemical integrity of the chiral centers created in step a. An
alternative to this rather circuitous pathway is the employment of an "external" chiral

reagent capable of converting A*-C(X) into A*-(Cn*)-C(Z) directly (step c).

t The reaction involving a chiral reagent provides a product which either contains or does not
contain the chiral moiety of the reagent. If it does, the reagent is called ‘internal’, and if not,
‘'external’.

12



Scheme 1

Rl'
A*CC9 (external chiral reagent) A™(Cn)-C@)

(step ©)
(step b)

C(y)-B*
- ~  A*(Cn*)-B*

(internal chiral reagent)
(step a)

B*: chiral auxiliary

C(x, y, or z) : carbon terminus with functional groups
Cn : carbon chain

* designates chirality

In addition to the advantage of the "external” chiral reagent over the "internal"
one in terms of synthetic manipulations, the crucial role of the former becomes even
more obvious in a reaction which involves a coupling of two chiral fragments with
concurrent generation of a stereogenic center or centers; the strategy often utilized in
the total synthesis of natural products (Scheme 2).

This is best exemplified in the case where two chiral fragments are combined via
an aldol reaction. Perhaps the most straightforward way to control the sterochemistry
of this coupling reaction is to incorporate a third chiral component (R*) which
possesses surmounting stereochemical control over the D.S.'s of the two reactants.
Thus in practice D*-C(Y) may be converted to the enolate containing a chiral metal
reagent and the coupling of both fragments mediated by a third chiral reagent is

viewed as a "triple asymmetric synthesis". In the past, many convergent natural

13



Scheme 2

A*-C(x) + C(y)-D*

Rll-
(external chiral reagent)

A*(Cn*)-D*

product syntheses have included the coupling of two or more major fragments in their
closing stages with the risk of uncertain product stereochemistry. Although no
reagents yet exist for such triple asymmetric synthesis, the development of powerful
external reagents should address this significant problem.

It becomes obvious that the new strategy involving double or triple asymmetric
synthesis strongly demands development of homochiral reagents of high (2100:1)
diastereofacial selectivity that surpass those of substrates so that any new stereogenic
center or centers can be constructed at will. In this regard the design of new reagents
meeting the standard set above is of paramount importance. Because of the preference
for the reagents to be external, attention is shifted toward organometallic reagents due
to their capability of extra non-covalent bonding (Lewis acidity) or reversible covalent
bonding through catalytic pathways (transition metals). Thus two criteria for the
reagents become apparent: (1) chiral ligands of high symmetry with close proximity to
the metal, and (2) high degree of reactivity usually arising from high Lewis acidity.

Relative to the design of ligands, C2 symmetry has long been recognized?10 as an

excellent control element for asymmetric reagents of bidentate ligands due to the fact

14



that an induction of asymmetry ultimately resolves into a facial differentiation of a
prochiral compound which mostly comprises an sp? carbon. Numerous reagents
possessing Cp or D2 symmetric ligands have been developed and successfully uiilized
in a number of asymmetric transformations.}.10,11

In connection with these ligands, particularly noteworthy is the introduction and
rapid adaptation of organometallic reagents of main group metals as versatile reagents
for selective organic reactions.12 The recognition of several main group metals such as
B. Al, and Sn as suitable metal elements with appropriate Lewis acidity has been
spreading widely over the past decades. Our choice of boron was made based on the
following merits: (1) strong Lewis acidity (or so-called "oxygenophilicity"12b) due to its
empty p orbital, (2) the shortest metai-oxygen and metal-carbon bond lengths among
the above mentioned metals (DB.OQ = 1.36-1.47, Dp.c = 1.5-1.6 A)13, thus confering
greater stereochemical control in kinetically controlled processes, (3) relatively strong
metal-carbon bond compared to those of other main group metals such as Al or Sn,
which have ca. 20-30 kcal/mol lower bon< energies for the corresponding M-C bonds,14
and (4) versatile applicability of the corresponding organcboranes!4-19 to various
asymmetric organic reactions such as hydroboration, carbonyl reduction,
hydrogenation, alkylation, allyl- or crotyl- addition to carbonyl compounds, aidol
reaction, and, as a chiral Lewis acid catalyst, the Diels-Alder reaction, Michael addition,
and carbonyl addition of organometaliic nucleophiles, etc.

Our aim is to demonstrate the powerful control that rationally designed external
reagents exert over asymmetric reactions and to establish beyond question the
mechanism of the fundamental reactions examined with the aid of simple, rigid
reagent systems such as (R,R)-1-1 and (3,5)-1-1. It is also envisioned that this study
should serve to introduce the reader in the general strategy towards the design of new

asymmetric reagents.

15
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Three avenues of asymmetric reactions utilizing (R,R)-1-1 and (5,5)-1-1 are
described in this account: (1) hydroboration, (2) aldol reaction, and (3) allyl- and crotyl-
addition to aldehydes. Part of the work described in this thesis has been included in
three papers in the form of preliminary communications.20-22 Throughout this
account, main emphasis is placed on the demonstration of pswerful external reagents
derived from (R,R)-1-1 or (5,5)-1-1 ectablishing the rule of double-asymmetric
synthesis, and an attempt is alsoc made to lay a foundation for triple asymmetric

synthesis through the successful employment of such external boron reagents.
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Chapter 2. HYDROBORATION
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21 INTRODUCTION

Since the pioneering studies of H.C. Brown on asymmetric hydroboration with
diisopinocampheylborane (2-1) in 1961,23 a few other reagents (2-2 - 2-4)2% have
emerged all of which were derived from readily available natural products,
monoterpenes or sesquiterpenes (2-1 and 2-4 from a-pinene (2-5), 2-2 from longifolene
(2-6), and 2-3 from limonene (2-7)). Prochisal olefins can be classified into four major
groups; (type I) geminally disubstituted, itype II) cis-disubstituted, (type 1II) trans-
disubstituted, and (type IV) trisubstituted alkenes.

.BH,

Ipc,BH Lgt,BH LimBH tpcBH;

2-1 2-2 2-3 2-4

2-5 2-8 2-7

18




Though easily accessible, the reagents 2-1 - 2-4 are of limited application because
of their specificity to certain types of olefins and because the enantioselectivities of the
resulting product alcohols usually do not meet the criteria set for double-asymmetric
synthesis. High selectivities observed with some reagents (such as 2-4 with type IV
olefins) are obtained only after the crystallization of the reaction intermediate,
trialkylboranes, inevitably resorting to the crystallinity of the trialkylboranes, thus they
are inapplicable to double-asymmetric synthesis2 or cannot be used with costly olefins
(such as those very often encountered in muti-step syntheses) without a substantial
loss of yield.

Various models25-28 for the transition state of hydroboration have been
proposed over the years to explain the steric relationship between the absolute
configuration of the reagent 2-1 and that of the product alcohols, however
understanding the exact nature of the transition state is yet to be realized. It was hoped
that a simple, rationally designed reagent might greatly enhance our knowledge of the
transition state.

It is for these reasons that a rational step toward the design and synthesis of new
asymmetric hydroborating reagents appeared to be warranted. In this regard, Chapter 2
focuses on the design, preparation, and use of two different types of reagents: (1) 3,4-
disubstituted borolanes and (2) 2,5-dimethylborolane. The last section of the chapter is

concerned with kinetic studies on the hydroboration of 2,5-dimethylborolane.

19



2.2 PREPARATION AND SUBSEQUENT HYDROBORATION OF 3,4-DISUBSTITUTED
BOROLANES.

Our initial step towards a raticnally designed hydroborating reagent involved
homochiral 3,4-disubstituted borolanes. The highlight in the Preparation of the

reagents is the preservation of Co Symmetry in the carbon skeleton and the technically
rather straightforward synthesis of the homochiral reagents. The preparation of two
3,4-disubstituted borolanes, 3,4-diehtyl- and 3,4-dicyclohexylborolanes (2-8 and 2-9) was
made possible by Drs. S, Nakagawa, H. Tobita, and S. J. Veenstra in these laboratories,
Both of the reagants were derived from 3,4-disubstituted succinic acid, adopting a

general method of cyclic borane preparation originally developed by Késter.29,30

() (O

2.2.1 3,4-Diethylborolane (2-8)

The preparation of 3,4-diethylsuccinic acid (2-10) was accomplished according to
a reported procedure31-33 as depicted in Scheme 2.1.

Homocoupling reaction of ethyl a-bromobutyrate was affected with Zn-Cu and
subsequent hydrolysis afforded the succinic acid 2-10 as a mixture of d- and meso-

isomers. dl-Isomers 2-10b can be easily separated from the mixture by recrystallization

20



from water and remaining meso compound 2-10a can be converted to dl-compounds

under equilibrium condition as portrayed in Scheme 2.1.

heme 2.1
(o)
Br o Zn, CuCly ot 1 KOH - OE
a————
cat. HBry | OEt 2)H OFt
o TH
o)
2-11 2-12
(o} o T
OH Ac0 conc HC/H,0 /\rj\ OH
o m— o) - OH
on reflux e 1:1, reflux \.““\T
o ° ©
2-102 2-13 2100
difmeso = 86/14

Depicted in Scheme 2.2 is the synthesis of B-methoxy-(35,45)-3,4-diethylborolane
(2-14), a direct precursor to the borolane 2-8. The resolution of the dl-mixture
(containing ca. 20% of meso compound 2-10a) was accomplished by a fractional
crystallization of monosodium [-menthyl trans-3,4-diethylsuccinate (2-16). (3R,4R)-3,4-
Diethylsuccinate (2-16a) came out in the first crystals (20% recovery, ~70% ee) from
methanol/ether solution (1/1) and dl-isomer was obtained as second crystallized

material in ~20% recovery.
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Scheme 2.2

SOCIZ I mentho!
pyridine

"

(£)-2-10b (£)-2-13 -
1) NaOMe, methanol

——- ——c———
2) resolution N

ey

(2R,3R)-2-17

2-16 (dh
2-16a (2R.3R)

MsCi, EtsN oms LiCl cl u
———— — —

CH,Cl, N oM ow N Cl ather

2-18 2-19
(2-21)
Cl,BNEt, #MeOH, HC!I
b SEE e B T o
N Li  ether ~- e ether ~-
2-20 2-22 2-14

Although it is possible to obtain (3R,4R)-diethyl succinate (2-16a) of higher
purity (>95% ee) by reiterative crystallization from ether/methanol (25/1) with a
significant sacrifice in yield, the material of ca. 70% ee was carried throughout the
reaction sequence in order to obtain a sizeable amount of 2-14 to test asymmetric

induction in the hydroboration. Reduction of 2-16a with excess LAH provided 1,4-diol

22



2-17 (~90%), which was subsequently treated with methanesulfonyl chloride to afford
the bis-mesylate 2-18 quantitatively. A direct chiorination with carbon tetrachloride
and triphenylphosphine resulted in tetrahydrofuran ring (2-23) formation as shown

below.

2-17 2-23

Displacement of the mesylate with chloride was smoothly effected with
LiCl/DMF at 70°C. The resulting dichloride 2-19 was bis-metalated with excess
lithium (as a dispersion containing 1% Na ) te provide an ethereal solution of 1,4-
dilithio-2,3-diethylbutane (2-20) (84%, determined by titration with sec-BuOH using
bipyridyl as an indicator). Finally, cyclic borane 2-22 was obtained in the reaction of the
dilithium compound 2-20 with N,N-diethylaminodichloroborane (2-21) in a high yield
(95%). Replacement of the diethylamino moiety with a methoxy group was
accomplished with HCI and furnished B-methoxy-(35,45)-3,4-diethylborolane 2-14 (90%
yield), an immediate precursor to the borolane 2-8.

The absolute configuration of the reagent 2-8 was unambiguously confirmed by
oxidation to the diol 2-17 and comparison with authentic material prepared
independently from compounds with established absolute stereochemistry. Scheme
2.3 delineates the route to obtain (35,45)-diethyl-1,4-butanediol 2-17a.



1) quinine, «COH
1)K0H O resolution O\
O\ 2) H AH COH
dr2.24 2-25 (15,25)-(+)-2-26

LAH M Non  MeC(OMe),,
THF CH p-TsOH, acetone
2-27

2-29 2-30

1N HC P, oH
B ——

THF OH

2-31 (25,35)-2-17a

Resolution of a racemic mixture of the diol 2-25 was performed according to a
published procedure using quinine.t34.35 Resolved diacid 2-26 (~70% ee) was reduced

to diol 2-27, which was then protected as an acetonide. The cyclohexene ring was

t An atiempted resolution with [-(-)-a-methylbenzylamine or /-(+)-thren-2-amino-1-(p-
nitrophenyl)-1,3-propanediol proved unsuccessful.
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ultimately transfcrmed to 3,4-diethyl moiety via a sequence of routine manipulaticns;
ozonolysis followed by reductive workup afforded the diol 2-29, derivatization of 2-29
with methanesulfonyl chloride provided the bis-mesylate 2-30, and reduction with
lithium aluminum hydride led to 2-31. Remova! of the acetonide protecting group
provided (25,35)-2,3-diethyl-1,4-butanediol (2-17a). The diol 2-17a exhibited a
levorotatory optical rotation ({]20D -2.0° (¢ 1.115, EtOH), -10.6° (c 0.52, CHCI3)}, whereas
[]29D +1.58" (c 1.01, EtOH), +9.4" (c 0.50, CHC13) was observed for alcohol 2-17 (72.8%
ee). That 2-17 has (2R,3R)-cofiguration was also confirmed by comparative 1H NMR
analysis of the corresponding MTPA esters of the diols 2-17 and 2-17a.

Asymmetric Hydroboration with 2,4-Diethylborolane

Depicted in Scheme 2.4 is the hydroboration of olefins using borolane 2-8 which
is generated in situ by using 0.3 equiv of LAH in the presence of an olefin. The parent
borolane 2-32 is knowr. to be thermally unstable and easily isomerizes to yield 1,6-

diboracyclodecane 2-33 which is inert to olefins.36

Scheme 2.4
LAH, olefin H, SN
BOMs ————o B, B
~ - ether S H*
2-14 2-8
1) olefin
2)ag NaOH,
HZ0,
OH
aicohol <
\“‘.s OH
2-17



OO0 — B

2-32

(e

2-34

The borolane 2-8 was found to undergo the same type of isomerization only
slowly, allowing sufficient hydroboration to occur before the isomerization.
Additionally racemic borclane 2-34 vas generated in the absence of olefin, stored for 24
h at 4°C, and allowed to react with trans-2-butene for 3 days (entry 2, Table 1). A
respectable 62% yield of the corresponding 2-butanol was obtained after oxidative
workup.

Results of asymmetric hydroboration of representative olefins with 2-8 are
shown in Table 2.1.



Table 2.1.2 Hydroboration of representative olefins with 2-34 and (R,R)-2-8.

entry  borolane olefin reaction  reaction  yield %ee€  corrected %ee for
reagent temp ()  time (h) obsd  the purity of 28

1 234 ~ o # 73 56 - -

2d 234 ~ . H 72 62 - -

3 (RR)2-8 o~ 2D 65 23 16.4 225

4 (RR}2-8 \./ X 70 28 17.3 238

5 (RR)>-2-8 \=C> 20 0 2 46 6.3

a. Borolane (~0.4 M, 72.8% ee) was generated in situ with 0.3 equiv LAH in ether in the presence
of an olefin.

b. Yields were determined by capillary GC analysis of the corresponding 3,3-dimethylbutanoyl
ester (entries 1-4) or acetate (entry é) using dodecane as an internal standard.

c. Values were determined by 114 NMR analysis of the corresponding derivatives (see footenote
b) in the presence of Eu(hfc)3 as a chiral shift reagent.

d. The borolane was prepared in the absence of olefin, stored at 4°C for 24 h, and then olefin was
added.

The results of hydroboration with meso borolane 2-34, shown in entries 1 and 2,
indicate reasonable reactivities of the borolane system toward olefin. The asymmetric
hydroborations were carried out at the iowest possible temperature (-20°C) in order to

ensure the highest enantioselectivity. However, only a marginal degrcc of seiectivities
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was obtained. Among the olefins tested, type IV olefin (entry 5) showed lower
enantioselection compared to type II and Il olefins. Concluding that the 5,4-diethyl
groups can not effect significant asymmetric induction, we moved on to the borolanes

with larger alkyl group.

222. 3,4-Dicyclohexylborolane (2-9)

Hoping that a bulkier substituent may effect a larger influence on asymmetric
hydroboration, we undertook the synthesis of 3,4-dicyclohexylborclane (2-9). The
synthetic strategy to 2-9 is patterned exactly after that for 2-8 as depicted in scheme 2.6.

Synthesis of monosodium [-menthyl 2,3-trans-diphenyldicarboxylate 2-41 was
accomplished according to the reported procedure.37.38 Essentially pure (2R,3R)-
isomer (>99% ee) of 2-41 was obiained by recrystallization of the mixture from
methanol. Reduction of (R,R)-2-41 with LAH provided the diol (R,R)-2-42 and
subseqnent hydrogenation of this diol with Rh/Al203 catalyst was carried out without
detectable racemization. In the same manner as that described for the preparation of
B-methoxyborolane 2-14, the methoxyborolane 2-48 was obtained. The enantiomeric
purity of 2-48 was determined at the stage of diols (2-42 and 2-43) as presented in
Scheme 2.7.
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1H NMR analysis of acetonide 2-49 with the aid of Eu(hfc)3 indicated >99% ee of
the alcohol 2-42 {[a]25p -47.6° (c 0.500, CHCI3)}. The reduced diol 2-43 {{a]23p -2.3" (c
0.52, CHCI3)} also proved to be >99% ee from the 1H NMR analysis of the
corresponding bis-MTPA ester 2-50 as shown in Scheme 2.7.

Scheme 2.7

2-43 2-50
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Collected in Table 2.2 are data from the hydroboration of representative olefins
using borolane 2-9 which was 71 situ generated from B-methoxyborolane 2-48 (Scheme
2.8). The enantioselectivities obtained with the product alcohols, again, feil into a

range of 4-23% ee.

Scheme 2.8

°'c'“1 04,
ol 1) o'sfin, LAH, ether s OH
BOMs = o~ alcohol < OH
2) NaOH. H,0, oCaHys

c-CeHyy

2-48 2-43

Table 2.2.2 Asymmetric hydroboration of representative aldehyde with 2-9

entry  olefin reaction reactiion yield (%) b % ee €
temp (C) time (h)

-20 21 32 23

a. Borolane 2-9 (>99% ee, ~0.4 M) was generated in sifu with 0.3 equiv LAH in ether in the

presence of 2.0 equiv olefin.
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b. Yield was calculated from capillary GC analysis of the corresponding 3,3-dimethylbutanoyl
ester (entries 1-3) or acetate (entry 4) in the presence of an internal standard.

¢. Values were determined by 1H NMR analysis of the corresponding esters (see footnote b) with
the aid of Eu(hfc)3 as a chiral shift reagent.

2.23. Concluding remarks

From the results of Table 2.1 and Table 2.2, it became obvious that -substitution
of the borolane ring system does not effect significant asymmetric induction. Although
hydroborations with 2-8 and 2-9 did not proceed in highly stereoselective manner, data
obtained from the reactions using 3,4-disubstituted borolanes shed a light on the
understanding of the transition state of the reaction. Namely, the boron atom should
occupy a much developed sp3 configuration (A) rather than an sp2 one of an earlier
transition state (B)25:26 or a position in the x-complex 3-center configuration (C).27 In
the latter two cases there must be a rather large influence of the B-substituents of the
borolane system on the orientation of the incoming olefin. Therefore a strong request
for the a-disubstituted borolanes emerges, the preparation of which requires a

conceptually new strategy.




2.3. 2,5-DIMETHYLBOROLANE {(R,R)-1-1 OR (S,5)-1-1}

The methodology employed in the construction of the 2,5-dimethylborolane
system stems in part from that of .he preparation of 3,4-disubstituted borolanes in that
both utilize cyclization via reaction of a 1,4-bismetallic reagent with an electrophilic
borane reagent. However, the strategy to accommodate chiral substituents o. tc boron
required an essentially different approach regarding the resolution technique.

Pioneering studies have been advanced in this group (S. J. Veenstra, 1983-1984)
to resolve enantiomeric boranes by complexation with homochiral aminoalcohols
thus producing diastereomeric mixture of aminoalcohol-boron complexes.39:40 These
complexes exhibit remarkable stabilities upon exposure to moisture and oxygen, to
which most alkylboranes are extremely vulnerable. Additionally the fact that one
diastereomer is thermodynamically more stable than the other allows for the
separation of a single diastereomer from a mixture, thus renders a convenient solution
to the preparation of homochiral borolanes. These accomplishments have facilitated

our effort to prepare the homochiral borolane reagents (R,R)-1-1 and (S,5)-1-1

23.1. Preparation of B-Methoxy-2,5-dimethylborolane (2-51)

Depicted in Scheme 2.9 is the synthesis of B-methoxy-2,5-dimethylborolane. (2-
51)
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Scheme 2.9

OH Br MgBr
Pafa MG .
crnr———— ———
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OH Br MgB
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ClLBNE,(52) HCI, MeOH
B — BNEty o BOMe
THF - ether ether - pentane
2.55% 2-51

Dibromohexanes 2-53 were prepared in 90% yield from 2,5-hexanediols 2-52
with 1.1 equiv of PBr3 (two equivalents used in the literature procedure).41 Although
it is possible to separate meso- and dl-2,5-dibromohexanes,41 no such attempt was
made, since the subsequent Grignard formation step was expected to epimerize the
stereogenic centers. Grignard reagent 2-54 was prepared in 60-70% yield according to
the literature procedure42 but with some modifications. 2,5-Dichlorohexane was also
prepared from the diol on the basis of Whiteside's report4> that a,0-di-Grignard
generation from dichlorides is generally superior to that from dibromides. However,
over the course of several runs, yields comparable to those obtained from the
dibromide were realized (Marvin Yu, 1986). Since the preparation of the dichloride is
somewhai more tedious than that of the dibromide, the dibromide remains to be the
starting material of choice. Both di-Grignard reagents give comparable yield of the
N,N-diethylaminoborolane and have comparable solubilities in THF (ca. 0.5 M at
20°C). The low solubility of the di-Grignard reagent 2-54 is a limitation to this method

of construction of 2,5-dimethylborolare ring system on a large scale.
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N,N-diethylaminodichloroborane (2-21) was prepared by addition of
diethylamine to a solution of BCI3 in benzene at an internal temperature of 3-5°C.
The literature proceduref4 calls for a much lower temperature which leads to freezing
of the benzene solution.

Construction of cyclic aminoborane was accomplished by adding Grignard
reagent 2-54 to 2-21 at -78°C. The aminoborolane 2-55 was obtained in 56-70% yield
depending upon the scale cf reaction as a ~1:1 mixture of cis and trans isomers (tH
NMR: two methyl doublets at 8 0.93, d, ]=7.2 Hz and 0.83, d, J]=7.7 Hz). Treatment of the
protonated amino group with methanol converted 2-55 to a mixture of B-
methoxyborolanes 2-51 in good yleld (85-90%) with cis/trans ratio of 47/53 as
determined by the 1H NMR analysis.

232. Separation of cis/trans Mixture and Resolution of B-methoxy-2,5-

dimethylborolanes.

The birth of highly illusive homochiral 2,5-dimethylborolanes was facilitated by
the resolution of racemic boron reagents as complexes with homochiral
aminoalcohols, a technique developed in our laboratories. Separation of the cis and
trans isomers was accomplished by taking advantage of the thermodynamic stability of
the complex 2-57 (Scheme 2.10}. The original procedure (T. Imai, 1985) involved
treatment of the mixture of B-methoxyborolanes with 0.505 equiv of N,N-
dir’nethylaminoethanol (2-56). Vacuum transfer of the volatile materials isolated ()-
trans-2-51 leaving solid complex 2-57 behind. The resulting (+)-2-51 was selectively
complexed with 0.55 equiv of (S)-prolinol ((S)-2-58) to provide the (R,R)-complex 2-59.
Another vacuum transfer then afforded (S,S)-2-51. (5)-Valinol was used to provide

complex 2-61 for the purpose of purification and storage.
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(2-56) (2-58)
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2-51 2-57 trans-(1)-2-51

4,& + {S)-valinol <\:FB <:sz\

2-69 (8.5)-2-51 2.¢61

:

However, examination of the resolution enhanced 'TH NMR (Gaussian-
multiflied FID) indicated that the volatile product (£)-2-51 contained 5-10% of the
undesired cis-bcrolane. Since the cis-isomer readily forms crystalline complexes with
either (S)-, (R)-prolinol, or (S)-valinol, its presence complicated subsequent purification
of the optically active complexes. This complication prompted us to further investigate
the resolution process in the hope of obtaining more highly purified aminoalcohol

complexes (J. S. Petersen, 1985).



1 oquiv 2-56 o
e —— [+ (X
N /N
I\ AN
2-51 2-57 (£)-2-62
I |
0.5 equiv
2-56

1 equiv cis,trang-2-51

2-57 + BOMe

trans-{1)-2-51

First it was established that the first resolution occurs under thermodynamic
control (Scheme 2.11). Treatment of cis,trans-2-51 with one equiv of N,N-
dimethylaminoethanol rendered a complete conversion to cis-complex 2-57 and trans-
complex (4)-2-62 as evidenced by 11B NMR (complete disappearance of 59 ppm peak
and a new, broad peak around 12 ppm). These complexes were allowed to equilibrate
with one equiv of cis,trans-2-51 (pentane, 16 h, room temperature) and the resuiting
products were separated by vacuum transfer. The solid residue consisted primarily of
cis-complex 2-57 and the volatile fraction was a 90:10 frans/cis mixture of
methoxyborolanes 2-51. Essentially the same result was obtained by treating the
starting mixture with 0.5 equiv of aminoalcohol 2-56. Thus, it was demonstrated that
the complexes do equilibrate and this portion of the separation process occurrs under

thermodynamic control.

Our first attempt to improve the resolution process involved modification of
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the aminoalcohol (J. S. Petersen, 1985). We reasoned that larger alkyl groups would
improve the trans/cis selectivity. However when N,N-diisopropylaminoethanol (2-63)
was employed, the vacuum transferred product was a 1:1 cis/trans mixture (Scheme
2.12). Apparently the isopropyl groups are too large to allow complexation to occur and
the open chain structure 2-64b most accurately depicts this compound.

Scheme 2.12

0.5 aquiv 61 o
BOMO et B‘ j + cis,trans-2-51
N

cis trans-2-51 2-84a

b X 9
80~ N\ \( HONN\I/ o~ Ho N

- 2-56
2-64b 2-83 2-65

Substitution of N,N-diethylaminoethanolamine 2-65 again gave a 90:10
trans/cis mixture. The cis-complex was also less crystalline in this case. Although
employment of (2-hydroxyethyl)pyrrolidine (2-66) afforded slightly better (but almost
comparable) results (T. Imai, 1985), a new strategy was developed for improving the
cis/trans separation. An obvious method for improving the tans/cis ratio is to
increase the amount of aminoalicohol used. Of course this will lower the yield of the
recovered trans-borolane. Since it was possible to analyze the cis/trans ratio of both
complex and the methoxyborolane by TH NMR, we could determine the equilibrium
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constant for the equation (J. S. Petersen, 1985):

t? + cis ———= tr + cis* )
K = [tr][cis*)/[tr*][cis] @

where * designates complexed species.

Note that at low aminoalcohol corcentrations the equation can be simplified to:
K = [cis®]/(tr*] and at high aminoalcohol concentration to: K = [tr]/[cis]. This allows K
to be determined from a single measurement of either the complex ratio or the
volaiiles ratio depending upon the relative ease of the measurements. In the case at
hand K was determined for aminoalcohol concentration of 0.5 equiv (both ratios
measured) and was found to be approximately 100. With the knowledge of K and the
assumption that all the aminoalcohol forms complexes, one can derive an equation
relating the cis/trans ratio of the starting material to the amount of aminoalcohol

added to the cis/trans ratio of the volatile product.

Initial conditions:
[tr] + [r*] =B
[cis] + [cis*} =1-B
where B equals the % trans isomer in the original mixture times 1/100.

Substituting ir the equilibrium equation:

_ 110 -B - [cis)

T @

K

Assuming that all the aminoalcohol forms complexes:
[aa] = [cis*] + [tr*]
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or 1- [aa] = [cis] + [tr]
80 1- [aa] - [ds] = [tr]

where [aa] equals the concentration of aminoalcohol.

substituting:

(1 - [aa} - [cis})(1 - B - [cis))
K= BT+ el + csDlcs] @

Expanding this expression leads to:

(K - Dlcis)? + {(K - 1)B + 2- K + (K - D[aal}[cis] + (1 - BX[aa] - 1) = 0
which is a quadratic equation where:

a=K-1

b=(K-1)B +[aa]) +2-K

c¢=(1-B)X[aa]-1)

x = [cis]

Thus Tl—-?a_aD' = % cis in vacuum transferred product.

In the case where K = 100 and B = 0.5, the effect of adding aminoalcohol on the
% cis isomer remaining in the volatile fraction is shown in Fig. 2.1. Adding
aminoalcohol rapidly reduces the concentration of the cis isomer up to about 0.5 equiv.
Between 0.5 and 0.7 equivalents the concentration of the cis isomer decreases more
slowly. Little further improvement of the cis/trans ratio occurs above 0.7 equiv of
aminoalcohol. This behavior was rapidly exploited. If one adds 0.45 equiv of
aminoalcohol, vacuum transfers, and then adds an additional 0.1 equiv of
aminoalcohol (based on the starting methoxyborolane) the volatile product contains

only 2% of the cis isomer. On the other hand if one simply adds 0.55 equiv of



aminoalcohol in one portion, the product contains 5.8% of the cis isomer -- nearly
three times as much. Consequently the cis complex produced in the former process
has a much higher cis/trans ratio.

In practice we effected the cis/trans separation by adding 0.45 equiv of
aminoalcohol, vacuum transferring, and then adding 0.08-0.09 equiv of aminoalcchol
(Scheme 2.13). In this fashion, product containing 2-4% of the cis isomer was obtained.
It is important that the vacuum transfer be performed at as low a pressure as possible to
permit most of the transfer to occur prior to substantial heating of the reaction mixture.
At higher temperature the equilibrium constant is apparentiy not as great and a poor

cds/trans ratio is observed in the volatile fraction.
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Fig. 2.1. The effect of adding aminoalcohol on the % cis-2-51 remaining in the volatile

fraction when K = 100 and B = 0.5.

41



Scheme 2.13
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2-57 2-62

L J ~45%
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We were still confronted with an additional issue of resolving trans-torolane 2-
51 to cbtain (R,R)-2-51 and (S,5)-2-51. To date it has not been established whether or not
the reaction of prolinol (2-58) with trans-2-51 in pentane operates under kinetic or
thermodynamic control. That a precipitate rapidly forms during the addition of
prolinol to the solution of trans-2-51 in pentane strongly suggests a kinetic resolution.
If the product ratio is a thermodynamic result, the analysis above is still applicable. If

the product ratio is a kinetic one, the relevant equation is:45

krel = In{(1 - c)(1 - ee)}/In{(1 - c)(1 + ee)} 5)
where ¢ = equiv of aminoalcohol

and ee = %ee/100 of volatile product.



In either case, addition of 0.45 equiv of (S)-prolino! followed by vacuum transfer
and addition of 0.45 equiv of (R)-prolinol was expected to provide highly pure
complexes. In practice 0.45 equiv of (S)-prolinol (prepared from natural (S)-proline)
was used to provide highly pure (R,R)-complex 2-59 as a mixture of (R,R)-, (R,S5)-, and
(5,S)-borolanes in a ratio of 97/2/1 on a 0.1 mole scale. Vacumm transfer of the volatile
material and treatment with 0.45 equiv of (R)-prolinol provided (S,S)-complex with
similar purity to that obtained for (R,R)-complex (Scheme 2.14). Final vacuum transfer
of the volatile material provides ca. 0.1 equiv of (+)-2-51.

Recrystallization of the prolinol complexes in methylene chloride (45 mL/g,
reflux, then cooling to 4°C) gave a 60% recovery of crystalline material of >99% ee.
Concentration of the mother liquors and crystallization again gave a 60% recovery of
96-98% ee material. Additional crops of crystalline complex «f lower % ee could be
obtained. The prolinol complex is stable in refluxing methylene chloride (2 h, air, no

decomposition by 1TH NMR) and the recrystallizations were performed without any

Scheme 2.14
0.45 equiv ¥ A
BOMe =i l{? + BOMa + BOMe
y (S)-prolino! 0
(&)-trans-2-51 (R,A)-2-59 (R,A)-2-51 ($,5)-251
~45% ~5% ~50%
I
0.45 equiv (F)-prolinol :N-o}
— (| g + BOMe
I A Y
{S.5)-2-89 (t)-trans-2-51
~45% ~10%
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special precautions.

The per cent ee's of the complexes were determined by oxidation to diol and
subsequent analysis of the corresponding bis(c.-methoxy-a-trifluoromethylphenyl
acetate) from the diol. It should be noted that the Mosher's acid available from Aldrich
is of variable enantiomeric purity (typically 94-98% ee, J. S. Petersen, R. M. Kennedy, R.
P. Short, and B. M. Kim, 1985). This ee was determined by the reaction of the acid with
optically pure a-phenylethylamine (obtained from recrystallization of tartaric acid salt)
and analysis of the diastereomeric amides by capillary GC or HPLC. Essentially pure
(>99.8% ee) Mosher's acid can be obtained by one recrystallization of the corresponding

amine salt in ethanol following the original literature.46



23.3. Asymmetric Hydroboration

Portrayed in Scheme 2.15 is the generation of the borolane (R,R)-1-1 from (R,R)-
2-59 and subsequent use in asymmetric hydroboration.

Scheme 2.15
H
N HC!, MoOH LIAY(OEYH,
B — goMe —— o [ BH,LiOEt,
\ O/ ether - pentane y ather y
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Mel (or Me;SO,) M :
B B
ather, R.T. . . o
H H
(RAN1-1
OH
Ry 1) (RAFI-1, ether, rt : oH
WY Y
Ry 2) HOCH,CH,OH, NaOH ot
H,0,, MeOH - THF Ry
288 2-69 (R.Ay2-52

The aminoalcohol complex (R,R)-2-59 can be directly converted to the
dihydridoborate etherate (R,R)-2-67 with lithium aluminum hydride (T. Imai, 1985) or
indirectly through {R,R)-2-51. The latter indirect route offers the advantage that (R,R)-
2-67 is obtainable in high purity (see below). The generation of (R,R)-2-51 was effected
by treating with methanol and ethereal HCI (see for example the conversions 2-22-2-
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14, 2-47— 2-48, and 2-55— 2-51). Exemplified in Scheme 2.16 is a procedure for
eliminating the undesired cis isomer from 2-59 at the stage of the methoxyborolane.(T.

Imai, 1986). The aminovalcohol complex 2-59 which contained 3.4% of cis borolane

Scheme 2.16
H
5N HCI, MaOH | 0.08 equiv 2-68
B, - BOM@ ———————tm BOMe
\o/ ether - pentane then vacuum
: transfer :
(R.AY2:89 (RA-251a (R.AV251b
contsining 3.4% cis isomer containing less than 1%
cig isomer

isomer was treated with HCl and methanol. The filtered and concentrated sclution
was treated with 0.06 equiv of N-(2-hydroxyethyl)pyrrolidine (2-66) and all volatile
material was vacuum transferred. Analysis of the resulting methoxyborolane (R,R)-2-
51b revealed that the content of the cis isomer was less than 1.0%. In the same manner
enantiomeric impurities (e.g. (S,S)-isomer in (R,R)-complex) can alsoc be removed by
treating the methoxyborolane with antipodal prolinol (in this case (R)-prolinol) and
then vacuum transferring.

The borate complex (R,R)-2-67 can be generated in two ways (Scheme 2.17)47 (1)
Treatment of (R,R)-2-51 with LAH produces (R,R)-2-67 together with soluble
methoxyalane (2-70). Addition of methanol converts 2-70 to dimethoxyalane (2-71),
which is insoluble in ether and can be removed by filtration. (2) 2-67 is generated with
LiAI(OEt)H3 (2-72, LAH + 0.5 EtOAc),47 precipitating the methoxyethoxyalane (2-73).

The latter route proved to be superior to the former one in terms of the yield and the
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ease of manipulation.
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Thus the reduction of (R,R)-2-51 with LiAI(OEt)H3 generated crystalline
dihydridoborate (R,R)-2-67 as an ether complex. Apparently the crystalline 2-67 or an
ether solution of 2-67 can be stored at -78°C in an inert atmosphere over a year
without any loss of chemical or stereochemical integrity. The amount of ether in the
borohydride complex was found to be variable. Under normal condition removal of
solvent (~0.1 mmHg, 2 h) from the complex 2-67 resulted in a monoetherate, whereas a
half etherate (R,R)-2-67a was afforded by coevaporating the solvent with benzene
under high vacuum (<0.01 mmHg) at elevated temperaure (ca. 60°C). Etherate

equivalents between 0.5-1.0 were also found occasionaily.
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Therefore it was necessary to analyze carefully the 1TH NMR spectrum of 2-67
before proceeding to a subsequent reaction. Depicted in Fig. 2.2 is TH NMR spectrum of
-OCH2CH3 region of (R,R)-2-67. The asymmetry of the borolane moiety is reflected in
the ABX3 pattern of the methylene proton resonances of the ether.

8) ©)

. o

Bjen

—

Fig 2.2. 1H NMR spectra of OCH2CH3 region (34 ppm) of (a) (R,R)-2-67, irradiated at
OCH2CH3, (b) (R,R)-2-67, and (c) (R,S)-2-67 (meso compound).

The borohydride 2-67 was dissolved in ether and used to generate in situ a
known amount of the chiral borolane 1-1. As mentioned earlier in this chapter, the
parent borolane isomerizes to 10-membered, 1,5-diboracyclodecane (2-32-»2-33).36 The
borolane 1-1 was also found to undergo the same type of isomerization but with a half



life of 34 days at room temperature (0.5 M solution). Thus the hydroboration of even
one of the most resistant olefins, 1-methylcyclohexene can be successfully executed to
provide corresponding homochiral trans-2-methylcyclohexanol in a respectable yield
(60%, entry 8 in Table 2.3). A variety of olefins smoothly reacted with 1-1 to provide
trialkylboranes which were subjected to oxidation. The trialkylboranes obtained as
above were rather resistant to the conventional oxidation conditions (ag NaOH/H202).
However, use of ethylene glycol and methanolic NaOH (2 N or 6 N) smoothly
furnished the corresponding alcohols in good to excellent yields. Summarized in Table
2.3 are the results of asymmetric hydroboration of achiral olefins with 1-1,20 together

with the hydroboration results obtained from reagents 2-1 - 2-4 for a comparison.
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a. Reaction in ethyl ether using 12 equiv of (R,R)-1-1 and 2.4 equiv of CHa3! at room temperature
(21-23°C) unless otherwise noted.

b. Numbers in parenthesis designate reaction temperatures other than room temperature.

c. Determined by capillary GC analysis after acetylation (Ac20, pyr, and DMAP).

d. All optical rotations were measured at alcohol stage except entry 9 (acetate).

e. Numbers were corrected for the enantiomeric puritiy of each borane used.

f. Data from Brown's report (ref 24b and the following: Brown, H.C.; Ayyangar, N.R; Zweifel,
G. ]. Am. Chem. Soc. 1964, 86, 1071.)

g. (R,R)-1-1 of 96.5% ee was used for hydroboration.

h. Lit [2)28p -2.95° (c 60.521, CHCl3) for R alcohol, Tsuda, K.; Kishida, Y.; Hayatsu, R. J. Am.
Chem. Soc. 1960, 82, 3396.

i. Based on H NMR analysis of the MTPA ester.

j- (+)-1pz2BH derived from (-)-o-pinene was used.

k. (R,R)-1-1 0f 97.5% ee was used.

1. [a]21p +12.0° (c 1.12, CH30H) for commerdially available S alcohol (81.6% ee, HPLC analysis
of MTPA ester, Aldrich Chemical Co.).

m. HPLC analysis of the derived MTPA esters.

n. Lit. [@)20p 48.0° (c 0.6, C2H50H) for S alcohol, Davies, J.; Jones, J.B. . Am. Chem. Soc. 1979,
101, 5405.

o. HPLC analysis of the Pirkle's carbamates: Pirkle, W.H.; Hoekstra, M.S. ]. Org. Chem. 1974,
39, 3904.

p- Lit [a]25p +534° (c 5.0, C2H5OH) for S alcohol, Pickard, RH.; Kenyon, J. J. Chem. Soc. 1913,
103, 1923.

q. Lit [@]Pp +43.9° (¢ 1.00, CH3OH) for 15,25 alcohol, Partridge, ].J.; Chadha, N.K.; Uskokovic,
MR. J. Am. Chem. Soc.. 1973, 95, 532.

r. Yield in parenthesis is based on consumed starting material.

s. Lit [0]20p +42.9° (c 1, CH3OH) for 15,25 alcohol, Backstrom, R.; Sjoberg, B. Ark. Kemi. 1967, 26,
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549.
t. Lit [a)}25p -1.6° (c 1.1, CCly) for (§)-1-zcetoxy-1-cyclohexylethane of 3246% ee: This (-)-isomer
was erroneously recorded as having an R configuration (personal communication from Professor

Meyers): Meyers, A.L; Ford, M.E. ]. Org. Chem. 1976, 41, 1735.

With the exception of the type I olefin (entry 1) all hydrcborations proceeded
with excellent enantioselectivities, clearly meeting the criteria set for double-
asymmetric synthesis. Reagent 1-1 is sufficiently reactive to hydroborate even type IV
olefins as reflected by high yields (entry 6-9) and remedies the deficiencey of some of
the known chiral boranes, e.g. 2-1.

The kinetic studies on the hydroboration with 1-1, which will be discussed in
the next section of this chapter, showed a best fit for 3/2 order rate kinetics—-first order
in substrate and a half order in the dialkylborane dimer. Thus the monomer is the
reactive species responsible for asymmetric induction. Also Brown's kinetic
studies48:49 of hydroboration of dialkylboranes indicate that in general monomeric
boranes rather than diboranes are the reacting species involved in the transition state.
Coupled with the kinetic data, the extent and directionality of the observed asymmetric
inductions lead to the proposal of the transition state model shown in 2-74 for the

reaction of olefins with 1-1.50

In the four center orientation invoked in 2-74 the distance between an olefinic

carbon terminus and the boron atom must be quite short, and the distinction between

52



R and H of the carbon terminus by the 2-methyl group of the borolane moiety becomes
obvious (2-74a). Thus a high degree of asymmetric induction with type II-IVolefins is
afforded. The low per cent ee observed for the type I olefin is also understandable
(transition state 2-74b) and conforms to the uniformly marginal degree of asymmetric
induction (4-23% ee) observed in the reactions of 3,4-disubstituted borolanes with the
type II-IV olefins (see section 1 of this chapter). This result is again consistent with the
view that the trajectory of the olefins toward the monomer of 2-8 or 2-9 is
approximated by that shown in transition state 2-74. -

That the sp3 hybridization of the boron atom has substantially developed in the
transition state is also assisted by the computational study5! on the hydroboration of
cis-2-butene with 1-1 and 3,4-dimethylborolane (2-75).(see Fig 2.3-2.6). The calculated
selectivities for 2,5-dimethylborolane (1-1) upon the reaction with cis-2-butene by MM2
models are indeed in good agreement with the experimental data.51 The calculated
selectivity for the reaction of (R,R)-1-1 with cis-2-butene was 94.3% ee at 25°C, while

97.6% ee was observed experimentally with (R,R)-1-1 at 0-25°C.



Fig. 2.3 Preferred transition state for reaction of (2R,5R)-dimethylborolane with cis-2-
butene. Ere] = 0. Gives (S)-2-butanol. 35(S) : 1(R) ratio predicted at 25°C.




Fig. 2.4 Disfavored transition state for reaction of (2R,5R)-dimethylborolane with cis-2-
butene. Ere] = 2.1 kcal/mol. Gives (R)-2-butanol. 35(S) : 1(R) ratio predicted at 25°C.
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Fig. 25 Preferred transition state for reaction of (35,45)-dimethylborolane with cis-2-
butene. Ere] = 0. Givzs (R)-2-butanol. 1.2(R) : 1.0(5) ratio predicted at 25°C.




Fig. 2.6 Disfavored transition state for reaction of (35,45)-dimethylborolane with cis-2-
butene. Ere] = +0.1 kcal/mol. Gives (S)-2-butanol. 1.2(R) : 1.0(S) ratio predicted at 25°C.
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Concluding Remarks

The evolution of C2 symmetric dialkylborolanes from 3,4-diethyl- and 3,4-
dicyclohexylborolanes to 2,5-dimethylborolane was accompanied by the development
of a new technique for resolving racemic boranes with homochiral aminoalcohols.
The enantiomeric pair of borane reagents (R,R)- or (5,5)-1-1 has simple structure of C2
symmetry and meet the requirement of "98% ee" for the double-asymmetric synthesis
in reactions with all types of representative achiral alkenes shown above except for
typel

The borolanes (R,R)- and (S,5)-1-1 are superior to the existing chiral boranes
such as 2-1- 2-4 in terms of asymmetric induction and thus the stereoselective synthesis
of numerous homochiral compounds is, in principle, possible through double-
asymmetric synthesis and the major problems associated with hydroboration of type II-
IV olefins are now essentially solved. Unlike conformationally flexible 2-1, 2-2 and 2-4
» (R,R)- and (S,5)-1-1 provide valuable information as to the transition state geometry of
the reaction as its course is readily analyzed with conformationally rigid chiral

reagents.



The investigation of reaction mechanisms ig heavily dependent on the study of
Treaction kinetics. In order to better understand the mechanism of asymmetric

hydroboration with the 2,5-dimethylborolane (1-1), we embarked on the investigation

obtaining quantitative IR dgata Although TH NMR has been widely employed for the
kinetic studies, surprisingly no such studies based on 11p NMR had been reported at
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24.1. Background

Many studies of the kinetics of hydroboration have been attempted.
Unfortunately, the early studies are all focused on the reactions of BH3 which as noted
by Brown are very complicated.53 The earliest work related to the current interest is
Brown's study of the hydroboration reaction with disiamylborane.54 However, the
work on the kinetics with disiamylborane should be greeted with considerable
scepticism? particularly in light of his more recent investigations with 9-BBN and
borinane. Well aware of the uncertainties of his earlier work, Brown made good use of
the availability and stability of 9-BBN to expand his kinetic studies.5? In a series of
reports the following has been conclusively established (see Scheme 2.18): (1)
Substrates having low reactivity, i.e. cyclohexene react with 3/2 order kinetics - first
order in olefin and 1/2 order in 9-BBN dimer. (2) Moderately reactive substrates, 1-
hexene, cyclohexanone, t-butanol react with first order kinetics — first order in 9-BBN
dimer. (3) Highly reactive substrates such as methanol and certain amines (reaction to
form amine addition complexes} react with second order kinetics — first order in
substrate and first order in 9-BBN dimer. Cases of intermediate kinetics are also
reported. However, as has been pointed out or numerous occasions, 9-BBN is an
exceptionally stable dimer and thus may not show the same behavior as other

dialkylboranes. Finally the hydroboration reactions of borinane dimer has been

t In this work Brown determined that the reaction of disiamylborane with a variety of olefins in
THF at 0°C proceeds with second crder kinetics - first order in olefin and first order in the
dialkylborane dimer. The determination that this dialkylborane exists as a dimer in THF rests
on a molecular weight determination (note that the weight determined was somewhat lower)
and the observation of the characteristic bridging hydride stretches in the IR.>5 Neither of
these rules out the possibility of the presence of substantial amount of the monomer - THF
complex. Additionally, since these studies were apparently carried out at higher concentrations
than the usual kinetic studies they would tend to understate the importance of the presence of the
monomer in the kinetic studies. In the case of 9-BEN, an exceptionally stable dimer, a substantial
amount of monomer - THF complex is present as determined by 11B NMR.36 No 11B NMR study of
disiamylborane at varying concentrations has been reported.
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examined in heptane at 0°C by Brown.49a In all cases where the kinetic order was
determined the kinetics were found to be 3/2 order - first order in olefin and 1/2 order
in dimer. Note that in heptane the equilibrium should be heavily inclined to dimer.
The dimethylborolane 1-1 should be more similar to borinane than 9-BBN.

Scheme 2.18.
k1
{9-BBNdimer!] 2[9-BBNmonomerl
k1
ko

[9-BBNmonomer] + [substrate]

product

K3
[9-BBNdimer] + [substrate] —————» product

if ko{substrat] >> k-1[9-BBNmonomer), then 1st order in 9-BBN dimer and
Oth order in substrate,

if k-1[9-BBNdimer] >> ka[substrate], then 3/2 order; 1st order in

substrate and 1/2 order in 9-BBN dimer.

2.4.2. Application of 11B NMR to the determination of hydroboration kinetics.

The purpose of this section is to show that 11B NMR gives results identical to
those obtained by Brown for some of the representative reactions such as the reduction
of cyclohexanone and the hydroboration of cyclohexene by 9-BBN.

Typical of the results with cyclohexanone are the data of Experiments I and II
(Scheme 2.19) (Table 2.4 and 2.5). As is readily seen from the graphs (Fig 2.7 and 2.8),
plots of the natural logarithm of the integral of the peak area corresponding to 9-BBN
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dimer (starting material) vs. time are very close to linear. The correlation coefficients,

r's, are 0.5387 and 0.99%4, respectively and the reactions were followed for 2.8 half lives.

me 2.1
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Table 2.4 Rate data measured by 11B NMR for the reduction of cyclohexanone (0.50 M)
with 9-BBN (0.50 M) in THF at 25°C (Exp D.

Spectrum No time (sec) integral In([9-BBNdimer))
1 127 12.8 2.549
2 187 115 2442
3 247 10.55 2356
4 307 9.25 2225
5 368 8.92 2118
6 428 8.11 2093
7 488 7.56 2023
8 548 6.83 1.921
9 608 6.21 1.826
10 728 5.26 1.660
11 848 432 1.463

[ T}
w N
d

S 8
0

MW
2 2
-
(]

g 8

14 1209 241 0.880 >80% completion

Applying least square method,
intercept = 2.729
slope = -15.1 x 104
correlation coefficient = -0.9987

k1 =15.1x104



Table 2.5 Rate data measured by 11B NMR for the reduction of cyclohexanone (0.50 M)
with 9-BBN (0.50 M) in THF at 25°C (Exp ID

Spectrum No time (sec) integral In([9-BBNdimer))
1 120 1336 2592
2 180 1245 2522
3 240 11.06 2.403
4 659 6.02 1.795
5 719 5.57 1.717
6 780 5.07 1.623
7 840 4.62 1.530
8 900 432 1.463
9 1010 3.42 1.230
10 1140 2.81 1.033
11 1260 240 0.875

Applying least square method,

intercept = 2.787

slope = -15.1 x 104

correlation coefficient = -0.9994
k; =15.1x 104



in([3-BBN dimer])
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Fig. 2.7 Rate plot for the reduction of cyclohexanone (0.50 M) with 9-BBN (0.50 M) in
THF at 25°C (Exp D).

y = 2.7865 - 0.0015x R =1.00

in({9-BBN dimer])
n
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Fig. 2.8 Rate piot for the reduction of cyciohexarone (0.50 M) with 9-BBN (0.50 M) in
THF at 25°C (Exp II).



Difficulties in obtaining accurate integrals precluded the use of data after the reaction
was abcut 85% complete. The rate constant from duplicate runs (Exp I and II), 0.00151
sec-1 was very close to that of Brown's, 0.00144 sec-1.58 Having established that the
results were reproducible and in good agreement with the literature value for this
simple first order case, we went on to examine the 2/2 order reaction of cyclohexene
with 9-BBN.

In Experiment III the reaction of 9-BBN dimer (0.2 M) with cyclohexene (0.4 M)
was studies (Scheme 2.20). To allow the experiment to be run in locked mode and to

allow homogeneity adjustments on the actual sample, this experiment was performed

Scheme 2.20

Q)
©w+0m-0’

@BH ;O-BBN

in CDCi3 rather than CCly4, the solvent used by Brown. As predicted by 3/2 order
kinetics a plot of 1/4/[9-BBN{imer] is very close to linear as illustrated in Fig 2.9 (Table
2.6). Since this reaction was relatively slow (k3/2 = 0.33 x 10-4), only the first 15% of the
reaction was followed. Again the results were in good agreement with Brown's value,
k3/2 = 0.323 x 10-4.51a

An attempt to run the experiment under pseudo half order condition (excess
olefin)(experiment IV) was unsuccessfil because the kinetics changed from 3/2 order

to first order rather than providing the 1/2 order kinetics predicted if the relationship



Table 2.5 Rate Data Measured by 11B NMR for the hydroboration of cyclohexanone
(0.41 M) with 9-BBN (0.21 M) in CDCl3 at 25°C—three-halves order kinetics (Exp III).

Spectrum No. time (sec) integral of 9-BBN [9-BBN]

V9-BBNdimer
1 1506 12.46 0.1817 2.346
2 2106 12.14 0.1770 2.377
3 2706 11.94 0.1741 2397
4 3306 11.84 0.1727 2.406
5 3907 11.56 0.1686 2435
6 5258 11.14 0.1625 2481
7 6032 10.97 0.1599 2.501
8 6632 10.78 0.1572 2.522
9 7233 10.62 0.1549 2.541
10 7833 10.47 0.1527 2.559

followed for >15% reaction.
Calculated for 3/2 order kinetics by least square method,
intercept = 2.303
slope = 0.330 x 104
cor. coeff. = 0.9984
k3/2=33.0x104

67



Table 2.7 Rate data measured by 11B NMR for the hydroboration of cyclohexanone {2.2
M) with 9-BBN (0.11M) in CDCl3 at 25‘C—pseudo first order kinetics (Exp IV).

Spectrum No. time(sec) 9-BBN integral [9-BBNdimer] In({9-BBNdimer))

1 625 17.10 0.1040 -2.263
2 945 16.28 0.0990 -2.312
3 1266 15.65 0.0952 -2.352
4 1587 14.92 0.0908 -2.400

5 1908 14.31 0.0870 -2.441

6 2229 13.63 0.0829 -2.490
7 2550 13.26 0.0807 -2.518
8 3167 12.05 0.0733 -2.613
9 3788 11.03 0.0671 -2.702
10 4408 10.21 0.0621 -2.779
11 4820 9.60 0.0584 -2.841
12 5420 8.75 0.0532 -2.933
13 6020 8.01 0.0487 -3.022
14 6620 7.55 0.0459 -3.081
15 7820 6.43 0.0391 -3.241
16 9019 511 0.0311 -3.471

17 10219 4.27 0.0260 -3.651

Reaction was followed to 75% completion.
Least squre results for pseudo first order kinetics,

intercept = -2.166 cor. coeff. = 0.9952

slope = -1.42 x 104 k1 =142x104
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Fig. 29 Rate plot of 3/2 order kinetics measured by 11B NMR for the hydroboration of
cyclohexene (0.41 M) with 9-BBN (0.21 M) (Exp. II). .
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Fig 2.10 Rate plot of pseudo 1st order kinetics measured by 12B NMR for the
hydroboration of cyclohexene (2.2 M) with 9-BBN (0.11 M) (Exp IV).
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k-1[9-BBN] >> k2[olefin] were still true under these conditions. The firt to first order
kinetics was very good, however (Fig. 2.10), giving a rate of 1.54 x 104 sec’ for the
reaction of 9-BBN with 1-hexene in CCly at 25°C (Table 2.7).59 Thus a nuinber of
kinetic experiments have given the same results as those reported by Brown,

establishing that 11B NMR is a suitable tool for kinetic analysis.

2.4.3. Kinetics of Hydroboration with (S,S)-2,5-dimethylborolane {(S,5)-1-1}

A kinetic investigation of hydroboration with (S,5)-1-1 has been undertaken to
establish the nature of the reactive species in this reaction. In the previous section 11B
NMR was established as a suitable tool for the determination of the concentration of
the dialkylborane. At the outset, we expected to find kinetic behavior similar to that
reported by Brown for 9-BBN, borinane,33 and more recently for disiamylborane.4?
This kinetic behavior is shown in Scheme 2.21 and the derivation of a general kinetic
expression based on the scheme is listed below.

Scheme 2.21
H R R
n\ .‘,0 "o‘- / &, \
B, . B\ - B8—H
R/ * H" R 1 R
Dimer (D) Monomer (M)
R R R R\ '
\a--—u + =/ k2 /B .
M Akane (A) Triakytorane (P)
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-2d[D)/dt 1)

8 o8

= k2[M](A] @

Where [P] = concentration of product trialkylborane
[D] = concentration of dimer
[M] = concentration of monomer _

[A] = concentration of alkene

From steady state assumption:

LA o 54(D]- 21 MR- IIMI[A] =0 @

From equation (3),

L Y @
1[M) +5lolA]

Substituting (4) into (2),

dn ___ kaDlkolA]
M+ oM

Substituting [D] into (5),

&)

1
ap MDA
kM +giolal

Ifk1(M] >>-12-k2[A], then equation (6) becomes

()
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1
FlAl
) 2
—a - MiDlgeg @

1
Since k-1{M] >> -2-I<2[A] then equilibration is rapid relative to reaction and the

following is true:
k
RN PN AR Y ®
Substituting in (7):

1
4pj aPhklAl

at

and simplifying gives

1
—11.‘['?—] =2\ /E%ID] x ko[A] (10)

1 k
where -Z(E%)I / 2= k3/2

©

For the purpose of the present discussion it is only important to recognize that
if equilibrium is fast relative to the rection of the monomer with the alkene then the
rate of reaction is proportional to the square root of the concentration of the dimer and
proportional to the concentration of the alkene.

Unlike the case of simple first order kinetics, the first problem posed by 3/2



order kinetics is determining the initial concentration of the dimer. Our borohydride
precursor (§,5)-2-67, a waxy white solid, can be weighed, and based on integration of the
ethereal solvent peaks relative to the borohydride peaks ({H NMR, see Section 2.3.3)
and the assumption that the borohydride is converted to 100% of the theoretical
amount of dir-er, we can obtain a starting concentration. However when the graphs of
3/2 rate vs. time were examined, there was a pronounced tendency for the calculated
rate to increase as time increased. Such a curvature could result from the presence of
less than the calculated amount of borane dimer (S,5)-1-1 Therefore an alternative
method of determining the initial concentration was sought. It was tried to add known
amounts of n-octyl-9-BBN to the borane dimer (S,5)-1-1 (generated from the hydride in
sifu) and comparing the integrals of the trialkylborane to the dialkylborane. However,
addition of the trialkylborane reproducibly caused a doubling of the peak
corresponding the dimer. The calculaied concentration of dimer was also inconsistent
with other measurements and therefore this m