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Abstract: Accurate investigations on
the role played by an a-stereogenic
center in controlling the reduction of
various classes of (-hydroxy ketones
allowed us to set up a general and highly
diastereoselective protocol for the syn-
thesis of 2-alkyl-1,3-diols with 1,2-syn
relationship. This methodology is based

ate that permits us to organize the
substrate in a stable and rigid structure,
which stereofacially favors attacking
hydride ions. The use of THF as solvent
makes available a variety of hydride

Keywords: asymmetric synthesis
chelates - 1,3-diols - Lewis acids -

donors that cover a large spectrum of
steric demand: the choice of the more
appropriate one depends on the confor-
mational stability of the cyclic inter-
mediate. Excellent results are obtained
also in the presence of an additional
stereogenic center in the [-position,
even if it exerts a concordant or an

on the conversion of a f-hydroxy ketone
into the corresponding titanium alcohol-

reductions

Introduction

Diastereoselective synthesis of acyclic 1,3-diols is an impor-
tant target in organic chemistry, since these units are present
either in a syn or an anti relationship in the structures of a
large variety of natural products.l'! Among the procedures to
obtain 1,3-diols, the stereoselective reduction of S-hydroxy
ketones has been the object of extensive investigations, as a
result of the easy availability of the starting materials.

From the accumulated body of data, some generalizations
can be made. anti-Diols are obtained either through a
Tishchenko’s reduction”? or using reducing agents able to
bind the hydroxyl function and then to intramolecularly
transfer the hydride to the carbonyl group.P®! Conversely, syn-
diols are generally obtained when a coordinating agent is
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opposite steric effect with respect to the
a-substituent.

added to build up a sufficiently rigid cyclic complex prior to
intermolecular addition of the hydride ion from an external
source.!! Extensive studies on the latter method allowed
further observations to be made. When only a -stereocenter
is present, two chair-like conformations A and B (Scheme 1)
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Scheme 1. The origin of stereocontrol in the reduction of A-hydroxy
ketone 1 via a cyclic intermediate followed by the attack of an external
hydride ion source.

are considered to exist in the metal-chelated transition state.
The conformation B is disfavored because of the 1,3-axial
interaction between the R! group and the metal ligand L.
The attack of the most populated conformation A must occur
from the less hindered axial direction to give syn-diols.

0947-6539/00/0614-2590 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 14



2590-2598

The presence of an additional stereocenter in the a-position
adds a further complication. In a syn relationship between a-
and f-substituents, their steric effects reinforce each other,
since a further destabilizing 1,2-eclipsing interaction appears
in conformation D (Scheme 2). Moreover, the higher steric
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Scheme 2. Stereocontrol of the reduction via a chelated intermediate of -
hydroxy ketone 3 with a stereocenter both in the a- and f3-position in a syn
relationship.

hindrance offered by the encumbered R? axial group rein-
forces the preference for an attack at the top of conforma-
tion C.

In the anti-isomer, both the possible chair-like conforma-
tions E and F suffer from strain (Scheme 3). The conforma-
tion E causes eclipsing interactions between R and R? alkyl
groups; in the conformation F, the eclipsing interactions do
not occur, but a 1,3-axial interaction is generated between R!
and L. Therefore, the selectivity largely depends on the
relative bulkiness of the substituents and the ligands at the
coordinating metal. The intrinsic syn diastereoselectivity is
diminished with the little methyl group in the a-position and it
inverts to anti only with the larger butyl or ethyl groups.l“¢ ¢
The use of sterically hindered boronic acids as the ligand L
ensures a good anti, anti-selectivity when R? is ethyl, since the
1,3-axial interaction dominates the eclipsing interaction.

Abstract in Italian: Studi approfonditi sul ruolo esercitato da
uno stereocentro in posizione a nel controllo della riduzione di
varie classi di (-idrossi chetoni hanno consentito di mettere a
punto un protocollo generale ed altamente diastereoselettivo
per la sintesi di 1,3-dioli sin 1,2-disostituiti. Questo metodo e
basato sulla trasformazione, in THF, di un [5-idrossi chetone
nel corrispondente alcolato di Titanio che, attraverso un’azione
di coordinazione interna, conferisce al substrato una struttura
ciclica rigida caratterizzata da una notevole discriminazione
stereofacciale verso lo ione idruro entrante. La possibilita di
utilizzo del THF come solvente consente 'impiego di numerosi
agenti riducenti a domanda sterica variabile, permettendo cosi
di scegliere quello piu appropriato, in funzione della stabilita
conformazionale dell’intermedio ciclico. Abbiamo ottenuto
eccellenti risultati anche quando in posizione f € presente un
ulteriore centro sterogenico, sia nel caso che il sostituente in 3
eserciti un effetto stereochimico concorde rispetto al sostituente
in a, sia che eserciti un effetto opposto.
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Scheme 3. Stereocontrol of the reduction via a chelated intermediate of -
hydroxy ketone 5 with a stereocenter both in the a- and p-position in an
anti relationship.

While the effects of the -substituent on the steric induction
on the carbonyl function are widely studied, much less
attention has been paid to the influence exerted by the a-
substituent on the conformational equilibrium between E and
F (Scheme 3). The reduction of a-alkyl-S-hydroxy ketones
with a stereocenter only in the a-position was reported to give
excellent results only when R is a tert-butyl, a phenyl, or a
sterically hindered vinyl group.’! When R is a linear carbon
chain a dramatic fall in selectivity is observed. However, in a
preliminary communication we reported that the titanium alco-
holate of 8 is able to undergo highly stereoselective reduction
also in the presence of straight alkyl chains (Scheme 4).[]
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Scheme 4. Reduction of S-hydroxy ketones 8 via a titanium alcoholate.
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In this paper, we report a complete investigation on the
reduction of a series of both a-alkyl substituted and a- and §3-
alkyl disubstituted S-hydroxy ketones via their titanium
alcoholates in THF. We show that in most cases it is possible
to enhance the influence of the stereogenic center in the o-
position on the reaction stereocontrol.

Results and Discussion

Reduction of S-hydroxy ketones with only an a-stereocenter:
We considered at first the reduction of S-hydroxy ketones
8a-—g (Table 1) with a stereocenter only in the a-position and

Table 1. syn-Reduction of a-alkyl-S-hydroxy ketones 8 a—g with an a-stereocenter via their titanium alcoholates

in THF at —78°C with metal hydrides (H").

the reduction process is required. In fact, since reaction
products are obtained as boron cyclic derivatives, the question
might arise whether cyclic boronates form by metal exchange
between the alcoholate and the boron reducing agent so that a
cyclic boron species rather than a titanium one is subjected to
the hydride attack. Nevertheless, in our opinion this hypoth-
esis is not probable, and the boronate formation occurs only at
the end of the reducing process or during the quenching of the
reaction with dilute HCI: later in the text, we will discuss this
point and give our reasons for this statement.

If a cyclic chelate mechanism is in operation (Scheme 4),
the population of conformation G may increase when the 1,2-
strain weakens because of the presence of an unhindered
straight alkyl chain in posi-
tion 1 and 2.

The steric interactions exert-

ed by the substituents on con-

. . 1 2 - : o, (o)

Starting material R R R H Product Yields [%] de [%] formations G and H suggest
1[["]' 8a Ph o H Me  LiBH, syn-9a 95 98 the kinetic order of attack
2la 8b Ph H Et LiBH, syn-9b 95 98
3 8¢ Ph  H Ph  LiBH, sin-9c 95 98 Hy > Gy > Gy >H,. When
4l 8d Et H Me LiBH, syn-9d 90 30 the difference between H,,
slal 8d Et H Me L-Selectride syn-9d 90 80 and G, is not relevant, as
6l 8d Et H Me N-Selectride Syn-9d 92 86 expected with less hindered
7 8e PrH Et LiBH, syn-9e %0 40 reducing agents like LiBH, or
8lal 8e Pr H Et L-Selectride syn-9e 91 90 . ..
oil e Pr H  Et  NSelectride sy-9 93 98 BH;, the diastereoselectivity
10 8f Ph Me Me LiBH, syn-9 92 93 roughly reflects the conforma-
11 8g Et Me Me BH,- THF syn-9g 89 20 tional equilibrium composi-
12 8g Et Me Me  LiBH, syn-9g 91 40 tion. However, the magnitude
13 8g Et Me Me L-Selectride syn-9g 93 98

of this difference can be en-

[a] See ref. [6].

adopted the same procedure reported for the alkylation with
Grignard reagents via their titanium alcoholates.) In partic-
ular, a solution of the hydride ion source in THF was added at
—78°C to a f-hydroxy ketone titanium alcoholate prepared in
THF by transmetallation of the corresponding lithium alco-
holate with TiCl,. When the reduction was complete, the
mixture was quenched with dilute HCI (1m). We noted that
the acidic quenching gives at first the formation of cyclic
boronates, whose structure and stability depend on the boron
reducing agent. We isolated syn-10a from the reaction of 8a
with LiBH,.[% These boronates can be converted into the
corresponding diols by treatment with aqueous HCI (10%)
for prolonged periods of time (4-24 h). However, in some
cases, especially when L-Selectride (lithium tri-sec-butylbo-
rohydride) or N-Selectride (sodium tri-sec-butylborohydride)
is used as a reducing agent, boronates are so stable to acidic
hydrolysis that an oxidative decomposition with H,O, in basic
medium is required to obtain the corresponding 1,3-diols.[®!
For the sake of homogeneity, we adopted the last treatment in
all cases (Scheme 4).

The reduction with LiBH, of simple compounds 8a-g gives
the corresponding 1,3-diols in almost quantitative yields in all
examined cases. However, the diastereoselectivity is excellent
only when R is a phenyl group (Table 1, entries 1-3). When R
and R? are straight alkyl chains, a significative drop in
stereoselectivity is observed (Table 1, entries 4, 7).

Before these results are discussed, a careful consideration
of the actual structure and nature of the species involved in
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hanced, and the nature of the

incoming reducing agent can
be modified because the use of a very hindered hydride ion
source can cause the G,, attack to be much less favored than
H,, as a result of the steric hindrance exerted on the incoming
hydride by the equatorial R? group. Actually, a dramatic
increase in selectivity was observed in the reduction of both
8d (R=Et, R*=Me) and 8e (R=Pr, R2=Et) (Table 1,
entries 4—6 and 7-9, respectively) using L-Selectride and
N-Selectride. As expected, the bulkier N-Selectride afforded
higher selectivity.!

The presence of two methyl groups in the B-position did not
cause us to modify our stereochemical approach. High 1,2-
eclipsing interactions like those in 8f (R=Ph, R>=Me)
ensure high syn diastereoselectivity with the small compound
LiBH, (Table 1, entry 10). On the other hand, when strain
does not produce a shift in the equilibrium, as in the case of 8¢
(R=Et, R?=Me), facial stereoselectivity is obtained by
using a bulkier reductant such as L-Selectride (Table 1,
entries 12-13).

In conclusion, the a-stereocenter is able to strongly shape
the selectivity in the reduction of titanium alcoholates of a-
alkyl-S-hydroxy ketones. The R? group in the equatorial
position of conformation G does not significatively hinder the
G, attack of the LiBH,, therefore it gives a stereochemical
outcome which reflects the conformational equilibrium com-
position. This hypothesis is further verified by the use of the
smaller BH;- THF, which makes the reaction less selective
(Table 1, entry 11). On the other hand, Selectrides, largely
influenced by steric interactions, must approach the carbonyl
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moiety from the H,, direction, which is almost completely free
from significative hindrance.

Reduction of a-alkyl-f-hydroxy ketones with stereocenters
both in the «- and in the p-positions: We examined a series of
a-alkyl-B-hydroxy ketones in which the hindrance of the
substituents R and R! in the positions § and o’ varied. In the a-
position, the methyl group was always present.

The syn-isomers 3a-d always showed very high syn-
selectivity and they gave the syn—syn-diols 4a—d (Scheme 5,
Table 2). These results are largely expected, since the

above. In fact, in the present case, it is expected that the
conformer E becomes predominant, as a result of the 1,3-axial
strain between R! = Et and the metal ligand (Scheme 6), and
so the use of small reducing agents must reflect the conforma-
tional equilibrium. However, the use of L-Selectride upsets
the stereochemistry. In fact, a high syn-selectivity is observed
again, and the syn.,anti-isomer 12 is obtained in a 94:6 ratio
(Table 3, entry 3). Notwithstanding a conformational equi-
librium largely shifted towards E, the sterically bulky
L-Selectride prevents an attack on the most populated
conformation.
In the case of 14 (R=Ph,
R!'=Et) and 17 (R=Ph, R'=

H . . ..
o iPr), a very high syn-selectivity
Me £ >TiCl is obtained with BH; - THF (97:3

_ . ,/’R o is obtained wit 3 (97:
O OH 3 !,‘.'Igljtg;ogo c H¥ and 98:2, Table 3, entries 4 and
R R’ toluene R’ 7). According to the proposed
R? ) D mechanistic interpretation,
3 R*=Me fl these results suggest that the
H conformational equilibrium is
X 1) H, -78°C completely shifted towards the

H 2) Hz0" .

HR! 3) H,0,, NaOH OH OH F conformation. In other words,
<0--—1icy EtOH, Et,O R R' when an aromatic substituent is
R l\lll . o— V8 R? bound to the carbonyl group,
c 4 R%=Me the resulting strong 1,2-eclipsing

Scheme 5. Reduction of S-hydroxy ketones 3 via a titanium alcoholate.

Table 2. syn-Reduction of a-methyl--hydroxy ketones with two stereocenters in a syn relationship (3a-d, R>=
Me) via their titanium alcoholates in THF at — 78 °C with metal hydrides (H").

interaction completely over-
comes the 1,3-axial strain be-
tween R' and the chlorine
atoms, even when the R' group

is an a-branched chain (iPr).

Starting material R R! R? H- Product Yields [%] de [%]

Moreover, these features are
1 3a Ph Et Me LiBH, 4a 92 >98 not in disagreement with those
2 3b Et Et Me L-Selectride 4b 88 >98 reviouslv reported.[* since the
3 3 Et  Et Me  BH; THF 4b 90 >gg ~ previouslyrep ’
4 3¢ Ph Ph Me LiBH4 4c¢ 94 ~08 chlorine atoms are closer to
5 3¢ Ph Ph Me BH; THF 4c 92 >98 titanium and more polarizable
6 3d Ph iPr Me LiBH, 4d 92 >98 than boron ligands, and thus

influence of the substituents determines selectivity in the
same manner, and the D conformation is disfavored
(Scheme 5) as previously established for boron deriva-
tives. [

It is noteworthy that diastereomeric excesses higher than
98 % were always obtained; these results were independent of
the shape and the hindrance of both substituents and the
reducing agent employed. In conclusion, our methodology
based on the formation of a titanium alcoholate that leads to a
rigid intermediate, even in a coordinating solvent such as
THE, has a high degree of selectivity, which is comparable and
in some cases superior to the reported procedures.*!

The reduction of the anti-isomers was more complex due to
the discordant influences of the substituents. The 1,2-eclipsing
interactions disfavor the E conformation, while 1,3-axial
interactions disfavor the F conformation (Scheme 6). After
examination of the anti compound 11 (R = R!=Et, Table 3),
we found that BH;-THF and LiBH, lead mainly to the
formation of the anti,anti product 13 (anti,anti:syn,anti ratio
3:1 and 7:3, respectively - Table 3, entries 1 and 2). These data
are in good agreement with the interpretation described

Chem. Eur. J. 2000, 6, No. 14
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there is lower strain on the axial
[-substituent.

LiBH, behaves in a similar way to BH;-THF, but with
lower selectivity (77:23 and 70:30, Table 3, entries 5 and 8).
Very likely, these differences can be ascribed to the higher
steric demand of LiBH,, which suffers from the repulsion of
the axial alkyl substituent in position 3.

On the other hand, when the sterically bulky L-Selectride
is used, the formation of the antianti-isomers 16 and 19
prevails (Table 3, entries 6 and 9). The stereochemical out-
come of 14 with L-Selectride seems to be in disagreement
with the analogous result obtained in the reduction of 11,
when a complete syn,anti-selectivity was observed: since both
11 and 14 carry an ethyl group in the -position, repulsions
towards the approaching Selectride are expected to be
comparable. However, when one considers that the aromatic
ketone 14 is much less reactive than the aliphatic ketone 11,
the bond between the approaching hydride ion and the
electrophilic carbon in the transition state is highly formed
for 14. In other words, L-Selectride must come closer to
the carbonyl function, and this dramatically increases the
steric “sensitivity” of the sec-butyl groups to the axial f$-
substituent.

0947-6539/00/0614-2593 $ 17.50+.50/0 2593
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Scheme 6. Reduction of 5-hydroxy ketones 11, 14, 17, and 20 via a titanium
alcoholate.

Table 3. Reduction of a-alkyl--hydroxy ketones with two stereocenters in an anti relationship via their titanium

alcoholates in THF at —78°C with metal hydrides (H").

which is crowded by the phenyl group. Actually, LiBH,
reduction of 20 afforded almost exclusively the anti,anti-
diol 22 (99:1, Table 3, entry 11).

Finally, we will discuss the reasons why it is unlikely that a
transmetallation process between the Ti-alcoholate and the
boron reducing agent to form a cyclic boron alcoholate can
occur prior to the reduction. In fact such boron cyclic
compounds may be formed when a S-hydroxy ketone is
treated with a boron reducing agent alone.[*!l However, the
presence of TiCl, is essential for the reaction. In fact it has
been reported!” that the use of LiBH, alone gives 1,3-diols
with low selectivity. In addition, we found that the reaction
carried out with BH;-THF alone does not work at low
temperature. Finally, the stereochemical picture shown in the
reduction is quite similar to that observed for the alkylation
process,’l in which experimental evidence proved that the
attack of the carbanion on the carbonyl group occurs before
any interaction with titanium.

Identification of compounds: The syn-:anti-isomer ratio was
determined by NMR analysis of the mixture and based on the
vicinal coupling constants among the two hydrogen atoms
bound to the carbon atom with
the hydroxyl function and the
hydrogen atom bound to the
internal carbon atom.'l In

Starting material ~ Products Entry H- Yields [%]  Isomer ratio most cases assignment was am-
biguous, since the conforma-
O OH OH OH OH OH . . . ? L.
: 1 BH;-THF %0 25:75(12:13)  tjons are not rigid enough to
: 2 LiBH, %0 30:70 (12:13) ive rise to definite axial—ax-
E : 3 L-Selectride 86 04:6 (12:13) & , :
11 12 13 ial, equatorial —equatorial, and
axial — equatorial coupling con-
0 OH OH OH OH OH 2 e,
J X Ao 4 BH, THF 94 97:3 (15:16) stants. Furthermore, Hoff-
Ph” PR Ph 5 LiBH, 89 723 (15:16) o) i based on the
z z z 6 L-Selectride 85 20:80 (15:16) .
14 15 16 comparison between 3C chem-
O OH OH OH OH OH ; BHL.THE 9 08:2 (18:19) ical shifts of the syn- and the
H 3 : : anti-isomer can not be applied
Ph)j\;/H/ Ph/\_)\( Ph §  LiBH, 9 70:30 (18:19) , PP
z : : 9 L-Selectride 90 15:85 (18:19)  because in several cases only
17 18 19 one isomer is available as the
O OH OH OH OH OH reduction is completely diaste-
)k)\ - 10 BH; THF 92 55:45 (21:22) reoselective. Thus, diols were
Ph" " Ph Ph Ph Ph™ 7 Ph 4 LiBH 91 1:99 (21:22) : ~
z E H + : : transformed into cyclic phenyl-
20 21 22

boronates, (Scheme 7), whose

[a] Reaction time 11 h.

We examined the reactivity of compound 20, in which both
R and R! groups are phenyl frameworks. We observed that the
reduction is very slow to complete (11 h) with both BH;- THF
and LiBH,. The reaction with BH;- THF gives a negligible
syn-selectivity (Table 3, entry 10), and this indicates that the
two conformations E and F have equal populations as a result
of the disfavoring interactions between the phenyl groups and
both the a-methyl group and the titanium ligands. While
BH; - THF is not influenced by the steric crowding of the axial
[-substituents in the direction of attack on conformations E
and F, the larger LiBH, chooses to attack conformation E, in
which the hydrogen is present, rather than conformation F,
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well-defined cyclic structure

makes it possible for vicinal
coupling constants based on the related stereochemistry of the
starting diols to be confidently predicted, and these provide an
unambiguous stereochemical assignment.['}] The conversion
into phenylboronates can be synthetically useful when the
reaction is not selective since, in contrast to 1,3-diols, the
mixture of boronates is separable by column chromatography.
For example, in the reduction of 20 with BH;-THF we
obtained a 1:1 mixture of 21 and 22. Our attempts to separate
these compounds by chromatography were unsuccessful.
However, the corresponding boronates 25d and 26d were
easily separated by chromatography and quantitatively con-
verted into diols 21 and 22 respectively by oxidation with
H,0, in basic medium. This two-step procedure allowed us to
obtain pure 21.

0947-6539/00/0614-2594 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 14
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1) The use of TiCl, ensures small and polarizable substituents

OH OH are linked to the metal in the cyclic intermediate, so that
RN 3R, the 1,3-strain between metal ligands and the S-substituent
R? is lowered. The 1,2-strain between the a-substituent and
the substituent to the carbonyl group can dominate the

9d-g 23dg

control of the stereoselectivity.

2) The stability of the Ti-alcoholate in a cyclic conformation
and in highly coordinating solvents such as THF allowed us
to choose the most suitable reducing agent from an entire
range of boranes with different steric requirements that
depended on the conformational stability of the Ti-

23d R=Et, R'=H, R%=Me,
23e R=Pr, R'=H, R?=Et,
23f R=Ph, R'=Me, R*=Me,
23g R=Et, R'=Me, R?=Me,

9d R=Et, R'=H, R?=Me,
9e R=Pr, R'=H, R%=Et,
9f R=Ph, R'=Me, R?>=Me,
9g R=Et, R'=Me, R?>=Me,

OH OH o alcoholate.
R SR’ Finally, we want to outline how significant the quantitative
conversion of 1,3-diols into phenylboronate derivatives is.['*]
dad This is not only because the structure can be unambiguously
saRePh. RI=EL 240 RePh. RI<EL ass1'gne'd, put also becaus'e one can opt'aln the pure syn
4bR=R=Et, 24bR=RI=Et derivative in cases of low diastereoselectivity of the reaction.
4cR=R'=Ph, 24c R=R'=Ph, In fact the mixture of syn- and anti-phenylboronates can be
4d R=Ph, R'=/Pr 24d R=Ph, R'=iPr easily resolved by column chromatography and reconverted
into the corresponding pure syn- and anti-diols by a simple
methodology.!®!
OH OH
RTIOR'
: Experimental Section
::: E:g;’:it{:ﬂ ;:: ';:';:1=g"=Et General: Flash chromatograghy was performed on s‘ilica gel (Mierck,
18, R=Ph, R'=/Pr, 25¢ R=Ph: R1=iP’r, 0.040-0.063 nm). THF was dried underA reflux over sod1}m} wire until the
21, R=R'=Ph 25d R=R'=Ph blue color of benzophenone ketyl persisted and then distilled into a dry
receiver in a nitrogen atmosphere. Hexane was dried on calcium hydride
and then distilled into a dry receiver in a nitrogen atmosphere. All reactions
were carried out in oven-dried glassware in a dry argon atmosphere.
Ph For 'THNMR, J-resolved and decoupling experiments were recorded at
OH OH " /B/ 300 MHz and 25 °C in CDCl, .with a Varian Gfsmini instrument. *CNMR
R, 2 R — 0 / .spectroscopy. and DEPT experlm.er.lts were carried out at 75. MHz and 2§ °C
H in CDCIl; with a Varian Gemini instrument. The relative proportions
H between the two diastereoisomers were measured by integration of some
13, R=R'=Et, 26a R=R'=Et, 13C peaks using long delay times. Chemical shifts have been given in ¢ from
16, R=Ph, R:=Et, 26b R=Ph, R:=!Et, Me,Si and coupling constants given in Hertz.
;:: gzzlsh:' Pr, :g: ';:PR?':sh'—"Pr’ Compounds 3a—d were obtained in excellent diastereomeric purity

(>99%) following the procedure reported by Masamura.'¥ Compound-
s8a—e were synthesized by a standard procedure.l'’) Compounds 8 f-g
were prepared according to standard methodology.l'"! anti-B-Hydroxy
ketones 11, 14, 17, and 20 were prepared in excellent diastereomeric purity
(>99 %) following the procedure reported by Brown.['”l Spectroscopic data
of known compounds 3a,l'8! 3b,[] 3¢, 34,2 8a,2 8d,? 8e, > § £
8g,121 11,2 14,1181 1727 and 2017 were identical to those reported in the
literature. Spectroscopic data of unknown compounds 8b and 8¢ follow.
2-(Hydroxymethyl)-1-phenyl-1-butanone (8b): 'HNMR (300 MHz): 6 =
0.97 (t, J(HH)=74 Hz, 3H; CH;), 1.60-1.85 (m, 2H; CH,), 2.3 (brs,
1H; OH), 3.45-3.60 (m, 1H; EtCH), 3.80-3.90 (m, 1H; CH,0H), 3.90-

Scheme 7. Transformation of diols into cyclic phenylboronates.

Conclusion

A general and highly efficient method for the syn-selective
reduction of -hydroxy ketones with an a-stereocenter is now
available. This methodology, which is efficient as a result of
the stereocontrol exerted by the a-substituent, also works if

an additional stereocenter is present in the 3-position in either
a syn or anti relationship with respect to the a-substituent.

This result is important: in fact, all previously reported
studies concerned with the stereocontrolled reduction of j3-
hydroxy ketones focused on the intensification of the effect of
the S-substituent.

Our methodology is based on the conversion of an a-alkyl-
B-hydroxy ketone into the corresponding Ti-alcoholate; the
powerful internal Lewis acid coordination exerted by titanium
allows the alcoholate to assume a stable cyclic conformation,
which has a high stereofacial selectivity towards the ap-
proaching external hydride source. The novelty of this
methodology is expressed by two crucial statements.

Chem. Eur. J. 2000, 6, No. 14
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4.00 (m, 1H; CH,OH), 740750 (m, 2H; Ph), 750-7.60 (m, 1H; Ph),
790-8.00 (m, 2H; Ph); BCNMR (75 MHz): 6 =12.0 (CH,), 22.5 (CH,),
49.7 (CH), 62.8 (CH,), 204.4 (C); C,;H,,0, (178.23): caled C 74.12, H 7.92;
found C 74.18, H 7.86.

3-Hydroxy-1,2-diphenyl-1-propanone (8¢): 'HNMR (300 MHz): §=2.3
(brs, 1H; OH), 3.88 (dd, J(H,H) =5.1, J(H,H) = 113 Hz, 1H; CH,0OH),
428 (dd, J(H,H) =8.7,J(H,H) = 11.3 Hz, 1 H; CH,OH), 4.79 (dd, J(H,H) =
5.1, J(H,H) =8.7 Hz, 1 H; CH), 720750 (m, 8H; Ph), 7.90-8.00 (m, 2 H;
Ph); BCNMR (75 MHz): 6 =56.4 (CH), 65.1 (CH,), 127.5 (CH), 128.4
(CH), 128.5 (CH), 128.8 (CH), 129.1 (CH), 133.2 (C), 136.1 (C), 200.0 (C);
C1sHy,0, (226.27): caled C 79.61, H 6.24; found C 79.53, H 6.30.

Reduction of f-hydroxy ketones to the corresponding 1,3-diols

General procedure: LiH (1.3 mmol) was added to a solution of the f-
hydroxy ketone (1 mmol) in dry THF at —30°C. After 10 min, the reaction
was cooled at —78°C, and TiCl, (1.3 mmol, 1M solution in CH,Cl,) was
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added. The reaction mixture turned orange. After 30 min, the appropriate
reducing agent (Tables 1, 2, and 3) was added, the mixture was stirred at
this temperature for a time that varied from 2 h to 11 h; the time depended
on the nature of both the -hydroxy ketone and the reducing agent. The
reaction was then quenched with aqueous HCI (1m), and finally the organic
layer was extracted with diethyl ether. The organic layer with a stable cyclic
boron derivative was concentrated in vacuo, dissolved in a 1/1 ethanol :Et,O
mixture, and treated with NaOH (10 %, pH 8), and then H,0, (1.5 mmol,
30%) was added at 0°C.1¥l Stirring was continued at room temperature for
36 h. Then the mixture was diluted with water, extracted with Et,O, dried
over MgSO,, and purified by flash chromatography on a silica gel column.
Product yields and isomer ratios have been collected in Tables 1, 2, and 3.
When the reaction gave a mixture of two diastereoisomers, the separation
of both diols could not be accomplished by chromatography.

As a result of the overlap of the signals in the 'HNMR spectrum of the
mixture of many syn —anti-isomers, 'H chemical shifts relative to the minor
isomer could not be assigned, and only BCNMR signals have been
reported.

Reduction of syn-f-hydroxy ketones 3a—d to 1,3-diols 4a—d: The reduc-
tion of compounds 3a and 3d was carried out according to the general
procedure with LiBH,. In the reduction of 3b, both BH;-THF and
L-Selectride were employed. The reduction of 3¢ was carried out with both
LiBH, and BH;- THF. In all cases, the reduction gave the corresponding
diols 4a—d in high yields (Table 2) and in very excellent diastereomeric
purity (de >98%).

'"HNMR and “CNMR spectroscopic data of (1R*, 2R*, 3R*)-2,4-dimethyl-
1-phenyl-pentan-1,3-diol 4d were identical to those reported in the
literature.l® 281 Spectroscopic data for unknown compounds 4a-c follow.

(IR*, 2R*, 3R¥*)-2-Methyl-1-phenyl-pentan-1,3-diol (4a): 'HNMR
(300 MHz): 6=0.80 (d, J(H,H)=7.0Hz, 3H; CH;), 0.95 (t, J(H,H)=
74 Hz, 3H; CHj;), 1.40-1.85 (m, 3H; CH, and CH), 2.5 (brs, 1H; OH),
3.2 (brs, 1H; OH), 3.85-3.95 (m, 1H; CHOH), 5.04 (d, J(H.H) =2.8 Hz,
1H; PhCHOH), 7.15-7.40 (m, 5H; Ph); B*CNMR (75 MHz): 6 =4.2 (CH,),
10.4 (CHs;), 28.4 (CH,), 43.2 (CH), 78.1 (CH), 78.7 (CH), 125.6 (CH), 126.9
(CH), 128.1 (CH), 143.9 (C); C;,H 30, (194.27): caled C 74.19, H 9.34;
found C 74.26, H 9.30.

(3R*, 4r*, 58%)-4-Methylheptan-3,5-diol (4 b): 'HNMR (300 MHz): 6 =0.88
(d, J(H,H) =72 Hz, 3H; CH,), 0.93 (t, J(H,H) =7.5 Hz, 6 H; 2CH;), 1.40—
1.65 (m, SH; 2CH, and CH), 2.9 (brs, 2H; 20H), 3.70-3.80 (m, 2H;
2CHOH); ®*CNMR (75 MHz): 6 =3.9 (CH;), 10.4 (CH,), 28.0 (CH,), 39.1
(CH), 78.9 (CH); CgH,30, (146.23): caled C 65.69, H 12.14; found C 65.75,
H 12.08.

(IS*, 2r*, 3R*)-2-Methyl-1,3-diphenyl-propan-13-diol (4¢): 'HNMR
(300 MHz): 6=0.72 (d, J(H,H)=71Hz, 3H; CHj;), 2.00-2.10 (m, 1H;
CH), 2.8 (brs,2H; OH), 5.14 (d, J(H,H) =2.9 Hz,2H; 2CHOH), 7.20-7.45
(m, 10H; Ph); *CNMR (75 MHz): 6 =4.6 (CHs), 46.8 (CH), 779 (CH),
125.6 (CH), 1272 (CH), 128.2 (CH), 143.2 (C); C;sH 30, (242.32): caled C
79.30, H 7.49; found C 79.41, H 7.55.

Reduction of f-hydroxy ketones 8a—e to the corresponding 1,3-diols syn-
9a-—e: The reduction of compounds 8a—¢ was carried out according to the
general procedure using LiBH, as the reducing agent, and the correspond-
ing 1,3-diols 9a—c¢ were obtained in high yields and in high diastereomeric
purity (>98%). Spectroscopic data of compounds syn-9al® and syn-9 ¢!**!
were identical to literature data. Spectroscopic data of unknown syn-9b
follow.

(IS*,  2R¥)-2-Ethyl-1-phenyl-propan-13-diol ~ (syn-9b): 'HNMR
(300 MHz): 6 =0.89 (t, J(H,H) =7.6 Hz, 3H; CH,), 1.25-1.35 (m, 2H;
CH,CH,), 1.80—~1.90 (m, 1 H; CH), 2.5 (brs, 2H; 20H), 3.74 (d, J(H,H) =
5.0 Hz, 2H; CH,0H), 5.02 (d, J(H,H) = 3.8 Hz, | H; CHOH), 7.20 - 740 (m,
SH; Ph); *CNMR (75 MHz): 6 =12.0 (CH,), 17.9 (CH,), 47.9 (CH), 63.7
(CH,), 771 (CH), 126.2 (CH), 1273 (CH), 128.2 (CH), 142.5 (C); C,;H,,0,
(180.25): caled C 73.29, H 8.95; found C 73.20, H 9.06.

The reduction of 8d was carried out using various reducing agents, and high
yields were obtained in all cases, but different diastereoselectivity ratios
were obtained according to the nature of the reducing agent employed:
with LIBH, syn-9d/anti-9d=65:35, with L-Selectride syn-9d/anti-9d=
90:10, and with N-Selectride syn-9d/anti-9d=93:7. Our attempts to
separate the two diastereoisomers by chromatography were unsuccessful
in all cases. Spectroscopic data of unknown syn-9d follow.
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(2R*, 3R*)-2-Methyl-pentan-1,3-diol (syn-9d): 'HNMR (300 MHz): 6 =
0.93 (d, J(H,H) =72 Hz, 3H; CHj;), 0.97 (t, J(H,H) =74 Hz, 3H; CH,),
1.40-1.60 (m, 2H; CH,CH,), 1.75-1.90 (m, 1H; CHCHS,), 2.3 (brs, 1H;
OH), 2.4 (brs, 1H; OH), 3.70-3.85 (m, 3H; CH,0OH and CHOH);
BCNMR (75 MHz): 6 =9.9 (CH3), 10.6 (CH;), 27.0 (CH,), 38.7 (CH), 67.3
(CH,), 76.2 (CH); C¢H 4,0, (118.18): caled C 60.97, H 11.95; found C 61.08,
H 11.88.

(2R*, 38*)-2-Methyl-pentan-1,3-diol (anti-9d): SCNMR (75 MHz): 6 =9.4
(CH,), 13.9 (CH3), 28.0 (CH,), 39.4 (CH), 67.7 (CH,), 78.6 (CH).

The reduction of 8e to syn-9e carried out with LiBH,, L-Selectride, and
N-Selectride gave the expected syn-9e in high yields and in 40, 90, and 98 %
diastereomeric excess, respectively.

(2R*, 3R*)-2-Ethylhexan-13-diol (syn-9e): 'HNMR (300 MHz): 6 =0.95
(t,J(H,H) =74 Hz, 6 H; 2CH3;), 1.25-1.70 (m, 7H; 3CH, and CH), 2.8 (brs,
1H; OH), 2.9 (brs, 1H; OH), 3.70-3.95 (m, 3H; CH,OH and CHOH);
BCNMR (75 MHz): 6 =12.3 (CHj;), 14.1 (CHj;), 18.0 (CH,), 19.5 (CH,),
35.3 (CH,), 46.0 (CH), 64.4 (CH,), 75.1 (CH); CzH;30, (146.23): caled C
65.69, H 12.41; found C 65.59, H 12.50.

(2R*, 38%)-2-Ethylhexan-1,3-diol (anti-9 e, minor): “*CNMR (75 MHz): 6 =
11.8 (CH,), 15.1 (CHs;), 18.9 (CH,), 21.5 (CH,), 37.8 (CH,), 45.8 (CH), 65.7
(CH,), 75.4 (CH).

Reduction of 8f to (1R*, 2R*)-2,3-dimethyl-1-phenyl-butan-1,3-diol (syn-
9 f): The reduction of 8 f with LiBH, gave the expected syn-9 f in high yield
(92%) and in excellent diastereomeric excess (98 %).

(IR*, 2R*)-2,3-Dimethyl-1-phenyl-butan-13-diol (syn-9f): 'HNMR
(300 MHz): 6=0.82 (d, J(H,H)=7.1Hz, 3H; CH;), 1.28 (s, 3H; CH;),
1.52 (s, 3H; CH;), 1.60-1.70 (m, 1H; CH), 2.8 (brs, 2H; OH), 5.38 (d,
J(H,H)=19Hz, 1H; CH), 715-7.50 (m, 5H; Ph); ®*CNMR (75 MHz):
0=6.4 (CHj;), 28.9 (CH;), 29.3 (CH;), 47.9 (CH), 73.4 (CH), 73.8 (C), 125.5
(CH), 126.5 (CH), 1279 (CH), 143.9 (C); C;,H 30, (194.27): caled C 74.18,
H 9.34; found C 74.30, H 9.28.

Reduction of 8¢ to (3R*, 4R*)-2,3-dimethylhexan-2,4-diol (syn-9g): The
reduction of 8¢g to syn-9g was carried out with LiBH,, BH;- THF, and
L-Selectride, and the expected syn-9g was obtained in high yields (89 %,
91 %, and 93 %, respectively) and in 20 %, 40 %, and 98 % diastereomeric
excess, respectively.

(3R*, 4R*)-2,3-Dimethyl-hexan-24-diol (syn-9g): 'HNMR (300 MHz):
0=0.93 (t, JHH)=75Hz, 3H; CH;), 098 (d, J(H,H)=71Hz, 3H;
CH,), 1.25 (s, 3H; CHs;), 1.36 (s, 3H; CHj;), 1.35-1.65 (m, 3H; CH and
CH,), 2.4 (brs, 1H; OH), 2.6 (brs, 1H; OH), 4.06 (brt, J(H,H)=6.5 Hz,
1H; CHOH); *CNMR (75 MHz): 6 = 6.5 (CH;), 10.5 (CHj;), 28.3 (CH,),
28.9 (CHj;), 29.2 (CH;), 44.1 (CH), 73.4 (CH), 73.9 (C); CgH 30, (146.23):
caled C 65.69, H 12.41; found C 65.74, H 12.48.

(3R*, 48%)-2,3-Dimethyl-hexan-2 4-diol (anti-9g, minor): “CNMR
(75 MHz): 6 =8.7 (CHj;), 13.7 (CHj;), 23.0 (CHj), 28.1 (CH,), 30.6 (CHs),
46.8 (CH), 75.2 (C), 75.7 (CH).

Reduction of 11 to (3R*, 5R*)-4-methyl-heptan-3,5-diol (12): The reduc-
tion of 11 with L-Selectride gave 12 in high yields and in excellent
diastereomeric purity (12/13=96:4).

(3R*, 5R*)-4-Methyl-heptan-3,5-diol (12): 'HNMR (300 MHz): 6 =0.90 -
1.00 (m, 9H; CHj;), 1.40-1.65 (m, SH; 2CH,CH; and CHCHs;), 2.8 (brs,
2H; 20H), 3.50-3.60 (m, 1H; CHOH), 3.80-3.90 (m, 1H; CHOH);
BCNMR (75 MHz): 6=10.0 (CH;), 10.7 (CHj;), 11.3 (CH;), 26.8 (CH,),
28.2 (CH,), 40.2 (CH), 74.0 (CH), 77.3 (CH); CgH,50, (146.23): calcd C
65.69, H 12.41; found C 65.61, H 12.35.

The reduction of 11 with LiBH, and BH; - THF gave a mixture of 12 and 13,
and the latter dominated (12/13 =25:75 and 30:70, respectively).

(3R*, 45*, 5R*)-4-Methylheptan-3,5-diol (13): "CNMR (75 MHz): 6 =9.0
(CHj;), 13.1 (CH3), 27.6 (CH,), 42.8 (CH), 77.6 (CH).

Reduction of 14 to (I1S*, 2R*, 3R*)-2-methyl-1-phenyl-pentan-1,3-diol
(15): The reduction of 14 with BH; - THF gave the expected diol 15 in high
yield (94 %) and in high diastereomeric purity (94 % ).

(IS*, 2R*,  3R¥*)-2-Methyl-1-phenyl-pentan-1,3-diol  (15): 'HNMR
(300 MHz): 6=0.83 (d, J(H,H)=71Hz, 3H; CH;), 1.00 (t, J(H.H)=
7.5 Hz, 3H; CH;), 1.60-1.70 (m, 2H; CH,), 1.80-1.95 (m, J(H.H) =1.9,
J(H,H)=2.8, J(H,H) =71 Hz, 1 H; CHMe), 2.66 (d, J(H,H) =4.6 Hz, 1H;
OH), 3.36 (d, J(H,H) =3.3 Hz, 1 H; OH), 3.50-3.65 (m, 1H; CHE), 5.14
(brt, J(H,H)=2.8 Hz, 1H; CHPh), 710-745 (m, 5H; Ph); "CNMR
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(75 MHz): 6 =10.0 (CH3), 11.1 (CH3), 28.4 (CH,), 43.2 (CH), 74.3 (CH),
76.7 (CH), 1259 (CH), 126.9 (CH), 128.0 (CH), 143.0 (C); C,,H 0,
(194.27): caled C 74.18, H 9.34; found C 74.26, H 9.40.

The reduction of 14 with LiBH, gave the diol 15 in high yields but with
moderate diastereoselectivity (15/16 =77:23), conversely the reduction
with L-Selectride gave mainly the diol 16 (15/16 =20:80).

(IR*, 2R*, 3R¥*)-2-Methyl-1-phenyl-pentan-1,3-diol (16): “CNMR
(75 MHz): 6 =8.9 (CHj;), 13.4 (CH,), 27.5 (CH,), 44.0 (CH), 779 (CH),
80.8 (CH), 127.1 (CH), 127.7 (CH), 128.3 (CH), 143.3 (C).

Reduction of 17 to (I1S*, 2R *, 3R *)-2,4-dimethyl-1-phenyl-pentan-1,3-diol
(18): The reduction of 17 with BH; - THF gave the expected diol 18 in high
yield (90 %) and in high diastereomeric purity (96 % ).

(1S*, 2R*, 3R*)-24-Dimethyl-1-phenyl-pentan-1,3-diol (18): 'HNMR
(300 MHz): 6=0.78 (d, J(H,H)=72Hz, 3H; CH,), 0.96 (d, J(H.H)=
74 Hz, 3H; CH;), 0.98 (d, J(H,H)=6.7 Hz, 3H; CHj;), 1.80-2.00 (m,
2H; CHMe and CH(Me),), 3.1 (brs, 2H; OH), 3.29 (t, J(H,H) =6.0 Hz,
1H; CHCH(Me),), 5.11 (d, J(H,H)=2.4 Hz, 1H; CHPh), 7.20-7.40 (m,
5H; Ph); BCNMR (75 MHz): 6 =11.0 (CH;), 17.2 (CHj3), 19.6 (CH3), 30.7
(CH), 40.7 (CH), 74.4 (CH), 80.3 (CH), 1259 (CH), 126.7 (CH), 1279
(CH), 143.1 (C); C;3H,,0, (208.30): calcd C 74.96, H 9.68; found C 74.88, H
9.60.

The reduction of 17 with LiBH, gave the diol 18 in high yield (90 %) but
with moderate diastereoselectivity (18/19 =70:30), conversely the reduc-
tion with L-Selectride mainly gave the diol 19 (18/19 =15:85).

(IR*, 2R*, 3R¥*)-24-Dimethyl-1-phenyl-pentan-13-diol (19): “CNMR
(75 MHz): 6 =13.4 (CH;), 13.7 (CH;), 20.1 (CH,), 29.9 (CH), 42.4 (CH),
81.0 (CH), 81.4 (CH), 1272 (CH), 127.7 (CH), 128.3 (CH), 143.3 (C).

Reduction of 20: The reduction of 20 with LiBH, gave the diol 22 in high
yield (91 %) and with excellent diastereomeric purity (98 % ).

(IR*, 2R*, 38%)-2-Methyl-13-diphenyl-propan-1,3-diol (22): 'HNMR
(300 MHz): 6=0.19 (d, J(H,H)=70Hz, 3H; CHj;), 2.05-2.20 (m, 1H;
CH), 3.7 (brs, 2H; 20H), 4.56 (d, J(H,H) =9.1 Hz, 2H; 2CHOH), 7.20-
745 (m, 10H; Ph); BCNMR (75 MHz): 6 =13.9 (CHj;), 45.9 (CH), 80.9
(CH), 1272 (CH), 1279 (CH), 128.4 (CH), 143.0 (C); C;(H 30, (242.32):
caled C 79.30, H 7.49; found C 79.48, H 7.56.

The reduction of 20 with BH;- THF gave a mixture of 21 and 22 isomers
(92% yield, 21/22 =55:45).

(IR*,  3R*)-2-Methyl-1,3-diphenyl-propan-1,3-diol) ~ (2I): 'HNMR
(300 MHz): 6 =0.67 (d, J(H,H)=72Hz, 3H; CH;), 2.05-2.20 (m, 1H;
CH), 3.1 (brs, 1H; OH), 3.2 (brs, 1H; OH), 4.63 (d, J(H,H) =6.5 Hz, 1H;
CHOH), 4.95 (brs, 1H; CHOH), 7.15-7.30 (m, 10H; Ph); BCNMR
(75 MHz): 6 =113 (CH,), 45.9 (CH), 74.4 (CH), 77.8 (CH), 126.1 (CH),
126.3 (CH), 127.0 (CH), 127.7 (CH), 128.0 (CH), 128.5 (CH), 142.7 (C),
143.2 (C).

Cyclization of 1,3-diols 4a—d, syn-9d-g, 12, 15, and 18 into the corre-
sponding phenylboronate derivatives

General procedure: According to the Pelter!™ methodology, the 1,3-diol
(1 mmol), dissolved in dry CH,Cl, (10 mL), was added to PhB(OH),
(1.1 mmol) and molecular sieves (4 A, 5 g), and the mixture was stirred
for 18 h at room temperature. The solution was filtered, evaporated, and
purified by chromatography on a short silica gel column and gave the
corresponding cyclic boronates. In all cases, almost quantitative yields were
obtained (>98%).

(4R*, 5R*, 6R¥*)-4-Ethyl-5-methyl-2,6-diphenyl-1,3,2-dioxaborinane
(24a): 'HNMR (300 MHz): 6 =0.50 (d, J(H,H)=7.1 Hz, 3H; CHj;), 1.01
(t,J(HH) =74 Hz, 3H; CHj;), 1.40-1.50 (m, 1 H; CH,CH,), 1.65-1.80 (m,
1H; CH,CH,), 2.10-2.20 (m, J(H,H) =71, J(H,H) = 2.6, J(H,H) =2.8 Hz,
1H; CHCH,), 420-4.35 (m, J(H,H) =2.6, J(H,H) = 6.5, J(H,H) =8.2 Hz,
1H; CHE), 5.36 (d, J(H,H)=2.8 Hz, 1H; CH), 7.15-7.90 (m, 10H; Ph);
BCNMR (75 MHz): 6 =4.0 (CHj;), 10.1 (CHj;), 27.0 (CH,), 38.0 (CH), 77.2
(CH), 775 (CH), 125.3 (CH), 127.0 (CH), 127.6 (CH), 128.2 (CH), 130.7
(CH), 134.0 (CH), 141.3 (C); C;3H,,BO, (280.17): caled C 77.10, H 7.55;
found C 76.96, H 7.63.

(4R*, 5r*, 65*)-4,0-Diethyl-5-methyl-2-phenyl-1,3,2-dioxaborinane (24b):
'THNMR (300 MHz): 6=0.80 (d, J(H,H)=71Hz, 3H; CH;), 1.04 (t,
J(H,H) =74 Hz, 6H; 2CH;), 1.40-1.60 (m, 2H; 2CH,CH3;), 1.65-1.85 (m,
2H; 2CH,CHj;), 1.85-1.95 (m, 1H; CHCHj;), 4.05-4.15 (m, J(H.H) =2.7,
JHH)=57 JHH)=74Hz, 2H; 2CHO), 730-790 (m, 5H; Ph);
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BCNMR (75 MHz): 6 =3.6 (CH;), 10.1 (CH;), 26.8 (CH,), 349 (CH),
77.7 (CH), 127.4 (CH), 130.4 (CH), 133.8 (CH); C,,H,,BO, (232.13): calecd C
72.36, H 9.12; found C 72.44, H 9.06.

4R*, 5r*,  6S5%*)-5-Methyl-2,4,6-triphenyl-1,3,2-dioxaborinane  (24c):
'HNMR (300 MHz): 6=1.18 (d, J(H,H)=72 Hz, 3H; CHj;), 3.70 (dq,
J(H,H)=3.1,J(H,H) =72 Hz, 1H; CHMe), 5.24 (d, J(H,H) =2.7 Hz, 2H;
CHPh); BCNMR (75 MHz): 6 =4.2 (CH,), 40.8 (CH), 76.8 (CH), 125.2
(CH), 127.1 (CH), 127.7 (CH), 128.3 (CH), 131.1 (CH), 134.1 (CH), 141.0
(C); C,,H,,BO, (328.22): caled C 80.45, H 6.45; found C 80.28, H 6.54.
(4R*, 5R*, 6R*)-4-Isopropyl-5-methyl-2,6-diphenyl-1,3,2-dioxaborinane
(24d): 'HNMR (300 MHz): 6 =0.58 (d, J(H,H) =7.2 Hz, 3H; CH;), 0.92
(d, J(H,H)=6.8 Hz, 3H; CHs;), 1.24 (d, J(H,H) = 6.4 Hz, 3H; CH,), 1.70-
190 (m, 1H; CH(Me),), 225-2.40 (m, JHH)=72, JHH)=2.7,
J(H,H)=2.5Hz, 1H; CHCH;), 3.91 (dd, J(H,H)=2.5, J(H,H)=9.8 Hz,
1H; CHiPr), 5.41 (d, J(H,H) =2.7 Hz, 1H; CH), 7.30-8.00 (m, 10H; Ph);
BCNMR (75 MHz): 6 =3.9 (CH;), 17.8 (CH;), 19.8 (CHs), 31.0 (CH), 36.5
(CH), 77.3 (CH), 81.8 (CH), 125.3 (CH), 127.0 (CH), 127.5 (CH), 128.2
(CH), 130.7 (CH), 134.0 (CH), 141.7 (C); C,iH»;BO, (294.20): caled C 77.57,
H 7.88; found C 77.49, H 7.83.

4R*, 5R*)-4-Ethyl-5-methyl-2-phenyl-1,3,2-dioxaborinane (234d):
'THNMR (300 MHz): =097 (d, J(H,H)=72Hz, 3H; CH;), 1.07 (t,
J(H,H) =73 Hz, 3H; CHj;), 1.45-1.70 (m, 2H; CH,CHj;), 2.10-2.25 (m,
1H; CHCHs;), 3.91 (dd, J(H,H) =5.4,J(H,H) = 11.1 Hz, 1H; CH,0), 4.00 -
4.10 (m, J(H,H) =3.4,J(H,H) =4.9,J(H,H) = 8.5 Hz, 1H; CHO), 4.14 (dd,
J(HH)=3.8, JHH)=11.1Hz, 1H; CH,0), 7.30-780 (m, 5H; Ph);
BCNMR (75 MHz): 0 =10.3 (CH,), 10.7 (CH3), 25.7 (CH,), 33.4 (CH), 67.4
(CH,), 75.8 (CH), 127.6 (CH), 130.6 (CH), 133.8 (CH); C;,H,,BO, (204.08):
calcd C 70.63, H 8.40; found C 70.72, H 8.48.

4R*, 5R *)-5-Ethyl-2-phenyl-4-propyl-1,3,2-dioxaborinane (23e):
'THNMR (300 MHz): 6 =0.85-1.05 (m, 6H; 2CH;), 1.20-1.75 (m, 6H;
3CH,), 1.90-2.05 (m, 1H; CHEt), 3.96 (dd, J(HH)=79, JHH)=
11.3Hz, 1H; CH,0), 4.06 (dd, J(HH)=4.3, JHH)=113Hz, 1H;
CH,0), 415-4.20 (m, J(H,H)=3.9, JH,H)=9.1, J(HH)=3.8 Hz, 1H;
CHO), 730-7.85 (m, SH; Ph); BCNMR (75 MHz): 6 =11.8 (CH,), 14.1
(CH,), 18.8 (CH,), 19.1 (CH,), 33.8 (CH,), 41.2 (CH), 63.8 (CH,), 73.6
(CH), 1275 (CH), 130.5 (CH), 133.7 (CH); C;;H,;BO, (232.13): calcd C
72.44, H 9.12; found C 72.55, H 9.18.

(5R*,  6R¥)-4,4,5-Trimethyl-2,6-diphenyl-1,3,2-dioxaborinane (231):
'HNMR (300 MHz): 6 =0.64 (d, J(H,H) =71 Hz, 3H; CH;), 1.38 (s, 3H;
CH,), 1.62 (s,3H; CH;) 2.00-2.10 (dq, J(H,H) =3.1,J(HH) =72 Hz, 1H;
CHCHs;), 5.65 (d, J(H,H) =3.1 Hz, 1H; CHO), 7.25-8.00 (m, 10H; Ph);
BCNMR (75 MHz): 6 =72 (CH,), 28.0 (CH;), 30.3 (CH3), 42.9 (CH), 72.8
(CH), 125.3 (CH), 126.8 (CH), 127.6 (CH), 128.2 (CH), 130.7 (CH), 134.0
(CH), 141.5 (C); C;3sH,,;BO, (280.17): caled C 77.17, H7.55; found C 76.95, H
7.65.

(5R*, 6R*)-6-Ethyl-4,4,5-trimethyl-2-phenyl-1,3,2-dioxaborinane (23g):
'THNMR (300 MHz): 6=0.88 (d, J(H,H)=72Hz, 3H; CH;), 1.05 (t,
J(H,H) =74 Hz,3H; CHs;), 1.33 (s, 3H; CH3), 1.43 (s, 3H; CH3;), 1.45-1.60
(m, 1H; CH,CH;), 1.65-1.75 (m, J(H,H)=3.0, J(H.H)=72Hz, 1H;
CHCH;), 1.75-190 (m, 1H; CH,CH;), 420-4.30 (m, J(HH)=3.0,
JHH)=55, JHH)=85Hz, 1H; CHO), 725-780 (m, 5H; Ph);
BCNMR (75 MHz): 6=6.7 (CH;), 10.3 (CH;), 27.0 (CH,), 28.0 (CHs),
30.1 (CHj;), 40.2 (CH), 73.0 (CH), 1274 (CH), 130.3 (CH), 133.8 (CH);
C3H,BO, (220.12): caled C 70.94, H 9.62; found C 71.10, H 9.66.

(4R*, 6R*)-4,6-Diethyl-5-methyl-2-phenyl-1,3,2-dioxaborinane (25a):
'THNMR (300 MHz): 6=0.95 (d, J(H,H)=71Hz, 3H; CH;), 1.06 (t,
J(H,H) =75 Hz, 3H; CH;), 1.08 (t, J(H,H) =74 Hz, 3H; CHj;), 1.45-1.65
(m, 2H; CH,CHj;), 1.65-1.85 (m, 2H; CH,CH;), 1.85-2.00 (m, 1H;
CHCHs;), 3.75-3.85 (m, J(H,H) =79, J(H,H) =6.1, J(HH) =4.5 Hz, 1H;
CHO), 3.90-4.00 (m, J(H,H)=70, JHH)=6.5, J(H,H)=3.9Hz, 1H;
CHO), 7.30-7.45 (m, 3H; Ph), 7.80-7.95 (m, 2H; Ph); *CNMR (75 MHz):
0=9.6 (CH;), 10.5 (CH;), 12.6 (CHj;), 25.3 (CH,), 28.4 (CH,), 37.0 (CH),
74.0 (CH), 76.4 (CH), 1274 (CH), 1304 (CH), 133.9 (CH); C,,H,;BO,
(232.13): caled C 72.44, H 9.12; found C 72.26, H 9.21.

(4R*, 5R*, 6S*)-4-Ethyl-5-methyl-2,6-diphenyl-1,3,2-dioxaborinane
(25b): 'HNMR (300 MHz): 6 =0.74 (d, J(H,H) =71 Hz, 3H; CH;), 1.10
(t,J(HH) =73 Hz,3H; CHj;), 1.60-1.80 (m, 1 H; CH,CHj;), 2.10-2.25 (m,
1H; CHCH,;), 3.75-3.85 (m, J(H,H) =5.3, J(H,H) =75 Hz, 1H; CHE),
527 (d, J(H,H)=4.1Hz, 1H; CH), 7.25-7.95 (m, 10H; Ph); BCNMR
(75 MHz): 6 =9.6 (CH5;), 12.6 (CH3), 28.2 (CH,), 38.5 (CH), 74.4 (CH), 75.6
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(CH), 126.2 (CH), 1273 (CH), 127.6 (CH), 128.1 (CH), 130.7 (CH), 134.0
(CH), 140.0 (C); C,sH,BO, (280.17): caled C 77.17, H 7.55; found C 76.96,
H 744.

(4R*, 5R*, 6S*)-4-Isopropyl-5-methyl-2,6-diphenyl-1,3,2-dioxaborinane
(25¢): 'THNMR (300 MHz): 6 =0.66 (d, J(H,H) =71 Hz, 3H; CH;), 0.97
(d, J(H,H) =6.6 Hz, 3H; CHj;), 1.02 (d, J(H,H) =6.8 Hz, 3H; CH3;), 1.75-
1.90 (m, 1H; CH(Me),), 2.20-2.35 (m, 1H; CHCHs;), 3.48 (t, JHH)=
6.0 Hz, 1H; CHiPr), 5.18 (d, J(H,H)=4.1 Hz, 1H; CH), 7.25-795 (m,
10H; Ph); ®BCNMR (75 MHz): 6 =12.5 (CH,), 16.9 (CH;), 19.5 (CHj;), 31.0
(CH), 36.3 (CH), 74.6 (CH), 79.0 (CH), 126.2 (CH), 127.3 (CH), 127.6 (CH),
128.1 (CH), 130.7 (CH), 134.0 (CH), 140.0 (C); C;4H,;BO, (294.20): calcd C
77.57, H 7.88; found C 77.62, H 7.76.

Conversion of a mixture of 21 and 22 to a mixture of the corresponding
cyclic boronate diastereoisomers as a route to obtain pure 21: The mixture
of 21 and 22 was converted, according to the reported general procedure
above, into the corresponding mixture of 25d and 26d boronates. These
compounds were easily separated by chromatography on a silica gel
column (petroleum ether: Et,0O =80:20). Both pure 25d and 26d were
converted into pure 21 and 22, respectively, in almost quantitative yields by
treatment with H,0, in EtOH and Et,0 in basic medium (pH 8).[*!

(4R*, 6R*)-5-Methyl-2,4,6-triphenyl-1,3,2-dioxaborinane (25d): 'HNMR
(300 MHz): 6=0.36 (d, J(H,H)=71Hz, 3H; CHj;), 2.45-2.60 (m, 1H;
CH), 5.68 (brd, J(HH)=2.8 Hz, 2H; 2CH), 7.25-7.95 (m, 10H; Ph);
BCNMR (75 MHz): 6 =12.9 (CHj;), 40.9 (CH), 73.6 (CH), 77.2 (CH), 125.8
(CH), 126.0 (CH), 1274 (CH), 128.2 (CH), 128.5 (CH), 134.2 (CH), 141.7
(C); CuH,BO, (328.22): caled C 80.51, H 6.45; found C 80.39, H 6.49.
(4R*, 5R*,  65%)-5-Methyl-2,4,6-triphenyl-1,3,2-dioxaborinane  (26d):
'"HNMR (300 MHz): 6=0.60 (d, J(H,H)=6.6 Hz, 3H; CHj;), 1.55-2.00
(m, J(H,H) =6.6, J(H,H) =10.2 Hz, 1H; CH), 4.90 (d, J(H,H) =10.2 Hz,
2H; 2CH), 7.25-7.95 (m, 10H; Ph); *CNMR (75 MHz):  =13.5 (CHs),
45.2 (CH), 80.4 (CH), 1272 (CH), 1276 (CH), 128.1 (CH), 128.4 (CH),
130.9 (CH), 1342 (CH), 141.2 (C); C,,H;BO, (328.22): caled C 80.51, H
6.45; found C 80.58, H 6.40.

Acknowledgements

Work carried out in the framework of the National Project “Stereo-
selezione in Sintesi Organica. Metodologie e Applicazioni” was supported
by MURST, Rome, and the University of Bologna, and work was in the
framework of “Progetto di Finanziamento Triennale, Ateneo di Bologna”.

[1] a) D. A. Evans, G. S. Sheppard, J. Org. Chem. 1990, 55, 5192; b) M.
Sletzinger, T. R. Verhoven, R. P. Volante, J. M. McNamora, T. M. H.
Liu, Tetrahedron Lett. 1985, 26, 2951; c) A. K. Saksena, P. Mangiar-
acina, Tetrahedron Lett. 1983, 242, 273.

[2] a) P.M. Bodnar, J. T. Shaw, K. A. Woerpel, J. Org. Chem. 1997, 62,
5674; b) Y. Umekawa, S. Sakaguchi, Y. Nishiyama, Y. Ishii, J. Org.
Chem. 1997, 62, 3409; c) R. Marwald, B. Cortisella, Synthesis 1996,
1087; d) D. A. Evans, H. A. Hoveyda, J. Am. Chem. Soc. 1990, 112,
6447.

[3] a) C. Narayana, M. R. Reddy, M. Hair, G. W. Kobalka, Tetrahedron
Lett. 1997, 38,7705; b) S. Anwar, G. Bradley, A. P. Davis, J. Chem. Soc.

Perkin Trans. 1 1991, 1383; ¢) S. Anwar, A. P. Davis, Tetrahedron 1988,
44, 3761; d) D. A. Evans, R. T. Chapman, E. M. Carreira, J. Am.
Chem. Soc. 1988, 110, 3560.

[4] a) H. Yamashita, K. Narasaka, Chem. Lett. 1996, 539; b) T. Hiyama,
G. B. Reddy, T. Minami, T. Hanamoto, Bull. Chem. Soc. Jpn. 1995, 68,
350; c) I. Paterson, R. D. Norcross, R. A. Ward, P. Romea, M. A.
Lister, J. Am. Chem. Soc. 1994, 116, 11287; d) D. A. Evans, H. A.
Hoveyda, J. Org. Chem. 1990, 55, 5190; e) K.-H. Chen, G.E.
Hardtmann, K. Prasad, O. Repic, M. J. Shapiro, Tetrahedron Lett.
1987, 28, 155; f) M. Sletzinger, T. R. Verhoeven, R. P. Volante, J. M.
McNamara, T. M. H. Liu, Tetrahedron Lett. 1985, 26, 2591; g) K.
Narasaka, F. C. Pai, Tetrahedron 1984, 40, 2233.

[5] a) C.R. Sarko, S. E. Collibee, A. L. Knorr, M. DiMare, J. Org. Chem.
1996, 61, 868; b) T. Oishi, T. Nakata, Acc. Chem. Res. 1984, 17, 338.

[6] G. Bartoli, M. C. Bellucci, M. Bosco, R. Dalpozzo, E. Marcantoni, L.

Sambri, Tetrahedron Lett. 1999, 40, 2845.

G. Bartoli, M. C. Bellucci, M. Bosco, E. Marcantoni, L. Sambri, Chem.

Eur. J. 1998, 4, 2154.

[8] K. Smith in Organometallic in Synthesis. A Manual (Ed.: M.
Schlosser), Wiley-Interscience, London, 1994, Chapter 6, p. 461.

[9] L. Manzoni, T. Pilati, G. Poli, C. Scolastico, J. Chem. Soc. Chem.
Commun. 1992, 1027.

[10] a) M. Yamada, T. Horie, M. Kawai, H. Yamamura, S. Araki,
Tetrahedron 1997, 53, 15685; b) T. Nakata, Y. Tani, M. Hatozaki, T.
Oishi, Chem. Pharm. Bull. 1984, 32, 1411.

[11] a)J. P. Maffrand, P. Maroni, Bull. Soc. Chim. Fr. 1970, 1408; b) J. P.
Maffrand, P. Maroni, Tetrahedron Lett. 1969, 10, 4201.

[12] a) R. W. Hoffman, U. Weidmann, Chem. Ber. 1985, 118,3980;b) R. W.
Hoffman, S. Froech, Tetrahedron Lett. 1985, 26, 1643.

[13] A. Pelter, G. F. Vaughan-Williams, R. M. Rosser, Tetrahedron 1993,
49, 3007.

[14] M. Hirama, D. S. Garvey, L. D. Lu, S. Masamura, H. Hamana, K.
Sasakura, T. Sukasawa, Chem. Lett. 1984, 1729.

[15] C.R. Sarko, I. G. Guch, M. DiMare, J. Org. Chem. 1994, 59, 705.

[16] T. Mukaiyama, K. Narasaka, Org. Synth. 1986, 65, 6.

[17] K. Ganesan, H. C. Brown, J. Org. Chem. 1993, 58, 7162.

[18] A.B. Smith, P. A. Levenberg, Synthesis 1981, 567.

[

[

—_
~
—

19] J. Razkin, A. Gonzales, P. Gil, Tetrahedron: Asymmetry 1996, 7, 3479.

20] D. A. Evans, J. V. Nelson, E. Vogel, T. R. Traber, J. Am. Chem. Soc.
1981, 103, 3099.

[21] T. Kawakami, M. Miyatake, I. Shibata, A. Baba, J. Org. Chem. 1996,
61, 376.

[22] S. Kobayashi, I. Hachiya, J. Org. Chem. 1994, 59, 3590.

[23] C. Venturello, M. Gambaro, J. Org. Chem. 1991, 56, 5924.

[24] S. Fukuzawa, T. Tsuruta, T. Fujinami, S. Sakay, J. Chem. Soc. Perkin
Trans 1 1987, 1473.

[25] F. Gaudemar-Bordone, M. Gaudemar, J. Organomet. Chem. 1976, 104,
281.

[26] A. Fauve, H. Veschambre, Tetrahedron Lett. 1987, 28, 5037.

[27] S.S. Labadie, J. K. Stille, Tetrahedron 1984, 40, 2329.

[28] J. L. Dufty, T. P. Yoon, D. A. Evans, Tetrahedron Lett. 1995, 36, 9245.

Received: October 4, 1999 [F2065]

2598

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0614-2598 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 14



