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I. Introduction

Additions of catecholborane to alkenes are generally
very slow at room temperature, but they can be greatly
accelerated by small amounts of transition-metal com-
plexes. There are several ways such “catalyzed hydro-
borations” may prove to be valuable in organic
syntheses. Catalysis can alter the chemoselectivity of
reactions of multifunctional substrates; for instance,
without catalyst catecholborane 1 adds to the carbonyl
group of ketone 2, whereas hydroboration of the alkene
takes place preferentially in the presence of less than
1 mol % of RhCI(PPhjy);.! Catalysis also provides
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alternatives for manipulating regio-, stereo-, and che-
moselectivity in hydroboration processes.

Almost all studies of the potential of transition-
metal-mediated hydroborations in organic syntheses
have focused on catecholborane /rhodium(+1) catalysts,
but other systems are also discussed in this review, to
indicate how the field may develop.

II. Mechanistic Considerations

A. Rhodium-Mediated Hydroborations with
Catecholborane

The mechanism(s) of rhodium-catalyzed hydro-
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boration reactions remains to be established, but they
are certainly fundamentally different from the corre-
sponding uncatalyzed processes.?* Transient coordi-
nation of alkenes and attack of a free boron hydride on
the opposite 7-face (Scheme Ia) is probably not involved
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SCHEME 1. Conceivable Mechanisms for
Rhodium-Mediated Hydroboration Reactions®
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s (a) Unfavorable electrophilic attack of catecholborane on a co-
ordinated alkene. (b) Unfavorable nucleophilic attack of an alkene
on a hydridoborylrhodium complex, (c) Plausible mechanism in-
volving activation of the alkene and the boron hydride by the
metal.

because n*-coordination deactivates alkenes toward
electrophilic attack. Conversely, oxidative addition of
a boron hydride renders the boron atom less electron
deficient due to donation from metal d orbitals hence
borylrhodium complexes, likely intermediates in the
catalytic cycle, are not disposed to additions of free
alkenes as indicated in Scheme Ib. One may conclude
that both the boron hydride and the alkene probably
become tethered to the metal in the course of rhodi-
um-catalyzed hydroborations. A generalized mecha-
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nism for Rh-promoted hydroborations! is depicted in
Scheme Iec.

The first step in Scheme Ic is consistent with nu-
merous reports implicating oxidative additions of B-H
bonds to coordinatively unsaturated metal centers.513
Particularly significant among these are oxidative ad-
ditions of catecholborane (eq 1)!* and of 9-BBN (eq 2,
9-BBN = 9-borabicyclo[3.3.1]nonane),!® to iridium(+1)
complexes 5 and 7, respectively. The most pertinent
observation, however, is that Wilkinson’s catalyst (8)
reacts with stoichiometric amounts of catecholborane
to give complex 9;!6 isolated samples of this material
react with alkenes to give hydroboration products (eq
3).! An analogue of 9 [RhHCI(P!Pr;),(BO,C¢H,)] has
been characterized via single-crystal X-ray diffraction
studies.!”

The second step in the postulated mechanism for
rhodium-promoted hydroboration of alkenes by cate-
cholborane, is alkene binding followed by migratory
insertion of the alkene into the rhodium hydride bond.
Although this process has not been extensively studied
for boron-containing complexes, there is ample pre-
cedent from studies of other compounds. So far, the
best parallel is insertion of alkynes into the Ir-B bond
of the boryliridium complex 6.* The vinyl complexes
so formed (10) are stable if substituted with two elec-
tron-withdrawing substituents (R and R’), otherwise
reductive elimination occurs to give vinylboronates 11;
the latter reaction mimics the final step in the postu-
lated mechanism for rhodium-mediated hydroborations.
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10a: R =R'=CO,Me
10b: R =H; R'= TMS
10c:R=H;R'=Ph
10d: R =H; R' =1-Bu

Complex 6 is a catalyst for hydroborations of alkynes
with catecholborane (6 turnovers in 2 days). Investi-
gations of this system by NMR revealed that complexes
10 are the “resting state” in the catalytic cycle, implying
reductive elimination is the slow step in the overall
transformation.

Alternatives to the generalized mechanism discussed
above are possible (although less plausible). For in-
stance, it is conceivable that for certain substrate types,
reaction proceeds via insertion into rhodium-boron,
rather than into the rhodium-hydride bonds. For
terminal alkenes however, this would require formation
of a (sterically unfavorable) secondary alkyl complex
to account for the overall regiochemistry of the hydro-
boration.

The reaction pathway shown in Scheme Ic is pres-
ented in very general terms because no information is
available regarding the precise nature of the complexes
involved, relative rates/reversibility of the steps, and
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SCHEME I1. Published Rationale for Deuterium Incorporation
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other important parameters. Indeed, the mechanism(s)
of Rh-catalyzed hydroborations may remain obscure for
some considerable time, and even if convincing mech-
anistic data were available for one particular system,
it would not necessarily be applicable to other func-
tionalized organic substrates, hydroborating reagents,
and catalysts. Furthermore, catalyzed hydroborations
are complicated by side reactions which can skew the
results of mechanistic studies. For instance, the reac-
tion of catecholborane with RhC1(PPhy),!"-1° affords
RhCIH,(PPhy);, RhH(PPh,),, catecholborane dispro-
portionation products, phosphine-borane adducts, and
other unidentified materials, any of which could have
a bearing on the outcome of hydroborations mediated
by this system.!® This is evident from deuterium-la-
beling studies outlined below.

Rhodium complexes also accelerate additions of ca-
techolborane to 8-hydroxyketones,? but it is not clear
that these reactions are mechanistically related to
catalyzed hydroborations of alkenes.

1. Skle Reactions that Compete with Rh-Catalyzed
Hydroborations

Catalyzed hydroborations of some substrates can be
complicated by side reactions arising from $-elimination
processes. For example, Rh-mediated hydroboration
of (Z)-1,4-bis(benzyloxy)but-2-ene (12) affords products

BnO/\/r

12

oBn (i) HBOCgH,. 25 °C

1 mol % RhCI(PPhs);
(ii) oxidation

Bno/\//\/OBn + BnOWOBn

+ B"OMCHZ + Bno/\/\/OH
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corresponding to double-bond isomerization, and elim-
ination of benzyloxy groups/hydroboration of the re-
sulting alkenes.?! Similarly, rhodium-catalyzed hy-
droboration of (Z)-stilbene is accompanied by isomer-
ization to the E isomer.!® In other cases, significant
amounts of hydrogenation products have been ob-
served.1822

Two studies of catalyzed hydroborations with deu-
terocatecholborane 1-D, have been performed. The
first? suggested catalyzed hydroboration of 2-methyl-
3-[(tert-butyldimethylsilyl)oxy}but-1-ene (13) with
deuterocatecholborane gives significant label (17%) at
the hydroxymethylene terminus of the product. To

8%
OTBS 0,002 RBCI(PPh,), s OTBS
H,C —_ \
Me ) HO"] Me
Me 0.1 ©: 8—D ! CH,
13 ° ]
17%

% D distribution as indicated
no D detected in recovered 13

rationalize this result it was proposed that an inter-
mediate rhodium-alkene complex undergoes reversible
migratory insertion affording a significant amount of
a tertiary alkyl-rhodium complex. Further, it was
suggested that this did not undergo reductive elimina-
tion (no tertiary alcohol was observed after oxidation)
but instead gave 100% stereoselective 8-hydride elim-
ination with the DH,C group (see Newman projection
I, 0% B-hydride elimination with the diastereotopic CHy
group) to regenerate a rhodium alkene complex labeled
at the alkene terminus. This hypothesis is outlined in
Scheme II.

oTBS
DH,C CHy

(Rh}
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Results from the second study do not agree with the
first; they indicate reaction of substrate 13 with deu-
terocatecholborane (C¢H,O,BD) in the presence of
catalytic RhCl1(PPhg); or [Rh(COD)CIl],4PPhj, followed
by oxidation, gives alcohol 14 labeled almost exclusively
at C% A very small amount of the total deuterium is
detected in recovered starting material 13’ if the reac-
tion is run with use of only 0.1 equiv of C;H,0,BD, as
indicated in eq 4. Moreover, the deuterium that is

oTBS 0.002 RhCI(PPh ),
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Me o,
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>99 % 9%
é OTBS ; oTBS
H,C 4
Ho ™~ e z Me “)
CH, /Me
14 o 13
61 %

>98 % of total D detecied in 14, <2 % in 13*

incorporated into the recovered starting material is
distributed in a near statistical consistency with
diastereorandom f-elimination from a tertiary alkyl
intermediate of type I. These data indicate minimal
involvement of tertiary rhodium-alkyl intermediates,
presumably because formation of primary metal-alkyls
are strongly favored in migratory insertion reactions
involving 1,1-disubstituted alkenes. Also the fact that
no tertiary alcohol is detected implies strongly that any
tertiary rhodium-alkyl species formed is not an inter-
mediate in, or connected with the catalytic cycle.
Additions of (D)H-Rh to monosubstituted alkenes
are, predictably, less regioselective than for additions
to alkene 13, as illustrated by the wide distribution of
deuterium indicated in eqs 5 and 6; double-bond isom-
erization in the experiment involving 1-decene (eq 6)
underlines this point. There are minor discrepancies
between the first?® and second deuterium-labeling
studies; results from the latter work?* are shown below.
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High-resolution mass spectroscopy indicates some
molecules of products 15/, 16, and 17 have more than
one deuterium atom per molecule, indicative of in-
sertion/reductive elimination reactions involving D-Rh
before the hydroboration event.

It is not possible to differentiate between hydride
migration processes mediated by intermediates in the
catalytic hydroboration cycle, and those promoted by
extraneous hydridorhodium complexes which form
when catecholborane is mixed with RhCl(PPhg);. Un-

Burgess and Ohimeyer
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deuterium observed in all possible C D positions in 19, 18, and 20

published work!?!® indicates that over 50% of the
rhodium atoms form H,RhCI(PPhg); when catechol-
borane is mixed with RhCI(PPhy);, and traces of
HRh(PPh); also form. These hydrido complexes are
probably not directly involved in the catalytic cycle for
hydroboration, but would be capable of double-bond
isomerization reactions and distributing deuterium
labels.®5% Consequently, deuterium-labeling studies of
the type outlined above reveal little about the mecha-
nism of rhodium-mediated hydroborations.

B. Other Systems for Cataiyzed Hydroborations

Catalyzed hydroborations are not restricted to rho-
dium complexes and catecholborane. Indeed, this whole
area evolved from studies of boron hydride clusters/
alkenes (or alkynes) in the presence of several different
transition metals.>!! Pyrophoric and relatively inac-
cessible boron cluster compounds, however, are not
convenient reagents for organic chemistry.

Borazine 21 also undergoes some hydroboration re-
actions in the presence of transition-metal catalysts.!%!3

H <1 mol %, RRH(CO)(PPh); R i
H\B’N\B’H neat, 25 0C,4h H\B’N\B’CH
O+ Ho=cH > WO
H” SB” “H H” B “H
; 293 wumovers [
H H

This boron hydride is commercially available, but so
expensive that it is unlikely to be used in organic
syntheses. Compounds 22 and 23, however, are amen-
able to transition-metal-promoted hydroborations, and
are easily prepared from inexpensive materials; they
have been screened as possible reagents for enantiose-
lective hydroborations (vide infra), but their behavior
in other catalyzed hydroborations remains to be ex-
plored.

Me Ph Me Ph
-
22 23
N, O N, O
Me/ \B/ Me/ \B/
1 1
H H

Besides RhCl(PPhj),; and [RhCI(COD)],/phosphine
mixtures, complexes which have been reported to pro-
mote synthetically useful hydroboration reactions in-
clude [RhCI(COD)];, RhCI(CO){(PPhy)s),, RhCI(CO)-
{(AsPhy)s)s, and, less active, HRuC1(CO){(PPhj),};.!

One report! stated, “...complexes of platinum, palla-
dium, iridium, and cobalt exhibit no or only minor
catalytic effects”. Unfortunately, the substrates and
conditions for the screening reactions in question were
not given, and this statement is not universally accurate.
For instance, subsequent work has demonstrated Pd-
(PPhy), is a catalyst for hydroboration of dienes.?” This
reaction may proceed via r-allyl complexes which un-
dergo reductive elimination to give (Z)-allylic boronates
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(e.g. 24), products which are conveniently trapped by
reactions with aldehydes. Similarly, conjugated enyne

1 eq. HBO,C¢Hy, R R
R R 1.5 mol % Pd(PPh3)s )_(
F{ Me|
HC  CH, C¢He. 25°C, 16 h

CeH,0,B—Pilz

8 Me, R
! 9@ PhCHO,01025°C.3h Mo D _Pn
R\[A/B\ e
(o]
R OH
Me
2 77-89%

R=HorMe
R’ =H, Me, or (CH ;);CH=CMe,

25 gives an allenic boronate under these conditions,
which affords homopropargylic alcohol 26 on reaction
with benzaldehyde. Rhodium complexes were reported

leq. HBOzC6H4.
Me 1.5 mol % Pd(PPh3),
J—=cH
H,C
25
Me

Me_ Me
%C=\ PhCHO, 60 °C Ph
Me B—0O —_— He

!
[¢) OH
26

to be poor catalysts for these same transformations, but
they do promote hydroborations of 1,3-cyclohexadiene
by catecholborane; Rh,(CO),, (mol % not specified) is
apparently a relatively active catalyst.?’

Finally, three reports?®-3° describe catalytic hydro-
borations of alkenes mediated by BH, /TiCl; or
BH, /TiCp,Cl,. In each of these reactions the catalyst
is preformed via reaction of the Ti complex and boro-
hydride, usually at 25 °C, before the substrate is in-
troduced.

Borohydride and TiCp,Cl, are known to react at
room temperature according to the following equation:!

2TiCp,Cl, + 4BH,” = 2TiCp,(BH,) + B;H, + H,
(7

In many of the reported® % “Ti-catalyzed hydro-
borations™ almost 20 mol % of titanium complex and
1 equiv of borohydride are used; this would produce a
significant amount of diborane which is apparently not
removed before addition of the substrate. Furthermore,
if TiCp,(BH,) were to react at all four B-H bonds, 20
mol % of “catalyst” could give a maximum theoretical
yield of 80% in one turnover. It seems likely that some
hydroboration products in these reactions arise from
adventitious diborane formed via the eq 7, and/or via
transformations of BH,” wherein titanium complexes
simply act as a Lewis acid. In other examples, however,
only 5 mol % of titanium complex is used, and the
catalytic role of this material seems more certain.
Nevertheless, we prefer to describe these reactions as
“metal promoted”, rather than “metal catalyzed” until
further studies have been performed to elucidate the
role of titanium complexes in these transformations.

Titanium-mediated hydroborations could involve
m-complexes similar to those which have been observed
in analogous hydroalumination reactions,? but further
research is required to establish this.

Chemical Reviews, 1991, Vol. 91, No. 6 1183

III. Enantloselectivity

Established methods for asymmetric hydroboration
of prochiral alkenes rely on reagent-controlled diast-
ereoselectivity, i.e. optically active borane is used to
induce handedness in the substrate.?® For instance,
diisopinocampheylborane (Ipc;BH) reacts with many
Z-alkenes to give boranes of one diastereomeric series
in preference to the other; these can be converted to
enantiomerically enriched alcohols via oxidation.*

reagent-controlled diastereoselectivity

L’,BH X 5 . oxidaton
R —_— R.)\/BLZ + R./\/BLz —_—

R
c Ao+ A _ow + 2U0H

Methodology for reagent-controlled diastereoselec-
tivity in hydroborations is limited by the following
constraints: (i) large-scale reactions require prior
syntheses of multigram quantities cf air-sensitive chiral
boranes; (ii) diastereoselection in hydroborations of
alkenes other than Z-alkenes tends to be less than the
level required for many asymmetric syntheses; (iii) the
chiral hydroborating reagent is not easily regenerated
from the reaction; and (iv) direct oxidation of the in-
termediate borane generates two equivalents of auxil-
iary (e.g. 3-pinanol, IpcOH) which can complicate pu-
rification of the product.

Asymmetric hydroborations of prochiral alkenes also
can be effected using monochiral catalysts. This ap-
proach relegates the requisite diastereoselective steps
to within a catalytic cycle, and the overall process is
enantioselective. Asymmetric hydroborations of this
kind are conceptually superior because (i) an achiral
boron hydride is used; (the only optically active material
required is a relatively small quantity of ligand for the
catalyst) and (ii) the product is not contaminated with
large quantities of substances formed from chiral aux-
iliaries, the byproduct from catecholborane hydro-
boration/oxidations is catechol, and this can be re-
moved by simple extraction with aqueous base.

enantioselectivity

R HBO,C¢Hy R g oxidation
R"K —_— R.)\/B(OR)Z * RANBOR;
R R

cal, JRhL",|
OH
£
R')\/OH AN CEOH

The enantioselective hydroborations of alkenes re-
ported to date generally afford less induction than is
required for contemporary asymmetric syntheses, but
these preliminary studies are encouraging nevertheless.
Representative hydroborations of norbornene are given
in Table I;?! exo-norborneol 27a is the only product
detected (NMR) in each case. Induction increases as
the reaction temperature is decreased to —25 °C (entries
1-4) but, for this particular substrate, no marked im-
provement is observed on reducing the temperature
from -25 °C to -40 °C. Entries 6, 4, and 7 demonstrate
reducing the catalyst concentration below 2 mol % of
rhodium atoms decreases the induction obtained.
Catalysts derived from the ligands DIOP and BINAP
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TABLE 1. Enantioselective Hydroborations of Norbornene

(i) 2 catecholborane, catalyst

A

(ii) H,0,, NaHCO;, EtOH, 40 °C

Burgess and Ohimeyer

27 27a
product, % ee®

entry temp, °C solvent catalyst system (config)

1 40 CeHg 2.5 mol % [Rh(COD)Cl),-2(R,R)-DIOP 22 (1R,2R)

2 5 CeHg 2.5 mol % [Rh(COD)Cl),-2(R,R)-DIOP 31 (1R,2R)

3 -5 THF 1.0 mol % [Rh(COD)Cl)},-2(R,R)-DIOP 43 (1R,2R)

4 -25 THF 1.0 mol % [Rh(COD)CI)},-2(R,R)-DIOP 54 (1R,2R)

5 -40 THF 1.0 mol % [Rh(COD)CIl},2(R,R)-DIOP 55 (1R,2R)

6 -25 THF 0.25 mol % [Rh(COD)Cl),-2(R,R)-DIOP 43% (1R,2R)

7 -25 THF 2.5 mol % [Rh(COD)Cl])y»2(R,R)-DIOP 55° (1R,2R)

8 -25 THF 0.5 mol % [Rh(COD)Cl),-2(R)-BINAP 62 (1R,2R)

9 -25 THF 0.5 mol % [Rh(COD)Cl),:2(S,S)-CHIRAPHOS 15 (18,25)

s Determined by 'H NMR analysis of the MPTA ester, unless otherwise indicated. ®Determined via 'H NMR analysis with Eu(hfc); chiral

shift reagent.

TABLE II. Enantioselective Hydroborations of Alkenes 27-38

product, % ee

entry alkene temp, °C solvent catalyst system (config) ref
1 28 -25 THF 1.0 mol % [Rh(COD)CIl},-2(R,R)-DIOP 76 (18,2R) 21
2 Z-29 -25 THF 1.0 mol % [Rh(COD)CIl)},-2(R,R)-DIOP 19 (S) 21
3 30 -78 DME 1.0 mol % [Rh(COD),][BF,]-(R)-BINAP 96 (R) 35
4 4-C1-30 -78 DME 1.0 mol % [Rh(COD),][BF,)-(R)-BINAP 91 (R) 35
5 4-Me0O-30 -78 DME/THF 1.0 mol % [Rh(COD),][BF,)-(R)-BINAP 89 (R) 35
6 2-Me0-30 -30 THF 1.0 mol % [Rh(COD),][BF,]-(R)-BINAP 82 35
7 Z-31 -5 MePh 0.5 mol % [Rh(COD)Cl],-2(S,S)-DIOP 47 (S) 36
8 E-31 -5 MePh 0.5 mol % [Rh(COD)Cl],-2(S,S)-DIOP 41 (S) 36
9 32 25 THF 1.0 mol % [Rh(COD)CI},-2(R,R)-DIOP 16 18
10 33 -5 THF 1.0 mol % [Rh(COD)CI),-2(R,R)-DIOP 27 (R) 21
11 33 -5 MePh 0.5 mol % [Rh(COD)Cl},-2(S,S)-CHIRAPHOS 16 (S) 36
12 33 -5 MePh 0.5 mol % [Rh(COD)C1],-2(S,S)-BPPFA 7 (R) 36
13 34 -5 MePh 0.5 mol % [Rh(COD)Cl],-2(S,S)-DIOP 12 (S) 36
14 35 -5 THF 1.0 mol % [Rh(COD)CIl],-2(R,R)-DIOP 69 (R) 21
15 36 -5 MePh 0.5 mol % [Rh(COD)Cl],-2(S,S)-DIOP 10 (S) 36
16 37 -5 MePh 0.5 mol % [Rh(COD)Cl],2(S,S)-DIOP 14 (R) 36
17 38 -30 MePh 0.5 mol % [Rh(COD)Cl),-2(S,S)-DIOP 74 (R) 36

oH
”°>b
Ph Ph
pb ;&OH Pb OH oS ph)\/
27 27a 28 28a 29 29a

9H OH oH

i
M
AN, A Me  pnt S Me Ph)\/ ® en”™""08n Pn)\/\oan
30~ 309 31 31a 32 32a
Aide Me Me
H OH OH
Ph/kCH Pn"\/o i CH [ |.au/kcHz l-Bu)\/
33 33a 34 34a 35 35a
OH QH
El\/J Pr)\El
36 36a 37 37a 38 38a
* For derivalives of compound 30:  Ar compound
CgHs 30
4-CICH,  4.C1.30

4-MeOCgH, 4.MeQ.30
2-McOCgH; 2-Me0-30

Figure 1. Substrates and products of enantioselective catalyzed
hydroborations,

(Figure 2) tend to give good induction, while results
with CHIRAPHOS are less encouraging (entry 9).
Table II summarizes enantioselective hydroborations
of other alkenes (see also Figure 1).21:3%3637 Nor-
bornadiene gives the corresponding chiral diol 28a with
relatively high optical purity (entry 1), but this result
is deceptive since formation of meso diol effectively

H
Me xotpphz Me\[Pth
PP o
Me” © T he Me™" PPh,

R,R-DIOP R,R-CHIRAPHOS

< on. onp
sm 0" G0

S,R-BPPFA S-BINAP S,S-DIPAMP

Figure 2, Chiral phosphine ligands used for catalyzed hydro-
borations of substrates 27-38.

enhances the induction. Termination of the catalyzed
hydroboration of (Z)-1,2-diphenylethene (Z-29) before
completion gives significant quantities of (E)-1,2-di-
phenylethene (E-29); this probably reduces the optical
yield of 29a because reaction of £-29 under the con-
ditions shown in entry 2 is almost stereorandom.
Hydroborations of phenylethene derivatives (30)
(entries 3-5, Table II) give the highest optical yields
observed in catalyzed hydroborations. Enantioselec-
tivities in these processes are not diminished by elec-
tron-releasing or electron-withdrawing aryl-substituents,
but increased steric hindrance decreases the induction
slightly (entry 6). The most remarkable feature of these



Transition-Metal-Promoted Hydroborations of Alkenes

reactions, however, is that they proceed with high re-
gioselectivity (>99:1 in some cases) in favor of the in-
ternal boronate ester.% This Markovnikov selectivity
apparently is only observed for hydroborations of
aryl-substituted alkenes mediated by cationic rhodi-
um(+1) complexes: hydroboration of styrene mediated
by a neutral catalyst, RhCl(PPh;,),, under the standard
conditions was reported to give the secondary alcohol
(30a) and 2-phenylethanol in a 10:90 ratio, and hydro-
boration of 1-octene under the same conditions affords
92:8 selectivity in favor of the primary alcohol. It has
been suggested® that anomalous regioselectivities in
hydroborations of aryl-substituted alkenes can be at-
tributed to cationic n°-benzylrhodium intermediates (c.f.
39).

[Rh]*
4

&
-

39

More recent work indicates phosphine-to-rhodium
ratios are critical in hydroborations of styrene deriva-
tives: higher ratios (i.e. more phosphine) favors for-
mation of the secondary boronate ester even with neu-
tral catalysts.2438

Reagent-controlled diastereoselectivity is generally
ineffective for asymmetric hydroborations of 1,1-di-
substituted alkenes (e.g. 1.4% de for hydroboration of
IPrMeC=CH, with a reagent which is effective in many
other cases).® Appreciable induction in enantioselective
hydroborations of these substrates (Table II, entries
10-14, up to 69% ee) bodes well for the future of these
reactions.

Another variable that might prove to be important
in enantioselective hydroborations is the boron hydride
reagent. Hydroboration of norbornene®” and styrene
derivatives‘ by the ephedrine derivative 22,%! gives
induction opposite to that observed when catechol-
borane with the same chiral phosphine ligand is used.
Catalysts based upon (S,S)-DIOP and (R,R)-DIOP give
opposite enantioselectivities in the reaction of nor-
bornene with oxazolidine 22; consequef§tly, the change
in the sense of the induction observed for catechol-
borane and 22 is not due to the chirality in the heter-
ocyclic ring, This reversal of induction is a consequence

Me, Ph

(i) 2 eq. " N, 0 22.2mol% [RH(COD)CI}.2(R,R)-DIOP
e 8

4 OH

(i) Hy0,, NaHCO3, EIOH, 40 °C 15,28.27

19%ec.e.

pb as above but wilh catalyst from (S.S)-DIOP P&
R OH

27 1R,2R-27a
16%¢ce

of the structure of the borane hydride, but chiral centers
in the reagent have minimal stereochemical influence.
Enantioselectivity in catalyzed hydroborations therefore
could be very dependent on the nature of the boron
hydride reagent.?’

1V. Substrate-Controlled Diastereoselectivity

A fundamental issue in organic syntheses is control
of relative stereochemistry. The value of catalyzed
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TABLE III. Hydroborations of Allylic Alcohol
Derivatives 40

i) hydroboration
ox Ei?) oxidation and hydrolysis oH OH j’i/?“
Me Me Me
40 syn anti
entry X method syn:anti ref(s)
1 H catalyzed® 69:31 22, 39, 40
2 H uncatalyzed® 8:92 41
3 COCH;, catalyzed 73:27 39, 40
4 COCH;, uncatalyzed 12:88 41
5 CO'Bu catalyzed 87:13 40
6 CO'Bu uncatalyzed 6:94 40
7 COCF, catalyzed 88:12 39, 40
8 COCF, uncatalyzed 7:93 41
9 THP catalyzed 89:11 40
10 THP uncatalyzed 21:79 40
11 CPh, catalyzed 95:5 40
12 CPhy uncatalyzed 15:85 41
13 ‘BuMe,Si  catalyzed 96:4 22
14 ‘BuMe,Si  uncatalyzed 10:90 41
15 ‘BuPh,Si  catalyzed 96:4 22
16 ‘BuPh,Si  uncatalyzed 14:86 41
17 CONMe, catalyzed 71:29 39, 40

¢ Catecholborane, <2 mol % Rh catalyst, throughout. 9-BBN,
throughout.

hydroborations in this respect was first illustrated for
hydroborations of allylic alcohol derivatives, and this
led to speculation concerning the stereoelectronic effects
operative in these reactions. Later, these investigations
were expanded to include allylic amines.

A. Acyciic Allyl Aicohol Derivatives

Catalyzed hydroborations of the allylic alcohol de-
rivatives 40 are “stereocomplementary” to conventional
hydroborations of the same substrates;?%4243 all the
rhodium-mediated processes shown in Table III give
predominantly syn product whereas the corresponding
uncatalyzed processes* are anti selective (Table III).

Catalyzed hydroboration of the allylic acetate (Table
ITI, entry 3) is a useful reference point. Syn selectivity
is increased in the catalyzed hydroborations by re-
placing the acetate with a bigger group (e.g. pivalate,
entry 5), or with a more electron-withdrawing group
(e.g. trifluoroacetate, entry 7), indicating both steric and
electronic*? features are important. Replacement of
acetate with N,N-dimethylcarbamate, however, has
little effect on the stereoselectivity implying transient
coordination is probably not involved in these reactions
(entry 17). Indeed, only very strongly coordinating
groups have been reported to influence the stereo-
chemical outcome of rhodium-mediated hydroborations
in this way?? (vide infra).

B. Stereoeiectronic Effects in
Rhodium-Catalyzed Hydroborations

A model has been proposed to account for sub-
strate-controlled diastereoselectivities in rhodium-cat-
alyzed hydroborations of acyclic allylic alcohol deriva-
tives and similar substrates.** It assumes the diast-
ereofacial selectivity of coordination of rhodium de-
termines the stereochemical outcome of these reactions,
either in a kinetic sense or by influencing equilibrating
diastereomeric alkene complexes. There is no direct
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Figure 3. Parts are designated as follows: (a) primary interaction in coordination of a chiral allylic alkene to a transition-metal complex;
(b) orbitals involved in the primary and secondary interactions; (c) approximate orientation required to achieve overlap; (d) secondary
interaction in coordination of a chiral allylic alkene to a transition-metal complex (it lowers the LUMO relative to the primary interaction
alone); (e) preferential orientation based on electronic demands of the substituents; (f) preferential orientation in metal-catalyzed

hydroborations based on steric demands of the substituents.

evidence for coordination of the alkene being the de-
terminant feature in these reactions. Nevertheless, if
one accepts this assumption, the argument presented
below can be used to explain the sense of substrate-
controlled diastereoselectivity in catalyzed hydro-
borations of acyclic a-chiral alkenes.

Briefly, the postulate states there are two components
to diastereofacial bias, electronic and steric. Electronic
influences can be assessed by considering the frontier
orbital interaction for r-complexation of a transition
metal: the filled d orbital of the metal (HOMO) and
the m*-orbital of the alkene (LUMO, i.e. Dewar-Chatt
bonding, Figure 3a).#6 Stereoselectivity will arise if
there is a reactive conformation of the alkene which
affords net stabilization of the bond forming between
these two components. Mixing the o*-orbital associated
with the bond at the chiral center which is anti to the
approaching metal, with the #n*-orbital of the alkene
(Figure 3, parts b and c) facilitates this by closing the
HOMO-LUMO energy gap (Figure 3d). The group
with the lowest energy o*-orbital will occupy this crucial
anti position, i.e. the best electron-withdrawing group
(EWG) (Figure 3e). Consequently, when predicting the
sense of diastereofacial selectivity, one should place the
best o-acceptor in the anti position. The smallest
substituent on the chiral center (e.g. some small, elec-
tronically neutral group, NG) will occupy the “inside
crowded™¥’ position in the reactive conformation (the
sterically most congested site due to the approach of
the metal, vide infra).

On the basis of steric effects alone, one would antic-
ipate the largest group (L) would tend to orientate away
from (or anti to, Figure 3f) the approaching reagent,
with the next largest substituent (M) preferentially in

the “outside” position*” which is less encumbered than
the “inside crowded” site.

When the electronic and steric effects are working in
opposition, the models described above predict less than
optimum selectivity; however, they are of little value
beyond this unless the relative magnitude of the steric
and electronic contributions is known. Conversely,
electronic and steric effects reinforce each other when
the best o-acceptor is also the largest substituent, and
good diastereofacial selectivity should result. Thus, on
the basis of these arguments: diastereoselection in
catalyzed hydroborations of allylic alcohol derivatives
will be optimum if the protected alcohol is a good o-
acceptor, and is large, relative to the other substituents
on the asymmetric center.

Review of Table III shows the hypothesis presented
above is consistent with the observed selectivities.
Taking the acetate in entry 3 as a basis for comparison
of the catalyzed hydroborations reveals syn selectivity
is directly related to electronic effects (c.f. the increase
observed for the trifluoroacetate, entry 7) and to steric
effects (c.f. the increase for the pivalate, entry 5).

These conclusions are fundamentally different from
those obtained by using similar reasoning for conven-
tional hydroborations.#® For these reactions, it is the
electron donating group which orients anti to the ap-
proaching borane in the reactive conformation, giving
the opposite diastereoselectivity (Figure 4, Table III).

Model reactions to test the hypothesis for electronic
effects in catalyzed hydroborations outlined above
should eliminate steric effects as far as possible. Hy-
droborations of the fluorinated substrate 45 have been
used,*® the catalyzed and uncatalyzed reactions are
stereocomplementary, and the sense of these selectiv-
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HBL, HBL,
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Figure 4. Reactive conformations for uncatalyzed hydroborations:
(a) based on electronic demands of the substituents; and (b) in
hydroboration of an allylic alcohol derivative,

TABLE IV. Catalyzed and Uncatalyzed Hydroborations of
Alkenes 47

HOCH, CH,OH
) hydroboranon
(u) H,0,, OH’

anti
entry y/ conditions anti:syn
1 F catalyzed® 46:54°
2 F uncatalyzed, BH 63:37
3 F uncatalyzed, 9-BBN°® 68:32
4 F uncatalyzed, catecholboraned 65:35
5 Ph catalyzed 43:57
6 Ph uncatalyzed, BH, 52:48
7 SiMe; catalyzed 75:25
8 SiMe; uncatalyzed, BH, 47:53

% Substrate:catecholborane = 1.0:1.5, 2 mol % [Rh(COD)Cl],, 4
mol % PPh,;, THF, -78 to 25 °C, 12 h. ®Equimolar amounts of
substrate and BH; THF, THF, -78 to 25 °C, 12 h. °Substrate;9-
BBN = 1.0:1.5, THF, -78 to 25 °C, 36 h. 9Substrate:catechol-
borane = 1.0:8.0, THF, 70 °C, 2 h.

ities is in accord with the frontier orbital arguments
outlined above.

(i) catalyzed or
uncalalyzed
hydroboration

—_—
(if) HyO,/NaOHy,

F
45 syn-46 anti-47
syn:anti

2 eq. catecholborane, 1 mol % |Rh(COD)Cl},, 4 mol % PPh3, 25 °C,48 h 2.5:1.0
2 eq. calecholborane, 2 mol % |[RhCI(PPIy);], 25 °C, 48 h :811(5)
2eq.9-BBN,-25°C,72h e

Steric effects cannot be completely discounted, how-
ever, in hydroborations of alkene 45, because penta-
fluorophenyl is larger than phenyl; a more rigorous
probe for electronic effects is outlined in Table IV.4°
These data show small but measurable preferences for
catalyzed hydroborations of methyleneadamantanes 47
on the alkene face opposite to electron-withdrawing
5-substituents (giving excess syn product, entries 1 and
5), and on the same face as an electron-releasing sub-
stituent (SiMe,, entry 7). The 5-substituents of these
adamantane derivatives are unlikely to have any steric
influence on reactions of the alkene, but hyperconju-
gation lowers (X = F or Ph) or elevates (X = SiMe,)
the energy of the C, , bonds relative to the analogous
C, s linkages on the opposite r-face, causing electronic
perturbatlons Consequently, any facial selectivities
observed in the reactions of these substrates probably
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attack by any

Rl . ?Hz ?H reagent

(a) (b)

Figure 5. Models for rhodium-catalyzed hydroborations of ad-
amantane derivatives: (a) based on secondary orbital effects
involving dw—p= interactions; and (b) from extrapolation of the
Cieplak postulate.

reflect electronic effects, provided there are no unusual
solvation factors. If one accepts that there is an analogy
between the conformation shown in Figure 3e and in-
teractions of rhodium complexes with the rigid alkenes
47 (e.g. Figure 5a), then these results are in perfect
accord with the frontier orbital postulate outlined
above.

Conventional hydroborations of alkenes 47 give the
opposite isomer preferentially, an observation which is
both consistent with frontier orbital arguments and the
“Cieplak postulate” (i.e. stabilization of the incipient
o* via overlap with the highest energy s-bond(s), in this
case those of the C3-C* or C3-C8 linkages; Figure 5b).%05!
Indeed, nearly all the reported reactions of 5-substituted
adamantane derivatives proceed with this stereochem-
ical bias.52% QOpposite stereoselectivity in the catalyzed
hydroborations of these systems are, apparently at least,
contrary to the Cieplak postulate. Many of the ex-
periments shown in Table IV (run in THF) were re-
peated with use of toluene as a solvent, and no appre-
ciable change in selectivity was observed.*® Others have
suggested solvation may be important for model com-
pounds used to test the Cieplak hypothesis,” but sol-
vent apparently is not a crucial factor in these experi-
ments.

Another consequence of the ideas depicted in Figure
5 is that alkenes bearing strongly electron withdrawing
groups at an a-asymmetric center should undergo faster
catalyzed hydroborations than similar substrates with-
out such substituents, because the HOMO-LUMO gap
is less in the former case. This idea was explored in the
competition experiments depicted in Table V.#* Near
equimolar mixtures of the similar substrates were hy-
droborated by using 0.05 equiv of catecholborane in the
presence of rhodium(+1) complexes, oxidized, and
treated with 2,2-dimethoxypropane; ratios of the ace-
tonide products were measured by GC. This protocol
establishes values for minimum rate ratios due to ap-
proximations inherent in experiments of this type.

Entry 1 of Table V proves substitution of n-butyl
with n-propyl has no significant effect on the rate of
hydroboration, hence rate differences in subsequent
experiments can be attributed to the substituent “X”.
Substitution of an acetate protecting group with a
trifluoroacetate, however, causes a rate enhancement
of more than 150-fold (entries 2 and 3). A similar
competition experiment to probe uncatalyzed hydro-
borations of the same substrates is depicted in entry 4;
the trifluoroacetate reacts approximately four times
slower than the acetate. This is not surprising; the
proposed reactive conformation for uncatalyzed hy-
droborations of these substrates (with the electron-do-
nating group in the anti position, Figure 4)*48 does not
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TABLE V. Relative Rates of Hydroborations of Allylic °°°°;
Alcohol Derivatives 35 and 36 R 2
(i) hydroboration M
OCOR' OCOR? (i) H,0,. OH'
5 CHe + o CH,
mBd ! " (iii) Me,C(OMe),,
© cat. TsOH
48 49
Me_ Me Me  Me
<o <o
+ )\)
n-Bu n-Pr
Me Me
48a 49a
entry R! R? conditions 48a:49a°
1 Me Me catalyzed® 1.0:1.2
2 Me CF; catalyzed 1:160
3 CF, Me catalyzed 210:1
4 CF, Me uncatalyzed® 1.0:4.9
5 Me ‘Bu catalyzed 2.7:1.0
6 ‘Bu Me catalyzed 1.0:3.5

°Products formed as diastereomeric mixtures but the ratios
quoted are 48a(syn + anti):49a(syn + anti); determined via capil-

icantly.
lary GC and corrected for the detectors response to each com-

Burgess and Ohimeyer

OH OH OH OH

- R TR
(ii) OH', H,0, Ve »ie

(i) 2 HBO,C¢Hy, | mol % |RB(COD)Cl, 4PPh

syn anti

Me Me

Me
R Me/l\/fj\ Me)\:": Me/L.\J{
syn:anti 58:1.0 9.5:1.0 3.6:1.0
- O O O
$ X 3
syn:anti 69:1.0 14:1.0 1.0:1.5

(8)

explanations of the origins of these effects remain to
be formulated. The implications of this conclusion may
be particularly important in complex organic syntheses,
as illustrated by the extraordinary variance of sub-
strate-controlled diastereoselectivity for catalyzed hy-
droborations of the stereochemically complex substrates
50-53.% The “eastern sections” of alkenes 50 and 51
are identical yet the diastereoselectivity observed in
hydroborations of these substrates differs very signif-

Me_ Me Me_ Me
pound. ®Substrate:catecholborane:RhC1(PPhy); = 1.00:0.05:0.005. Y ‘ X
Reaction conditions: 25 °C, 12 h; oxidation with H,0,/OH" 25 °C, g on (1) HBO;CgHy, RRCKPPh3); i 51y
12 h; the oxidation mixtures were extracted with diethyl ether, the Y (i) H;0, X AR A
combined extracts dried over sodium sulfate, and treated with ex- Me Me  Me e Mo Me
cess 2,2-dimethoxypropane and catalytic 4-methylsulfonic acid at s0 58:42
25 °C for 2 h. “Hydroboration performed by using 0.05 equiv of ve. e e Mo
9-BBN and processed as described in note b. o o ome ?Xo DHEOCH ROy, @ @ e V0 o
CHy —m—m ™ ————————
. . XT Y i XY

facilitate mixing of COCOR orbitals with the 7-system, O A Me Me Me Me Me
hence one would not anticipate rate acceleration for the 51 94:6
trifluoroacetate; on the contrary, retardation occurs due

. . . N +Bu, 1By +Bu, 4By
to greater.lpductwe deac.tlvatlon of the ?l.kene toward o oo OHBOCH,RIOEPhy O OO0 o
electrophilic attack. Finally, competition between A e (A
acetate- and pivalate-protected allylic alcohol deriva- We Me Me s Mo e Me
tives (entries 5 and 6) demonstrate increased steric 5 7327
hindrance can retard the rate of catalyzed hydro-

. . . . [o OTES OTBDPS ] R o] QTES OTBDPS
borations, but this effect is much smaller than the in- ) Gy EOSR AU A -
fluence of electronic perturbations. b N do OO Mo Mo e

None of the model experiments described above 53 937
prove the frontier orbital postulate for electronic effects o
in catalyzed hydroborations, and one might be skeptical i o A i s perenc o

in view of the mechanistic uncertainties involved.
Nevertheless, they provide circumstantial evidence
which is quite compelling. Moreover, no other expla-
nation has been offered to the stereocomplentarity of
catalyzed and uncatalyzed hydroborations, and we are
unable to suggest an alternative that is consistent with
the data summarized above.

Finally, some aspects of substrate-controlled diast-
ereoselectivity in catalyzed hydroborations have yet to
be explained satisfactorily. For instance, eq 8 shows a
set of reactions designed to probe the steric influences
of the “R” functionality in these reactions. Surprisingly,
stereoselectivities do not steadily increase or decrease
as the large substituent in the aliphatic chain is moved
closer to the chiral center; instead maximum induction
is observed when it is one methylene group removed
from the asymmetric center.’® Aromatic stacking
conceivably could account for the results with phe-
nyl-substituted substrates, but not for the behavior of
the series of compounds with completely aliphatic R R
substituents. Consequently, substituent shape seems Me
to be more important than absolute size when assessing 54
diastereoselectivity in these reactions, but more detailed

NHTs

the diastereomer shown
Bn

The hypotheses presented in the first part of this
section have predictive value; however the results sum-
marized above indicate they are clearly more reliable
for small molecules than for advanced intermediates in
complex syntheses.

C. Acyciic Aillylamine Derivatives.

Optically active allylamine derivatives 54 have been
prepared from amino acids to study their behavior in
catalyzed and uncatalyzed hydroborations. The results
indicate the catalyzed hydroborations tend to be syn
selective, whereas the uncatalyzed hydroborations with
9-BBN are nonselective or anti selective.’3® These
findings are consistent with the hypothesis outlined in
the previous section.

Usually, the crude reaction

(i) hydroboration E‘HTS %‘HTS
) Tydrobor .
(ii) oxidation R/\;/\OH R/Y\OH
Me Me
syn -55 anti- 55

syn:antiup107.5:1.0
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Figure 6. Reactive conformations in hydroboration of allylic N-(tosylbenzyl)amine derivatives: (a) under catalytic conditions; (b)

with 9-BBN; and (c) with BH, THF.

mixtures could be recrystallized to give chemically and
optically pure samples of the syn diastereomer; never-
theless, it would be advantageous to obtain higher
diastereoselectivities in these reactions.

Derivatives 56, with N-benzyl substituents, were
prepared to enhance stereoselection in catalyzed hy-
droborations of allylamine derivatives (Table VI). The
reasoning behind this modification was that the NBnTs
group, being larger than NHTS, has a greater preference
to orient away from the approaching metal in the re-
active conformation (cf. Figure 3f), thus increasing syn
selectivity. In fact, catalyzed hydroborations of these
substrates do give higher syn selectivities than in the
corresponding series of allylamine derivatives without
N-benzyl substituents.®® Anti products are preferen-
tially obtained when BHy THF is used in these hydro-
borations (entries 3, 6, 9, and 11), just as one might
expect on the basis of parallels with the allylic alcohol
series. Uncatalyzed hydroborations of alkenes 56 with
9-BBN were syn selective, however, this surprising re-
sult may be attributed to severe steric interactions
between the 9-BBN and NBnTs entities, forcing them
to orient away from each other, whereas with BH; THF
the corresponding interactions are less significant and
the expected reactive conformation dominates (Figure
6, see Figure 4 for comparison).

V. Regloselectlvity®

Catalyzed and uncatalyzed hydroboration/oxidations
of the cyclohexenol 58 give different product distribu-
tions which vary slightly with the nature of the oxygen
protecting group.?? Preferential formation of 1,3-diols

OTBDMS OTBDMS OTBDMS OTBDMS OTBDMS
WOH OH
+ + +
“OH OH
58 anti .59 syn -59 anti -60 syn -60

conditions anti-59 syn-59 anti-60 syn-60

3 eq. 9-BBN, THF, 25 °C 74 0 13 13

3 eq. HBORCgHa, 3 mol % RhCI(PPh3)3, 25 °C 2 1 86 11

in the catalyzed hydroborations is probably a conse-
quence of the steric demands of the metal. Selectivity
in favor of the anti product in these catalyzed hydro-
borations is unlikely to be due to steric effects because
the OSi‘BuMe, (OTBDMS) substituent occupies a
pseudoequatorial position with respect to the cyclo-

TABLE V1. Hydroborations of N-(Benzyltosyl)
Substrates 56

NBnTs (i) hydroboration NBnTs anTs
H, — +
R 2 (ii) oxidation R i OH R/Y\OH
Me Me Me
56 syn-57 anti-57
entry R method® syn:anti
1 PhCH, CeH,0.BH/cat. [Rh]® _ 95:5
2 PhCH, 9-BBN* 93:7
3 PhCH2 BHsd 6:94
4 Bu CgH,0;BH/cat. [Rh] 91.9
5 Bu 9-BBN 87:13
6 Bu BH, 5:95
7 ‘PrCH2 CsH402BH/Cat- [Rh] 86:14
8  IPrCH, 9-BBN 96:4
9 PrCH, BH; 5:95
10 ‘BuO,CCH, 9-BBN® 84:16
11 ‘Bu02CCH2 BHae 2:98

¢Oxidation with NaOH/H,0, unless otherwise indicated.
b Catalyzed hydroborations were performed with use of THF solu-
tions of 2 mol % of [Rh(COD)Cl),4PPh,, 3 equiv of catechol-
borane at 25 °C for 48 h. ©9-BBN hydroborations were performed
with use of THF solutions of 3 equiv of 9-BBN at -78 to 25 °C
then at 25 °C for 24 h. ¢ BH; hydroborations were performed with
use of THF solutions of 3 equiv of BH3THF at —78 to 25 °C then
at 0 °C for 24 h. ¢Oxidation with NaOAc/H,0,; use of more basic
conditions tends to decompose the product.

hexene ring. Anti selectivity could be due to relatively
fast reaction of a small equilibrium concentration of the
conformer with a pseudoaxial silyl ether substituent,
with the metal approaching opposite this group (c.f.
section II1.B). Similarly syn selectivity in the hydro-
boration of the exocyclic alkene 61 can be explained in
terms of a combination of steric and electronic effects.

OTBDMS OTBDMS OTBDMS
CH: o CH,OH wCHZOH
61 syn 62 anti-62
conditions syn-62  anti-62
3 eq. 9-BBN., THF, 25 °C 39 61
3 eq. HBO2CgHa, 3 mol % RhCI(PPh3)3, 25 °C 96 4

Hydroborations of the cyclic alkene 63, gives almost
exclusively syn products presumably due to coordina-
tion of rhodium to the phosphorus site.?? Such reac-
tions have little or no value for organic syntheses be-
cause stoichiometric quantities of rhodium complex are
required to obtain good yields.5
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OPPh, (i) 1.1 HBO,C4H,, 1.0 RhCI(PPh 3)5, OAc
(i) NaOOH
tit) A0
(i) Ag, OAc
63 85 %

syn-selectivity >50:1

VI. Chemoselectivity

This review began with an example in which rhodium
complexes facilitate hydroborations of alkene func-
tionality in preference to a ketone group, it ends with
more examples of this phenomenon.

Catalyzed hydroboration/oxidations of the phtha-
lyl-protected allylic amines (e.g. 64) give up to 44%
isolated yields of the corresponding alcohols, whereas
the phthalyl group is reduced in conventional hydro-
borations of the same substrates with 9-BBN.

\Prn (1) 2 HBO,CgH,, 2 mol % | Rh(COD)Cl},.4PPh 5 NPhih
2
nBu (i) Hy0,, NaOH n-Bu oH
Me Me
64 . 44 %
syn:anti >95:5

Rhodium(+1) complexes also promote additions of
catecholborane to some a,8-unsaturated carbonyl com-
pounds but, just as in similar uncatalyzed reactions,
boron enolates are formed.®! Aqueous workup of these
reactions gives the corresponding protonated products
(eq 9),%2 but the reactions can also be quenched using
other electrophiles (eq 10).62

(i) 2 HBO,C4H,. 2 mol % |Rh(COD)CI},.2DIOP

Me0,C Nphth MeO,C Nphth

CH, (i) H,0 \Mre
65
(9)
bt 0BO,CeH
Hk HBO,C¢H,, 2 mol % RhCH{PPh,); 26
i 08n Me BN
CH,
(i) PACHO OAc O
— (10)
(ii)AqO Ph 0OBn
Me
62%
syn.anti 2:1

Uncatalyzed hydroborations of a,8-unsaturated car-
bonyl compounds apparently proceed through a [47 +
20] transition structure producing Z enolates selectively;
subsequent aldol reactions of these enolates are highly
diastereoselective in the sense that one would predict
from reactions of Z boron enolates via chair-like tran-
sition states.®! The corresponding catalyzed hydro-
boration/aldol sequence gives far less diastereoselec-
tivity;% perhaps via conjugate addition of Rh-H (not
B-H) in a transformation that does not involve a [4r
+ 2¢] interaction.

VII. Conclusion

Research outlined in this review demonstrates
methodology for delivering B-H bonds to alkenes via
a process which is mechanistically distinct from con-
certed additions of boranes; however, details of reaction
pathways for the metal-mediated processes remain to
be established. Issues of chemoselectivity, regioselec-
tivity, and relative stereoselectivity can be addressed

Burgess and Ohimeyer

by using rhodium-catalyzed hydroborations, and there
are reasons to believe practical methods for enantios-
elective additions may be developed. Most of the re-
actions described in this review are rhodium-mediated,
but other catalysts have been identified and more still
could be discovered.t®

All the indications are that catalyzed hydroborations
could become a standard procedure in synthetic organic
chemistry.,
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Note Added in Proof The deuterium labelin
experiments depicted in eqs 5 and 6 of section II.‘E
were performed by using commercial (i.e. “aged”)
Wilkinson’s catalyst. The results originally reported
for these two transformations (ref 23) can be
reproduced by using catalyst prepared according to
the procedure given in Inorganic Syntheses (Vol. X,
p 67). Intentional exposure of this catalyst to
oxygen dramatically alters the styrene hydrobora-
tion regiochemistry and deuterium regiochemistry,
as well as deuterium incorporation in 1-decene. We
tha:nk Prof. D. A. Evans (Harvard) for pointing this
out.
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