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Abstract: Rhodium-catalysed enantioselective hydro-
boration of olefins is a valuable synthetic transforma-
tion, typically employing a chiral catalyst and an achi-
ral borane source. The pertinent chemo-, regio- and
enantioselectivity issues of this reaction are discussed.
However, the main emphasis of this review is on the
evolution of catalytic asymmetric hydroboration.
This has primarily relied upon the development and
application of chiral bidentate PP and PN ligands
which have exhibited varying degrees of success in
this transformation.
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1 Introduction

Hydroboration, the addition of a boron-hydrogen bond
across an unsaturated moiety, was first discovered by
H. C. Brown in 1956.1" Usually the reaction does not re-
quire a catalyst and the borane reagent, most commonly
diborane (B,Hg) or a borane adduct (BH;- THF), reacts
rapidly at room temperature to afford, after oxidation,
the anti-Markovnikov alkene hydration product. How-
ever, when the boron of the hydroborating agent is
bonded to heteroatoms, as is the case in catecholborane
(1,3,2-benzodioxaborole; 1), Scheme 1, the electron
density at boron is increased and elevated temperatures
are needed for hydroboration to occur.*’!

The development of a catalytic hydroboration process
was aided by the observation of Kono and Ito in 1975
that Wilkinson’s catalyst [Rh(PPh;);Cl] (2) undergoes
oxidative addition when treated with catecholborane
(1), Scheme 1.1 Subsequently, Westcott et al. reported
the isolation of the oxidative addition adduct with the
triisopropylphosphine derivative and its characterisa-
tion by X-ray crystallography.”!

It was another decade, however, before the idea of de-
veloping a rhodium-catalysed olefin hydroboration
process came to fruition. This occurred in 1985 when
Minnig and No6th reported the first examples of such a
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process.’! They discovered that Wilkinson’s catalyst
(2) was effective for the addition of catecholborane (1)
to a range of alkenes and alkynes, as exemplified by cy-
clopentene (3; Scheme 2).

This landmark discovery paved the way for the devel-
opment of transition metal-catalysed hydroboration.
The conversion of an alkene into an organoborane inter-
mediate has made this a valuable synthetic technique,
particularly since the development of enantioselective
variants.”®) The organoboranes produced are important
intermediates in many natural product and drug synthe-
ses.®I They serve as synthons for numerous functional
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groups!'” and are often subject to a consecutive carbon-
oxygen,"""?l  carbon-carbon,***!  boron-carbon,?'?
boron-chlorine®® or carbon-nitrogen® bond-forming
reaction, Scheme 3. Critically, such further functionali-
sations occur with retention of stereochemistry.
Among recent examples that highlight the synthetic
utility of this methodology are its direction towards a
formal synthesis of the non-steroidal anti-inflammatory
agents Ibuprofen™ and Naproxen™, 131424 a5 well as
the anti-depressant Sertraline.” Attempts to expand
the range of substrates to include cyclopropenes!" and
norbornene-derived meso-bicyclic hydrazines®! have
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recently been reported. A further noteworthy contribu-
tion has been the development of a recyclable hydrobo-
ration process by the group of Fernandez.”’~**! These
and other approaches towards extending the synthetic
scope of catalytic asymmetric hydroboration have
been the subject of recent excellent reviews.[**"!

Although many metals including lithium,*" nick-
el,B>¥ palladium,® % ruthenium,®” iridium,**! sa-
marium,® lanthanum,®* titanium™®' and zirconi-
um!*~*! have been employed in this transformation
with varying degrees of success, rhodium has remained
the metal of choice. Indeed, it is enantioselective rhodi-
um-catalysed olefin hydroboration that is the subject of
this review, which covers the literature up to mid-2004.
Firstly, the mechanism of rhodium-catalysed hydrobora-
tion will be presented, and the chemo-, regio- and enan-
tioselectivity issues particular to this reaction then ad-
dressed. Thereafter, emphasis will be placed on the evo-
lution of catalytic asymmetric hydroboration which has
primarily relied upon the development and application
of chiral bidentate P,P and PN ligands.

2 Mechanism of Rhodium-Catalysed
Hydroboration

The mechanism of rhodium-catalysed hydroboration,
Scheme 4,1 is thought to depend on the nature of the
substrate, the catalyst, the ligand used and the reaction
conditions employed.>*"!
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The dissociation of a triphenylphosphine ligand from
Wilkinson’s catalyst (2) generates the catalytically ac-
tive species 4 to which the B—H bond of the borane re-
agent oxidatively adds to give 5. The analogous complex
with P(i-Pr); rather than PPh; has been isolated and
structurally characterised by Westcott and co-workers.?!
Coordination of the alkene trans to chlorine>! generates
6. The hydride and boryl ligands are trans in the reactive
form of this complex.*”! Subsequent migratory insertion
of the alkene into the rhodium-hydride bond produces
the regioisomeric alkyl boronate esters 7 and 8. Upon re-
ductive elimination these give the anti-Markovnikov
product 9 or the Markovnikov product 10, respectively,
and the catalytic species 4 is regenerated. Supporting
evidence for this last step comes from stoichiometric
studies of osmium boryl complexes by Roper and
Wright.l Theoretical studies have suggested that re-
ductive elimination is the slowest step in the overall
transformation."?!

Among efforts to elucidate the exact mechanism,
Evans has proposed on the basis of deuterium labelling
studies that certain steps in the catalytic cycle, namely
olefin binding to the rhodium catalyst, as well as subse-
quent hydride migration, are reversible. However, the
level of reversibility is highly substrate-dependent.’*l
Parallel deuterium labelling studies by Burgess showed
a disparity with the Evans’ study, but catalyst contam-
ination by oxidised rhodium species was later shown to
be responsible for the discrepancies between the two
studies,”**" highlighting the critical importance of using
freshly prepared catalyst.’®~*) Subsequent mechanistic
investigations by Burgess,*”*!l as well as Marder and
Baker® established that the catalytic cycle can be fur-
ther complicated by the presence of degradation prod-
ucts of catecholborane, such as hydrogen and diborane
for example. As a result, hydrogenation and uncatalysed
hydroboration can compete with the potentially useful
selectivities of the metal-catalysed variant.l*! Therefore,
there have been considerable efforts to find alternative
hydroborating agents. These include 4,4,6-trimethyl-
1,3,2-dioxaborinane!® (11) and pinacolborane!>*+#563-
51 (12), with emphasis on boron hydrides bearing bor-
on-oxygen bonds,* as well as borazine!***"! (13, Fig-
ure 1). Despite these endeavours, catecholborane (1)
is still the most useful borane and rhodium complexes
the most useful catalysts for catalytic hydroboration.*®!
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The original mechanism proposed by Minnig and
Noth,” and later supported by Evans and Fu,®” analo-
gous to that established for the corresponding hydroge-
nation process, is a dissociative mechanism. After oxida-
tive addition of the borane, coordination of the alkene to
5, Scheme 4, takes place with simultaneous dissociation
of one of the PPh; ligands. Burgess and co-workers fav-
oured an alternative associative mechanism!* where
the olefin and both PPh; ligands are bound to a six-coor-
dinate Rh species 6, Scheme 4. Hydroboration has also
been studied by theoretical methods.”” In addition,
the nature of the catalytic cycle has been addressed ex-
perimentally and by means of quantum chemistry meth-
ods, and this has been reviewed recently.”” Dorigo and
Schleyer!™ conducted an ab initio study of the dissocia-
tive mechanism and categorically excluded the possibil-
ity of an associative mechanism while Musaev and co-
workers favoured the latter process.”!

The formation of vinylboranes and vinylboronate es-
ters during some metal-promoted hydroboration of al-
kenes has led to the suggestion of an alternative mecha-
nistic pathway. Insertion of the alkene into the metal-
boron bond of 6 occurs in preference to insertion into
the metal-hydride bond.*"'"? In a competing side reac-
tion to reductive elimination, $-H elimination from the
resulting borylalkyl intermediate furnishes the vinylbor-
ane by-product.”” There remains however a substantial
body of evidence, both experimental’*’*! and theoreti-
cal,’*7°7% that supports the idea that transfer of hydride
to the coordinated alkene precedes transfer of the boryl
fragment.’”)

3 Selectivity of Metal-Catalysed
Hydroboration

The application of rhodium-catalysed hydroboration to
the preparation of biologically active natural products”’
is a clear indication of its synthetic utility. A marked rate
acceleration at room temperature in the presence of
small amounts of a metal complex allows previously un-
reactive or thermally sensitive boranes to be employed.
Furthermore, in many cases the chemo-, regio-, and ster-
eoselectivities of the metal-catalysed variant are com-
plementary or superior to those of uncatalysed process-
es.[”l Developments in this transformation have high-
lighted each of these facets.

3.1 Chemoselectivity

Minnig and Noth first demonstrated that the use of a
catalyst can direct the course of the hydroboration reac-
tion towards a different chemoselectivity than the unca-
talysed variant.” The functional group selectivity of hy-
droboration was exploited in the total synthesis of the
natural product, (+)-ptilocaulin, which displays antimi-
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crobial activity against both Gram-positive and Gram-
negative bacteria as well as significant cytotoxicity to-
wards leukaemia cells."”) In the presence of Wilkinson’s
catalyst (2), the terminal olefin is preferentially hydro-
borated over the ketone functionality with catecholbor-
ane (1) to furnish the desired product 14 in 65% overall
yield after hydrogen peroxide and PCC oxidations,
Scheme 5. In the absence of catalyst, the ketone is con-
verted to the boronate 15 leaving the olefin unreacted.

3.2 Regioselectivity

The uncatalysed hydroboration-oxidation of an alkene
usually affords the anti-Markovnikov product while
the catalysed version can be induced to produce either
Markovnikov or anti-Markovnikov products. The regio-
selectivity obtained with a catalyst has been shown to
depend on the ligands attached to the metal and also
on the steric and electronic properties of the reacting al-
kene.” In the case of monosubstituted alkenes, (except
for vinylarenes), the anti-Markovnikov alcohol is ob-
tained as the major product in either the presence or ab-
sence of a metal catalyst. However, the difference is that
the metal-catalysed reaction with catecholborane pro-
ceeds to completion within minutes at room tempera-
ture, while extended heating at 90°C is required for
the uncatalysed transformation.’” It should be noted
that there is a reversal of regioselectivity from Markov-
nikov B—H addition in unfunctionalised terminal olefins
to the anti-Markovnikov manner in monosubstituted
perfluoroalkenes, both in the achiral and chiral ver-
sions.7%

In contrast, significant differences in regioselectivity
are observed between the catalysed and uncatalysed hy-
droboration of vinylarenes with catecholborane (1; Ta-
ble 1).
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Table 1.
O\ 1. Catalyst
AT+ @[ BH >
0 2.1 M NaOH, HyO,
1 OH
+ OH
Ar)\ AT
o- B-
17 16

Entry Catalyst Substrate (Ar) a:p
1064 None Ph 8:92
2182 Rh(PPh,),Cl Ph 94:6
3821 Rh(PPh,),Cl 4-Me-Ph 97:3
412 Rh(PPh,),Cl 4-Cl-Ph 99:1
5 Rh(COD),BF,/PPh;  Ph 99:1
6l Rh(COD),BF,/dppb  Ph 99:1
7t Rh(COD),BF,/dppb  4-Cl-Ph 99:1
gl Rh(COD),BF,/dppb  4-OMe-Ph 99:1
ol Rh(COD),BF,/dppb  Mesityl 63:37
1001 Rh(COD),BF,/dppb  2-Naphthyl 65:35
111831 Nonel?! Ph 18:82
12083 RhCl;-n H,0 Ph 17:83

[l BH,- THF as borane source.

In the absence of an Rh catalyst, the linear anti-Mar-
kovnikov or 3-alcohol 16 is formed as the major product,
Table 1, entry 1.8 However, the application of neutral
or cationic rhodium complexes favoured the formation
of the a-alcohol 17, entries 2—10, complementary to
that of the uncatalysed hydroboration-oxidation. The
a-alcohol 17 was formed as the main product using Wil-
kinson’s catalyst (2), entries 2—4,% although there were
inconsistencies in the literature with regard to the prod-
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uct distribution obtained with this catalyst system.['"*l

However, this was resolved when contamination of the
catalyst by oxidation was taken into account.*"l Using
cationic phosphine-rhodium(I) catalysts, Hayashi
showed that the regioselectivity was relatively insensi-
tive to the electronic effects of substitution on the aryl
ring, entries 5—8,"'' but was influenced by steric effects,
entries 9—10.'Y Additionally, the choice of rhodium cat-
alyst requires careful consideration since hydroboration
with the rhodium(III) catalyst, RhCl;-n H,O, yielded
the same product ratio as the uncatalysed reaction, en-
tries 11 and 12.15%

In order to account for the high regioselectivities ob-
served in the rhodium-catalysed hydroboration of styr-
enes, Hayashi proposed a modified mechanism which
proceeds through n’-benzylrhodium complex 18 as a
key intermediate, Scheme 6. Reductive elimination
from this 1’-benzylrhodium complex 18 produces the
secondary alkylborane regioselectivly.'"! A related n’-
benzylpalladium complex was recently isolated by Hart-
wig in studies on hydroamination.®

3.3 Enantioselectivity

The development of an asymmetric variant of rhodium-
catalysed hydroboration was another significant mile-
stone in the evolution of this transformation. The hydro-
boration-oxidation of substituted alkenes to regioselec-
tively give the Markovnikov product can be used to in-
troduce a chiral centre. In fact, the vast majority of cat-
alytic hydroborations have been applied to the formal
synthesis of enantiomerically enriched alcohols by oxi-
dation of the initial catecholborane adduct with basic
hydrogen peroxide,”! although this synthetic scope
has been extended to other functionalities.!®! The attrac-
tive feature of the catecholborane hydroboration-oxida-
tion sequence is the facile removal of the catechol by-
product by simple extraction with aqueous base.

Two methods have been used to incorporate enantio-
discrimination into rhodium-catalysed hydroboration.
One such method, reported by J. M. Brown in 1990, in-
volved the use of chiral hydroborating agents derived
from ephedrine and pseudoephedrine in conjunction
with an achiral catalyst.*® The hydroboration of para-
methoxystyrene (19) with a pseudoephedrine-derived
borane 20 produced the most promising result: an enan-
tiomeric excess of 76% after oxidation, with the a.:f§ ra-
tio 82% in favour of the secondary alcohol 21, Scheme 7.
In other cases, enantioselectivities close to 90% were
observed using chiral boron sources, but the general util-
ity of this procedure was limited by poor regiochemical
control.® Neither did the use of chiral ligands in con-
junction with the chiral borane reagents lead to signifi-
cantly enhanced ees.

Instead, by far the most common approach towards
catalytic asymmetric hydroboration is to use a chiral cat-
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alyst and an achiral borane source. Both homobidentate
PP and heterobidentate PN ligand classes have been
employed in this transformation with varying degrees
of success. As far as possible, these ligands will be group-
ed according to their chirality classification: axial, cen-
tral or planar. However, divergence from this will un-
avoidably occur in an effort to chart the evolution of cat-
alytic asymmetric hydroboration.

4 Chiral P,P Ligands

The development of chiral catalysts for use in enantiose-
lective rhodium-catalysed hydroborations was pio-
neered by Burgess,” Suzuki®! and Hayashi.''*”! The
chiral diphosphine ligands employed in their prelimina-
ry investigations, Figure 2, had previously been success-

Axial Chirality Planar Chirality

th
NMe2
PPh, PPh,
OO PPhQ O PPh2 PPh2

- )-2 (S, R)-27 BPPFA
BINAP
Atom-Centred Chirality
>< PPh, PPh2
PPh,
PPh2
(R, R)-24 (S, S)-26
DIOP CHIRAPHOS
Figure 2.
614 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 2.
O\ 1. [Rh(COD)CI],2 Ligand
+ BH ’
d 1mol %, 72 h OH
2. EtOH/NaOH/H,0,

22 1 23
Entry Ligand Temperature [°C]  Solvent % eel®
1 (R,R)-24 40 CsHg 23
2 (R.R)-24 5 CH, 31
3 (R,R)-24 25 THF 57
4 (RR)24 —40 THF 55
5 (R)-25 5 CsHg 43
6 (R)-25 -25 THF 64

[) Absolute configuration (1R,2R) in all cases.

fully applied in other catalytic asymmetric transforma-
tions.

Initial probings into enantioselective hydroboration
by Burgess!”! centred on norbornene (22) as substrate
where regioselectivity was not an issue and the results
obtained were promising, Table 2.

exo-Norborneol (23) was consistently afforded in ex-
cellent yields (>90%) upon treatment of norbornene
(22) with catecholborane (1) in the presence of a catalyt-
ic amount (1 mol %) of cationic Rh(I) complexes of cen-
trally chiral (R,R)-DIOP (24)"*! or axially chiral (R)-BI-
NAP (25),®! Figure 2. Using the Rh/(R,R)-DIOP (24)
catalyst system, Burgess found there was an inverse re-
lationship between the asymmetry induced and the reac-
tion temperature, entries 1-3. Aninitial 23% ee at40°C
was increased to 31% and 57% ee on decreasing the re-
action temperature to 5 and —25°C, respectively. No
significant increase in enantioselectivity was observed
by further decreasing the temperature, entry 4, although

Hydroboration Substrates

@*%Wq

29 3M1n=1

32n=
Corresponding Products

33 34 3Bn=1

37n=2

Figure 3.
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Table 3.
Entry®  Substrate  Ligand®  Yield [%] % ee
(Config.)

1 28 (55)24 27 (33) 33 ()
2 28 ()25 73(33) 38 ()
3 28 (55)26 31(33) 16 (5)
4 28 (SR)27T 23 (33 7 (R)
5 29 (S5)24 29 (34) 12 (S)
6 (Z)30  (SS5)-24 86 (35) 47 ()
7 (E)30  (5S5)-24 79 (35) 41 ()
8 31 (SS5)24 93 (36) 58 (R)
9 2 (55)24  58(37) 14 (R)

2] All reactions were carried out in toluene with 1 mol % of
Rh(TI) complexes at —5°C for 72 h.

[*] The catalysts were prepared in situ from [ CIRh(ethene),],
and 2 equivalents of diphosphine ligands.

the reduced temperature had no adverse effect on chem-
ical yield."! In the corresponding reactions with (R)-BI-
NAP (25), an optimum enantioselectivity of 64% was
obtained, entry 6. Overall, the latter catalyst system
was more enantioselective than the Rh/(R,R)-DIOP
(24) complex, entries 5 and 6.

Suzuki expanded on Burgess’ work, expanding the
substrate scope and the chiral ligands employed.”* In
addition to (S,5)-DIOP (24) and (S)-BINAP (25), the li-
gands (S,S)-CHIRAPHOS (26)®" and (S,R)-BPPFA
(27),°" Figure 2, were applied, invoking elements of
central and planar chirality, respectively. 1,1-Disubsti-
tuted alkenes such as 2-phenylpropene (28) and 2,3,3-
trimethylprop-1-ene (29), as well as internal alkenes
like norbornene (22), (Z)- and (E)-1-phenyl-1-propene
(30), indene (31) and 1,2-dihydronaphthalene 32 were

among the substrates tested, which gave, after oxidation,
the corresponding alcohols 33—-37, Figure 3 and Table 3.

Suzuki found that the rate of hydroboration depended
on both the substitution pattern of the alkene, and the
chiral ligands employed. In general, 1,1-disubstituted al-
kenes gave a lower yield of anti-Markovnikov alcohol
after oxidation (<30%), entries 1 and 5, than did inter-
nal alkenes: 58-93% of Markovnikov product, en-
tries 6—9, comparing results obtained with (S,5)-DIOP
(24). All chiral diphosphine ligands employed were ef-
fective, irrespective of the type of chirality present, en-
tries 1-4. However, (S,5)-DIOP (24) was found to in-
duce the highest asymmetry: 58% ee for the hydrobora-
tion-oxidation of the cyclic alkene, indene (31), entry 8.
This was later optimised to 74% ee when the reaction
was carried out at —30°C for 120 h. However, applica-
tion of the same catalyst system for the hydroboration-
oxidation of the homologous cyclic alkene, 1,2-dihydro-
naphthalene (32), resulted in a more sluggish reaction
and disappointing 14% ee, entry 9, highlighting the crit-
ical dependence on the nature of the alkene of the reac-
tion outcome.

Nonetheless, with these encouraging results, the real
breakthrough occurred when Hayashi carried out enan-
tioselective hydroboration of vinylarenes with cationic
diphosphine-rhodium complexes."'¥”) The most re-
markable feature about Hayashi’s work was the com-
plete reversal in regioselectivity observed in the cata-
lysed hydroboration relative to the uncatalysed variant,
Section 3.2. Irrespective of the substitution pattern of
the styrene, the regioselectivity of the alcohol after oxi-
dation overwhelmingly ( >99/1) favoured the Markov-
nikov alkene hydration product in a complementary re-
gioselectivity to the uncatalysed process. Using the same

Table 4.
OH
©/\ @EO\ 1. [Rh(COD),]BF, Ligand ©)\
+ BH »
0 1 mol %
2. MeOH/NaOH/H,0,
38 1 39

Entry!d Ligand Temp. [°C] Solvent Time [h] Yield [%] % ee (Config.)
1 (R)-25 25 THF 0.5 92 57 (R)
2 (R,S)-27 25 THF 0.5 771] 22 (R)
3 (5,5)-26 25 THF 0.5 98 16 (S)
4 (R,R)-24 25 THF 0.5 87 4 (R)
5 (R)-25 —-30 THF 0.5 90 76 (R)
6 (R)-25 -50 THF 1 71 81 (R)
76l (R)-27 —78 DME 2 91 96 (R)
8 (R)-25U —-78 DME 2 92 94 (R)

2] Regioselectivity (o/B)>99/1 in all cases with the exception of entry 2.

[*] Regioselectivity (a/p) 95/5.
[} Reaction with 2 mol % of the catalyst.

[ Isolated BINAP/Rh complex, [Rh(COD )((R)-BINAP)|BF, was used.

Adv. Synth. Catal. 2005, 347, 609-631 asc.wiley-vch.de
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Table 5.
OH
| Xy R ©io\ 1. [Rh(COD),]BF ,(R)-BINAP-25 | AN R’
+ BH '
RF o 1 mol % R
. 2. MeOH/NaOH/H,0,
0 4 19 42 43 44 30 45 28 3

R | 4Cl 4Me 4-MeO 3Cl 2-Cl 2MeO H H Ph indene

R'| H H H H H H Me Ph Me
Entry!d Substrate Temp. [°C] Solvent Time [h] Yield [%] % ee (Config.)
110) 40 —78 DME 6 98 91 (R)
2! 41 —78 DME 2 77 94 (R)
3M] 19 —-78 THF/DMEX 6 54 89 (R)
4! 42 —78 DME 2 99 85 (R)
5 43 ~50 THF 1 30 72 (R)
6 44 —30 THF 0.5 84 82 (R)
7 (E)-30 25 THF 34 65 42 (S)
8 (Z)-30 25 THF 48 58 18 ()
9 (E)-45 25 THF 50 48 16 (S)
10 28 25 THF 35 271 19 ()
11 31 25 THF 3 65! 13 (S)

2] Regioselectivity (a/B)>99/1 in all cases with the exception of entries 10 and 11.

[l Reaction with 2 mol % of the catalyst.
I THF/DME =1/3.

4l Regioselectivity (a/p) 39/61.

] Regioselectivity (a/B) 93/7.

chiral diphosphine ligands as Suzuki, Figure 2, Hayashi
firstly investigated the enantioselective hydroboration
of styrene (38) with catecholborane (1), Table 4.
(R)-BINAP (25) was found to be the most effective
chiral ligand, giving a high yield of 1-phenylethanol
(39)in 57% ee after 30 minutes at room temperature, en-
try 1. Other diphosphine ligands, (R,S)-BPPFA (27),
(§5,5)-CHIRAPHOS (26) and (R,R)-DIOP (24), were
all less enantioselective for this reaction ( <23% ee), de-
spite the comparable catalytic activity of their cationic
rhodium/ligand complexes to that of (R)-BINAP (25)
entries 2—4. The cationic rhodium/(R)-BINAP (25)
complex was highly active as a catalyst, the hydrobora-
tion of styrene (38) being completed in 30 minutes
even at —30°C with 1 mol % of the catalyst, entry 5.
Like Burgess,” Hayashi found there was an inverse re-
lationship between the asymmetry induced and the reac-
tion temperature, entries 1, 5—8. Reactions at —78°C
were carried out in DME, entries 7 and 8, since catechol-
borane (1) was frozen and hence insoluble in THF at this
temperature. Although other solvents including ben-
zene, toluene and dichloromethane were employed,
DME remained the solvent of choice. Furthermore,
pre-formed phosphine-rhodium complex
[Rh(COD)((R)-BINAP)|BF, showed almost the same

616 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

enantioselectivity and catalytic activity as the catalyst
formed in situ from [Rh(COD),]BF, and (R)-BINAP
(25), entries 7 and 8.

With the proven catalytic activity of the cationic rho-
dium/(R)-BINAP (25) complex, Hayashi extended his
study of asymmetric hydroboration-oxidation to the
substituted styrene derivatives, 19, 28, 30, 31, 4045, Ta-
ble 5.

Irrespective of their electronic properties, functional
groups in the para-position (substrates 19, 40 and 41)
did not appear to influence the enantioselectivity of

Atom-centred chirality

oA
VR ALE & WD

Ar = 2-MeOC¢H,
(R,R)-48 2-MeO-DIOP

Ar = 3-MeOC¢H,
(R,R)-49 3-MeO-DIOP

Atom-centred chirality at P

(S,5)-47
BDPP

(S.S)-50
DIPAMP

Figure 4.
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Table 6.

1. Catecholborane (1)

2 Ligand [Rh(COD)ClI],, 1 mol %
THF, 78 °C, 48 h o
2. EtOH/NaOH/H,0,
28
OH
OH
+
46 33

Entry Ligand Rh:Ligand 46:33 % ee of 33
1 (S.5)-26 1:1 1:19 25la]
2 (R,R)-50 1:1 1:6 0
3 (S.5)-47 1:1 1:1 27
4 (R)-25 1:1 1:6 25
5 (R,R)-24 1:1 1:9 27
6 (R,R)-24 1:2 8:1 (o]
7 (R,R)-48 1:1 [l 15
8el (R,R)-49 1:1 4:1 15

[l Absolute configuration (R) in all cases.
*] Not determined.
[ Ref.*

the product alcohols obtained after oxidation (89-94%
ee), entries 1-3. Similarly, reaction of meta-substituted
styrene 42 also proceeded in high ee, entry 4, although
the more sterically hindered ortho-substituted deriva-
tives 43 and 44 showed somewhat lower enantioselectiv-
ity, entries 5 and 6. In all cases, the near-perfect regiose-
lectivity (> 99/1) for the Markovnikov alkene hydration
product was maintained. 3-Substituted styrenes 30 and
45 were unreactive at low temperatures and required
room temperature conditions for a reasonable rate of re-
action to occur, but this compromise may in part have
been responsible for the poor to modest asymmetry
(16-42% ee) induced in their product alcohols, en-
tries 7-9. a-Substituted styrene 28 also required reac-
tion at room temperature, entry 10, but the anti-Mar-
kovnikov alkene hydration product 33, Figure 3, was
formed preferentially in both lower yield and enantio-
meric purity than Suzuki had achieved with a [CIRh(e-
thene),],-2 (S)-BINAP (25) catalyst system (38%
ee).’! Hydroboration-oxidation of indene (31), en-
try 11, to give the Markovnikov product 36, Figure 3,
also occurred in significantly lower selectivity (65%
yield, 13% ee) compared to Suzuki’s result with DIOP
(24), (91% vyield, 74% ee),*™ a result which merely
serves to highlight the many control factors at play in
catalytic asymmetric hydroboration.

At this juncture however, enantiomeric excesses
above 95% had only been induced in rhodium-catalysed
hydroborations of styrene and para-substituted styrene

Adv. Synth. Catal. 2005, 347, 609-631 asc.wiley-vch.de

DIOP-DIPAMP Hybrid Ligands
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Re and S refer to R and S configurations at phosphorus

Figure 5.

derivatives, ' for which BINAP (25) was by far the
single most effective chiral ligand. Further understand-
ing of the factors which controlled enantioselective hy-
droboration was clearly necessary.

Burgess studied the possibility of a correlation be-
tween ligand chelate-ring size and hydroboration prod-
uct distribution.l””? The hydroboration of 2-phenylpro-
pene (28) to give, after oxidation, the Markovnikov
product 46 or the anti-Markovnikov product 33, was in-
vestigated with a broader range of diphosphine ligands,
Table 6. As well as (R)-BINAP (25), an expanded class
of C,-symmetrical centrally chiral diphosphine ligands
was employed, Figure 4. Among these were (S, S)-
BDPP (47), the DIOP analogues (R,R)-2-MeO-DIOP
(48) and (R,R)-3-MeO-DIOP (49), all of which have
an asymmetric carbon backbone, and (R,R)-DIPAMP
(50)1*! which is chiral at phosphorus.

(S,5)-CHIRAPHOS (26) and (R,R)-DIPAMP (50),
entries 1 and 2, Table 6, form five-membered chelate
ring structures. The ligand (S,S)-BDPP (47), entry 3, is
structurally analogous to (S,S)-CHIRAPHOS (26) ex-
cept that it chelates the metal in a six-membered ring.
Both (R)-BINAP (25) and (R,R)-DIOP (24), entries 4
and 5, give seven-membered chelate rings, as do
(R,R)-2-MeO-DIOP (48) and (R,R)-3-MeO-DIOP
(49), entries 7 and 8. These results indicate that there
is little correlation between chelate-ring size and prod-
uct distribution. However, combined with data from
the hydroboration-oxidation of norbornene (22) and in-
dene (31) with the same seven diphosphine ligands as in
Table 6, some general pointers for the rational design of
more effective chiral ligands were garnered. In general,
ligands that gave five-membered chelate rings were less
enantioselective than those that gave six- or seven-mem-
bered chelates; for example, (S,5)-CHIRAPHOS (26)
and (R,R)-DIPAMP (50), gave essentially racemic prod-
ucts for the hydroboration of norbornene (22). Howev-
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Table 7.
Ligand exo-Norborneol® (23) 1-Indanol® (36) 1-Phenylethanol™® (39)

% ee Config. % ee Config % ee Config.
(R,R)-24 60 1R 74 S 48 R
(SnSp)-51 84 1R 49 s 13 R
(RpSp)-51 80 1R 77 S 19 R
(RnRp)-51 60 1R 54 s ~0 R

(2] Typical conditions: catecholborane (1), THF, —25°C, 0.5 mol % 2 Ligand-[Rh(COD )CL],.
1 Catalyst is 1.0 mol % [Rh(COD )Ligand,]|BF,, prepared in situ.

er, this reaction proceeded in 82% and 69% ee, respec-
tively, for (R,R)-2-MeO-DIOP (48) and (R,R)-3-MeO-
DIOP (49), highlighting that subtle stereoelectronic
modifications of existing chiral ligands could have a pro-
nounced effect on the degree of asymmetry induced. By
comparison, (R,R)-DIOP (24) gave 60% ee for the same
transformation.””!

The data in Table 6 also reinforce how the nature of
the ligand influences the regiochemistry of the reaction
and highlights the importance of phosphine-to-rhodium
ratios in enantioselective hydroborations.*>** When the
phosphine-to-rhodium ratio was 1:1, four of the seven
ligands preferentially gave, after oxidation, the primary
alcohol 33, entries 1,2,4 and 5. (S,5)-BDPP (47) gave an
equal product distribution of both alcohols, entry 3,
while (R,R)-3-MeO-DIOP (49) was the only ligand to
give more tertiary alcohol 46, entry 8. With (R,R)-
DIOP (24) as ligand, the hydroboration of 2-phenylpro-
pene (28) gave, after oxidation, a ratio of tertiary to pri-
mary alcohol, 46:33, of 1:9, entry 5. However, increas-
ing the phosphine-to-rhodium ratio from 1:1 to 2:1
for the same ligand caused a complete reversal of the re-
gioselectivity to 8:1 in favour of the Markovnikov prod-
uct 46, entry 6, approaching the near complete regiose-
lectivities previously observed by Hayashi in the rhodi-
um-catalysed hydroboration of vinylarenes.!*" “Asym-
metric amplification” experiments provided no evi-
dence to suggest there was more than one phosphine
ligand per catalyst molecule but did not conclusively
rule out that possibility either.*

Subsequently, Burgess!” prepared a series of hybrid
ligands 51-53, Figure 5, which were chiral not only in
the carbon backbone like (R,R)-DIOP (24), but also at
phosphorus, like DIPAMP (50).

The best result with these ligands was in the hydrobo-
ration-oxidation of norbornene (22) which gave exo-
norborneol (23) in 84% ee. In general, modest enantio-
selectivities were observed and this was believed to be
due to puckering of the seven-membered metal chelates
away from ideal C,-conformations. Evidence for this de-
viation from ideal C,-symmetrical behaviour came from
X-ray crystallographic analysis of molybdenum tetra-
carbonyl complexes. Extending the range of hydrobora-
tion-oxidation substrates to include indene (31) and
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styrene (38) gave 1-indanol (36) and 1-phenylethanol
(39), respectively, with the same sense of asymmetric in-
duction irrespective of the chirality at phosphorus,
showing that it was the chirality of the carbon backbone
that controlled the asymmetry of the reaction, Ta-
ble 7. There was no correlation in these experiments
between the chirality at phosphorus and that at carbon
and attempts to produce “matched” and “mismatched”
catalysts were not successful.

As a greater understanding has emerged of the control
factors at play in enantioselective rhodium-catalysed
hydroborations, an increased number of novel chiral di-
phosphine ligands has been reported in the chemical lit-
erature, Figure 6, the majority of these within the last
five years.

Given the proven success of BINAP (25) in catalytic
asymmetric hydroborations, it is perhaps surprising
that so few BINAP analogues have been reported.
One such ligand was the C,-symmetrical, axially chiral
diphosphine 54, Figure 6, by Jendralla and co-work-
ers.”® Whereas the majority of phosphine ligands that
had been tested in catalytic asymmetric synthesis were
electron-rich, (more so than triphenylphosphine),
among them DIOP (24), DIPAMP (50) and BINAP
(25), there was nonetheless a literature precedent for en-
hancing catalyst performance by reducing the basicity of
the phosphine.” To this end, the synthesis and resolu-
tion of the electron-poor (6,6'-difluorobiphenyl-2,2'-
diyl)bis(diphenylphosphine) (54) was undertaken,
which was also expected to offer handling advantages
in that it would be less susceptible to oxidation than
more electron-rich diphosphines. This ligand was ap-
plied in asymmetric hydroboration with excellent cata-
lytic activity. The hydroboration of para-methoxystyr-
ene (19) with an in situ formed rhodium(I) complex of
(R)-54 was near quantitiative within 1.5h at 0°C,
Scheme 8. Oxidation gave a 78:22 preference for the
secondary alcohol 21, in a respectable 78% ee.

However, the vast majority of new, novel chiral di-
phosphines reported have possessed elements of either
atom-centred or planar chirality. Included in the former
class is the C,-symmetrical diphosphine 55, Figure 6,
from the group of Flor.”” This ligand may be regarded
as a diphosphine containing two intramolecular solvent
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Table 8.
OH
AN o} 1. [Rh(COD),IBF, Ligand @/K
+ BH
©/\ ©iof 1 mol %
2. KOH / H,0,
38 1 39[3]

Entry Substituents Ligand Solvent Temp [°C] % ee (Config.)
1 R!, R®>=H (R,R)-59 Et,0/CH,CL" —60 65 (R)
2 R!, R?=H (R,R)-60 Et,0/CH,CL," —-60 65 (S)
3 R, R2=H (R,R)-61 DME —35 92 (S)
4 R'=H, R*=F (R.R)-61 DME —35 93 (S)
5 R!'=H, R?=0Me (R,R)-61 DME =35 93 (S)
6 R'=Me, R>=H (R.R)-61 DME -35 91 (S)

2l Regioselectivity (o/B)>99/1 in all cases.
1 Et,0/CH,Cl,=4/1.

Axial Chirality

i LPPh,
"“PPh,

o PPh,
o) PPh, (R,R)-56 (R.R)-57
PPh, PR,
(RR)-55 O’
0 “'PPh, PR,
R = 3,5xylyl (RR)-59
(R.R)-58 R=2furyl  (R,R)-60
R = Cy (R.R)-61

C4-Symmetrical

SHO Ph
R
N
| N Me,, Me
2

PR,
PR PPh, PPh,
R=Ph R'=H 62 (R.R)-66
R=Ph R'=Me 63 BDPBzP
R=Ph R'=OMe 64
R=Cy R'=H 65
Figure 6.

molecules, due to the two hemilabile ether donor
groups. The cationic Rh(I) complex of (R,R)-55 was test-
ed in the asymmetric hydroboration of styrene (38) with
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OH

Meo/©/\

1. Catecholborane (1),
[Rh(COD)acac]. (R)-54, 2 mol %

IO
MeO

THF,0°C,15h
2. EtOH/NaOH/H,0,
19 21
wiff =78:22
78% ee
90% yield

Scheme 8.

catecholborane (1), at both 20°C and — 25 °C. The cata-
lyst system showed high activity and chemoselectivity
(>96%) at both temperatures. The regioselectivity for
formation of the branched product, 1-phenylethanol
(39), was 82% and 95% at 20°C and — 25 °C, respective-
ly. Despite the high chemo- and regioselectivity, enan-
tioselectivity was very poor: < 1% ee at 20 °C and an op-
timum 10% ee at the lower temperature.

Of greater success were Knochel’s C,-symmetrical di-
phosphine ligands 56-61, Figure 6, which were em-
ployed in the hydroboration of styrene and substituted
styrenes.”® The corresponding 1-arylethanols was pro-
duced with excellent regioselectivity (>99:1) and vari-
able enantioselectivity after oxidation, Table 8.

The diphosphines 56—58 induced low asymmetries
(8-15% ee) irrespective of the reaction conditions.
The more electron-rich ligand (R,R)-59 gave (R)-1-phe-
nylethanol in a much-improved 65% ee, entry 1. Con-
versely, the application of the more electron-poor di-
phosphine (R,R)-60 resulted in the (S)-enantiomer,
but with the same level of enantioselection, entry 2,
highlighting the importance of the electron density of
the phosphorus centre on the sense of asymmetric induc-
tion. Optimum results with styrene were achieved with
the most electron-rich diphosphine (R,R)-61, entry 3.
With DME as solvent for 3 h at —35°C, (S)-1-phenyle-
thanol was afforded in 92% ee and near complete regio-
selectivity (>99:1). No reaction occurred at lower tem-
peratures while increasing the temperature resulted in
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Table 9.

O, 1.1mol % [Rh(COD)CI],
+ BH >
g 1 - 4 mol % Ligand, THF, 72 h OH

2. MeOH/NaOH/H,0,

22 1 23
Entry Ligand (mol %) Temp [°C] Yield [%] % ee
1l (R,R)-62 (2) 25 58 12
2 (R,R)-62 (1) —-78 60 37
3 (R,R)-62 (2) -78 61 63
4 (R,R)-62 (4) —-78 64 7
5 (R,R)-63 (4) —-78 62 65
6 (R,R)-64 (4) —-78 57 60
7t (R,R)-65 (4) 25 60 31
8 (R,R)-65 (4) —-78 86 77

[[IReaction time =24 h.

Planar Chirality

< o

Fe PPh;

<

wPPh,

LS
T
Ph,P

wPPh,

S
F
@—Pphz

(R.S)-67 68 69
Josiphos
CHR, R Ligand ;F’r‘”
:F ~PPh, 70 Ph DPM-FerroPHOS F PPh,
e . e
PPh, 71 Me i-Pr-FerroPHOS @mPth

!

CHR, % Et 3Pt-FerroPHOS Pr-n

(Sp.Sp)-FerroPHOS (Sp,Sp)-73

n-Pr-FerroPHOS

Figure 7.

both lower regio- and enantioselectivities. Under these
optimum conditions, a number of para- and meta-substi-
tuted styrene derivatives were hydroborated with good
to quantitative conversion (62-100%), excellent regio-
selectivity (>97:3) and good to excellent enantioselec-
tivity (up to 93% ee), entries 4—6. Overall, the best re-
sult with ligand (R,R)-61 was 93% ee and 100% conver-
sion for the regioselective (>99:1) hydroboration of
para-tfluorostyrene. Using chiral diphosphine (R,R)-60,
and a DME/toluene solvent system (3/2), a number of
ortho-substituted styrene derivatives were hydroborat-
ed with relatively high levels of asymmetric induction
(77-82% ee), similar regioselectivities and surprisingly
high conversions (complete conversion after 1h at
—75°C). On the whole, rhodium complexes of these li-
gands are among the most efficient catalyst systems for
the hydroboration of styrene derivatives.

620 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Although the vast majority of centrally chiral diphos-
phine ligands to be employed in enantioselective rhodi-
um-catalysed hydroborations possess C,-symmetry,
there are a few examples of C;-symmetrical diphosphine
ligands. Buono prepared bis(aminophosphine) ligands
62-65""1 while Bianchini reported (R,R)-BDPBzP
(66),'™ Figure 6.

Ligands 62-65 were applied in the hydroboration-ox-
idation of norbornene (22) with catecholborane (1), Ta-
ble 9.l In all cases, exo-norborneol (23) was formed as
the major product. As expected, decreasing the reaction
temperature increased the enantioselectivity, entries 1,
3,7 and 8. Like Burgess,””" Buono found that the phos-
phine-to-rhodium ratio was a critical factor in the reac-
tion. Increasing the amount of ligand led to an increase
in ee, entries 2—4. Manipulation of the steric properties
of (R,R)-62 by increasing the steric hindrance on the
amino-bound phenyl group did not improve the level
of asymmetry induced; in fact, ees were lower, entries 5
and 6. However, tuning of the electronic properties of
the donor phosphorus by substitution of a phenyl ring
for a cyclohexyl group simultaneously resulted in both
an optimum 86% yield and 77% ee with ligand (R,R)-
65, entry 8. Interestingly, it was with the cyclohexyl-sub-
stituted diphosphine ligand (R,R)-61 that Knochel also
achieved the highest levels of asymmetric induction.!

Application of these ligands to the hydroboration-ox-
idation of styrene (38) proceeded with moderate yields
and much lower enantioselectivities than for norbor-
nene (22). The best result was with (R,R)-65, which af-
forded (§)-1-phenylethanol (39) in 61% yield and 42%
ee. However, Bianchini’s (R,R)-BDPBzP (66) was
even less efficient for this substrate, and gave both
poor yields (29%) and poor enantioselectivities (26%
ee) for the hydroboration of styrene (38) at 0°C."""

The third major class of diphosphine ligand employed
in catalytic asymmetric hydroboration are those pos-
sessing planar chirality, Figure 7, in addition to which
BPPFA (27), Figure 2, is also a member. These ligands
are chiral by virtue of the non-symmetrical disubstitu-
tion of one of the cyclopentadienyl rings.

Togni prepared the ferrocenyldiphosphine Josiphos
(67).'1" A catalyst (2 mol %) prepared in situ from
[Rh(NBD),]BF, and (R,S)-67 was applied to the hydro-
boration-oxidation of styrene (38) with catecholborane
(1). With DME as solvent for 10 h at —78°C, (R)-1-phe-
nylethanol (39) was afforded in 65% yield, 92% ee and
near perfect regioselectivity (>99:1), compared to
60% ee at room temperature. Unfortunately, styrene
was the only substrate which reacted at low tempera-
ture. The hydroboration of more sterically demanding
substrates such as indene (31) necessitated room tem-
perature conditions to attain complete conversion with-
in a reasonable time. Using the same catalyst (1 mol %),
(R)-1-indanol (36) was formed in 42% ee after oxida-
tion, albeit in good yield (70%). While the hydrobora-
tion-oxidation of norbornene (22) furnished (R)-exo-
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norborneol (23) with complete regioselectivity, the
asymmetry induced was very poor (7% ee). It was postu-
lated that the reduced activity of Josiphos (67) in hydro-
borations compared to other chiral bis(diphenylphos-
phino) ligands reported, was due to increased basicity
of the phosphine 67 compared to other ligands,"'*! sup-
porting the rationale behind Jendralla’s synthesis of
electron-poor biphenyl 54.1

While Josiphos (67) also possessed an element of
atom-centred chirality in the side chain, Reetz reported
a new class of ferrocene-derived diphosphines which
had planar chirality only: ligands 68 and 69 which have
C,- and C,;-symmetry, respectively."”® Rh(I) complexes
of ligands (—)-68 and (—)-69 were used in situ as cata-
lysts (0.75 mol %) for the hydroboration of styrene
(38) with catecholborane (1) for 12h in toluene at
—50°C. The Rh/C;-symmetrical (—)-69 catalyst system
was the more enantioselective of the two: (S)-1-phenyl-
ethanol (39) was afforded in 52% and 77% ee with di-
phosphines (—)-68 and (—)-69, respectively. In both cas-
es the regioselectivity was excellent (>99:1). With the
same reaction time but using DME as solvent at lower
temperature (—60°C), the rhodium complex of 69 af-
forded the alcohol product 39 in an optimum 84% ee.

Kang and co-workers prepared the FerroPHOS li-
gands 70-73, Figure 7, which are intriguingly described
as possessing cylindrical chirality (defined as the chiral-
ity originating from the C,-symmetricity of two identical
planar chiralities)."® The steric and electronic proper-
ties of these ligands were explored by changing the sub-
stituent in the pseudo-benzylic position. These highly
air-stable ferrocenyldiphosphines were employed in
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Table 10.
OH
e o, 1. [Rh(COD),]BF, Ligand @)\
+ BH o
©/\ @io/ 2 mol %, DME, -78 °C
2. MeOH/NaOH/H,0,

38 1 390
Entry Ligand Time [h] Yield [%] % ee (Config.)
1 74 2.5 98 81 (R)

2 75 2.5 92 49 (S)
3 76 2.5 24 87 (R)
4 77 3.5 97 88 (R)
5 78 35 63 91 (R)
6 79 3.5 70! 61 (R)

2] Regioselectivity (a/B) >94/6 in all cases with the exception
of entry 6.
[*] Regioselectivity (a/p) 85/15.

asymmetric hydroborations of styrene (38) and indene
(31) using 2 mol % of a catalyst prepared in situ from
the respective ligand and Rh(COD),BF,. DPM-Ferro-
PHOS (70) gave the best result: 85% ee, greater than
99% regioselectivity, and complete conversion for the
hydroboration of styrene (38) in DME for 11h at
—78°C. For the hydroboration of indene (31), 3-Pt-Fer-
roPHOS (72) afforded 1-indanol (36) in an optimum
42% ee and 85% yield in THF at room temperature.
In general however, decreasing the steric bulk of the
side chain in ligands 71-73 resulted in lower asymmetric
induction (23-77% ee), and reduced activity (15-85%)
for both substrates. Not surprisingly therefore, the least
efficient ligand was n-Pr-FerroPHOS (73) which pos-
sessed the least sterically demanding side chain, the lin-
ear n-propyl group. This diphosphine showed no enan-
tioselectivity whatsoever for the hydroboration of in-
dene (31) and a sluggish 15% conversion after 11 h for
styrene (38;23% ee).[1

All the chelating bidentate P,P ligands presented thus
far are chiral diphosphines. However, TADDOL-de-
rived phosphine-phosphite ligands also represent an im-
portant sub-class of PP ligands. Among these are ligands
74-79, Figure 8, identified by screening a modular 20-
component ligand library. (Ligand screening found
that in general, TADDOL-derived ligands had superior
activity to those derived from other chiral diols or amino
alcohols)."%!

Schmalz and co-workers tested these ligands in the
rhodium-catalysed hydroboration of styrene (38) with
catecholborane (1), Table 10.'"! Small variations of
the ligand framework led to significant and unpredicta-
ble differences in the performance of the rhodium com-
plexes (2 mol %) generated in situ from Rh(COD),BF,
and the respective ligand. For example, changing the di-
phenylphosphine group of ligand 74 to a bulkier, more
electron-rich dicyclohexylphosphine in ligand 75, gave
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rise to comparable catalytic activity but lowered and op-
posite asymmetric induction, entries 1 and 2. Tuning of
the other phosphorus donor atom by exchanging the
phenyl-TADDOL-derived phosphite 74 with the corre-
sponding 2-naphthyl-TADDOL-derived 76 resulted in
enhanced enantioselectivity (87% ee) but significantly
attenuated catalytic activity (24% yield), perhaps due
to steric crowding, entry 3.

Variation of the aromatic backbone of the ligand from
hydroquinone derivatives 74-76 to the 1,5-naphthal-
enediol analogues 77-79 produced all-round better per-
formances. This was postulated to be due to stronger
pre-organisation arising from steric interaction between
the proton in the 8-position of 77 and the phosphite
core.'™ Ligand 77 gave the best overall result in terms
of yield (97%) and enantioselectivity (88% ee), entry 4.
Removal of the fert-butyldimethylsilyl-protected alco-
hol to give phosphite 78 led to a lower 63% yield but
slightly enhanced 91% ee, entry 5. However, exchang-
ing the positions of the phosphine and phosphite on
the naphthalene backbone in 77 to afford the regioiso-
meric 79 had a significantly more deleterious effect on
the selectivity (61% ee) and, in particular, the catalytic
activity of this system (7% yield), entry 6, highlighting
the sensitivity of this reaction to subtle changes in ligand
structure.

Finally, the group of Seebach has applied monoden-
tate TADDOL-derived cyclic phosphonites 80 and 81,
Figure 8, to the hydroboration-oxidation of styrene
(38) in DME at 0°C.""! The methyl phosphonite 80 re-
gioselectively afforded (R)-1-phenylethanol (39) in
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64% yield and 26% ee, while the phenyl analogue 81
gave the alcohol in an excellent 95% yield but with
even lower — and opposite — asymmetric induction
[16% (S)]. These results illustrate that while monoden-
tate phosphorus(IIT) derivatives may indeed form high-
ly catalytically active complexes with transition metals
such as rhodium, in general asymmetric hydroboration
is far more effective with bidentate ligands.

More recent work employing diphosphine ligands has
focused on both new substrates for hydroboration and
also new hydroborating agents. Specifically, Gevorgyan
has successfully employed cyclopropenes as substrates
with pinacolboranes as the borane source.!'” Impressive
enantioselectivities were obtained with a range of di-
phosphines, e.g., with rhodium complexes of NOR-
PHOS (>99% ee), PHANEPHOS (97% ee), BINAP
(94% ee) and Tol-BINAP (96% ee), all with near perfect
cis-selectivity, Scheme 9.

Micouin investigated rhodium-catalysed hydrobora-
tion as a means of desymmetrising meso-hydrazines in
an important new application.*!! Enantiomeric excesses
of up to 84% were obtained after screening diphos-
phines such as DIOP and BDPP, Scheme 10. Interest-
ingly, they noted an unprecedented reversal of enantio-
selectivity by changing from rhodium to iridium.

Nonetheless, among the bidentate diphosphines and
with the notable exception of BINAP (25),"%" there
have been only sporadic examples of ligands whose rho-
dium complexes give enantioselectivities above 85% in
hydroboration: Knochel’s dicyclohexylphosphine 61,
Togni’s Josiphos 671 and TADDOL derivatives 74,
76-78.'”! Even BINAP (25) is only effective at —
78°C. Not surprisingly, research groups began to look
beyond the realm of chiral P,P ligands for catalytic asym-
metric hydroboration and a parallel interest in the appli-
cation of chiral heterobidentate chelates was generated.
The phosphinamine ligand class has received the most
attention. These ligands, as well as having the potential
toinduce asymmetry through steric factors, can also gen-
erate electronic asymmetry on the metal centre due to
the combination of hard and soft donor atoms and the
different reactivity associated with each.'7-1%]
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Table 11.
OH
©/\ @EO\ 1. [Rh(COD),]BF , Ligand ©)\
+ BH '
o/ 1 mol %
2. MeOH/NaOH/H,0,
38 1 39

Entry Ligand Vinylarene Yield [%] % ee

1 (5)-82 R=R'=H 38 69 88 (S)

2l (5)-82 R=4-MeO;R!'=H 19 57 94 (S)

3 (R)-82 R=4-Me; R'=H 41 75 89 (R)

4@ (5)-82 R=4-Cl; R'=H 40 56 78 (S)

stal (S5)-82 Indene 31 75 76 (S)

60! (5)-82 Dihydronaphthalene 32 78 96 (S)

7 (R)-82 R=H;R!=(Z)-Me (Z)-30 80 93 (R)

8 (R)-82 R=H;R'=(E)-Me (E)-30 80 95 (R)

9 (R)-82 R=H; R'=(Z)-Ph (Z)-45 86 91 (R)
10 (R)-82 R=4-MeO; R'=Me (E)-88 84 97 (R)
11 (5)-83 R=4-Me; R'=H | 79 88 ()
12 (S5)-83 R=4-Cl; R'=H 40 72 65 (S)
13 (S5)-83 Dihydronaphthalene 32 79 86 (S)
14 (S)-84 R=4-Me; R'=H 41 77 79 (S)
15 (S5)-84 R=4-Cl; R'=H 40 77 54 (S)
16 (5)-85 R=4-Me; R'=H 41 79 88 (S)
17 (S)-85 R=4-Cl; R'=H 40 78 82 (S)
18 (S)-85 Indene 31 80 78 (S)
19 (5)-85 Dihydronaphthalene 32 81 82 (S)
20 (5)-85 R=24-(Me),; R'=H 89 81 93 (S)
21 (R)-86 R=4-Me; R'=H M 76 71 (R)
22 (R)-87 R=R'=H 38 70 67 (R)
23 (R)-87 Indene 31 59 64 (R)
24 (R)-87 Dihydronaphthalene 32 69 84 (R)
25 (R)-87 R=H; R'=(E)-Me (E)-30 60 91 (R)

[4] Reaction time=1 h.

Chiral PN Ligands

5.1 Axial Chirality

The first successful axially chiral phosphinamine ligand
in asymmetric catalysis was QUINAP (82), Figure 9, re-
ported by Brown in 1993!"*!!% and the original synthesis
has since been modified.l"""! The donor nitrogen atom is
incorporated in an isoquinoline unit to form a six-mem-
bered chelate ring.

Brown and co-workers tested cationic Rh(I) com-
plexes of QUINAP (82) in the enantioselective hydro-
boration-oxidation of vinylarenes!">!"?! which proceed-
ed with excellent regioselectivities, in most cases >
95%, Table 11. The product configuration induced was
the same as for BINAP (25)-rhodium complexes of
the (R)-ligand gave rise to the (R)-secondary alcohol.
In contrast to BINAP (25), the Rh/QUINAP (82) cata-
lyst system was effective at ambient temperature. In
fact, while the enantioselectivities unusually showed lit-
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tle change between 0°Cand —40 °C, the effect of further
cooling was found to be deleterious. For best results, the
rhodium complex was reprecipitated before use (THF/
light petroleum ether) and the vinylarene substrates pu-
rified by distillation prior to reaction. Both the regio-
and enantioselectivity were sensitive to the ligand-to-
rhodium ratio, a finding also observed with diphosphine
ligands.!***!

High asymmetries were induced with styrene (38;
88% ee), entry 1, and styrene derivatives 19 and 41
with electron-donating substituents in the para-position,
(94% and 89% ee), entries 2 and 3, but electron-with-
drawing substituents as in 4-chlorostyrene (40), entry 4,
gave lower ee values (78%). Of importance, however,
was the finding that cyclic vinylarenes, such as indene
(31) and dihydronaphthalene (32), also gave high enan-
tioselectivities (76% and 96%, respectively), entries 5
and 6. The hydroboration-oxidation of such sterically
demanding substrates was far less successful when com-
plexes of BINAP (25) were employed [19% ee for in-
dene (31); dihydronaphthalene (32) has not been report-
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ed]."" In general, hydroborations catalysed by rhodium
complexes of QUINAP (82) were tolerant of vinylar-
enes that had (E)- or (Z)-B-substituents but not a-sub-
stituents. This represented a considerable expansion of
substrate scope as compared to previous PP (or PN)
complexes employed, which were only effective for
monosubstituted vinylarenes.!""!) Specifically, the hydro-
boration of (Z)- and (E)-1-phenyl-1-propene (30), en-
tries 7 and 8, proceeded with 93% and 95% ee, respec-
tively, with QUINAP (82). The corresponding results
with BINAP (25) were 18% and 42% ee in reactions
run at ambient temperature.'!! The high yields unex-
pectedly afforded by both isomers of 30 suggested a
high possibility of a rhodium hydride-driven cis-trans
isomerisation,""”! and certainly the reaction with trans-
stilbene (45) [45 turnovers in 20 h (85% ee)] was much
slower than that of cis-stilbene (45), entry 9.

QUINAP (82) is amenable to structural variation at
several points. Among these are the aryl groups on phos-
phorus which were systematically varied to examine the
effect on the efficiency and enantiodifferentiating abili-
ty of the ligand. Thus the analogues 83-86, Figure 9,
were prepared and resolved'™® in a similar manner to
QUINAP (82). Their rhodium complexes were subse-
quently applied in hydroboration-oxidation of vinylar-
enes, Table 11, entries 11-21, with comparable regiose-
lectivities to QUINAP (82)."? Enantioselectivities of
up to 93% were observed, entry 20, compared with
97% for the parent catalyst system, entry 10. The key
finding from this study was that the parent diphenyl-
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phosphino ligand QUINAP (82) gave superior results
for electron-rich vinylarenes, whereas by making the do-
nor phosphorus atom less electron-rich, as in the difuryl-
phosphino ligand 85, superior results for electron-poor
vinylarenes were obtained. [For the hydroboration of
an electron-rich substrate (4-methylstyrene; 41) with li-
gands 82-86, see entries 3, 11, 14, 16 and 21; for elec-
tron-poor 4-chlorostyrene (40), entries 4, 12, 15 and
17]. These QUINAP analogues were also effective for
the hydroboration-oxidation of indene (31) and dihy-
dronaphthalene (32), entries 18, 13 and 19.

Gevorgyan also tested rhodium complexes of QUI-
NAP employing cyclopropenes as substrates with pina-
colboranes as the borane source.” In contrast to the
high enantioselectivities obtained with a range of di-
phosphines, only a racemic mixture was formed in this
case.

Micouin investigated rhodium-QUINAP complexes
in the desymmetrisation of meso-hydrazines but ob-
tained poor yields (11%) and only modest enantioselec-
tivities (24% ee).!

It became apparent during a mechanistic investigation
of the allylic alkylation process with QUINAP (82), in-
volving both solution "H NMR and solid state studies,
that the 3-H of the isoquinoline unit takes up a position
in space near the metal that leads to critical ligand-reac-
tant steric interactions thought to be significant for
asymmetric induction.!"" This finding led to the design
by Brown of the vaulted analogue PHENAP (87), Fig-
ure 10, where the donor nitrogen atom is part of a phe-
nanthridine unit.

PHENAP (87) was prepared and resolved!'™”!in a sim-
ilar manner to QUINAP (82) and tested in asymmetric
rhodium-catalysed hydroboration-oxidations,"® Ta-
ble 11, entries 22-25. Regioselectivities were on a par
with QUINAP (82).[''! Impressive enantioselectivities
were obtained and the sterically demanding cyclic sub-
strates were hydroborated in 64-84% ee, entries 23
and 24, as well as 3-substituted vinylarene (£)-30 with
asimilar enantioselectivity as with QUINAP (82). Com-
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Table 12.
1. Catecholborane (1), OH
SN Rh(COD)acac/Ligand/TMS triflate N R’
|// 1 mol %, THF, 2 h > l//
R 2. EtOH/NaOH/H,0, R
38 19 40 30 88 97 45
R H 4MeO 4Cl H 4MeO 34(MeO), H 31 Indene
R" H H H Me Me Me Ph 32 Dihydronaphthalene

Entry Ligand (R group) Vinylarene Temp. [°C] Conv. [%] o:p % ee (Config.)

1 (5)-92 (Me) 38 20 100 88:12 90 (S)

2 (5)-96 (Bn) 38 0 100 84:16 87 (S)

3 (5)-92 (Me) 19 20 99 88:12 95 (S)

4 (85)-92 (Me) 19 0 97 70:30 91 (S)

5 (5)-93 (H) 40 20 100 83:17 81 (S)

6 (5)-93 (H) 40 0 100 75:25 64 (S)

7 (85)-92 (Me) (E)-30 0 96 94:6 95 (S)

8 (5)-91 (Ph) (E)-30 20 100 91:9 94 (S)

9 (85)-92 (Me) (Z2)-30 0 100 99:1 97 (S)
10 (5)-94 (i-Pr) (Z2)-30 20 100 96:4 96 (S)
11 (5)-92 (Me) (E)-88 0 89 88:12 97 (S)
12 (5)-94 (i-Pr) (E)-88 20 51 77:23 93 (S)
13 (5)-92 (Me) (E)-97 0 75 92:8 98 ()
14 (5)-92 (Me) (E)-45 20 50 n.a. 87 (S)
15 (5)-94 (i-Pr) (Z)-45 20 84 n.a. 99 (S)
16 (85)-92 (Me) (Z2)-45 20 96 n.a. 97 (S)
17 (R)-95 (-Bu) (Z)-45 0 80 n.a. 97 (R)
18 (5)-93 (H) 31 0 39 97:3 98 ()
19 (5)-92 (Me) 31 20 100 >99:1 99.5 (S)
20 (5)-92 (Me) 32 0 90 >99:1 93 (S)

pared to the corresponding results obtained with di-
phosphine ligands, Section 4, it is clear that QUINAP
(82), its structural relatives 83—86 and PHENAP (87),
give superior results in the asymmetric rhodium-cata-
lysed hydroboration of several vinylarenes, and are es-
sentially the only practical solution for 3-substituted al-
kenes.'"! The reasons for this are not well understood,
but are thought to be due to the particular geometry of
the PN chelate which can accommodate the steric de-
mand of substituents in the region of the alkene double
bond. For QUINAP complexes the PN chelate is a pro-
nounced boat and there is reduced steric demand in the
region of space around the isoquinoline nitrogen, cer-
tainly when compared to the aryl residues of BINAP
(25).'"" This structural difference, coupled with the in-
trinsic electronic features of the PN ligand, explain
why the asymmetric induction is higher with chiral QUI-
NAP (82) than with chiral BINAP (25).1'?!

The lack of characterisation of reactive intermediates
is a hindrance to further progress on understanding the
mechanism but recent reports from the groups of Brown
and Fernandez are steps in the right direction.!"”1" In
particular, Brown hasidentified binuclear reactive inter-
mediates by NMR when the hydroboration pre-catalyst
was examined in the presence of catecholborane at low
temperatures. Fernandez has reported a theoretical
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study of model systems from spectroscopically postulat-
ed Rh-BINAP and Rh-QUINAP intermediates in the
catalytic cycle, concluding that the origin of regio- and
enantioselectivity in hydroboration reactions of vinylar-
enes is related to the coordination step of the alkene in-
stead of the migratory insertion. They have also extend-
ed the study to investigate the effect of the hydroborat-
ing agent, the metal and the counterion of the catalytic
precursor in the catalytic asymmetric hydroboration of
vinylarenes. Clearly, electronic tuning of the donor
phosphorus atom by changing from PPh, in QUINAP
(82) to P(furyl), in ligand 85 was highly successful, ren-
dering the latter ligand particularly effective for the hy-
droboration of electron-deficient vinylarenes.''? In a
new departure in the quest for QUINAP-type ligands
with an electron-deficient phosphorus atom, a novel
QUINAP-derived triaryl phosphite ligand 90, Figure 11,
was developed by Brown ten years after the parent li-
gand 82 was first reported.!'”

Ligand 90 was prepared directly from a single enan-
tiomer of the corresponding naphthol of QUINAP
(82), an early intermediate in the original synthesis,
and both enantiomers of BINOL. Application in hydro-
boration showed that, in practice, only one of the cation-
ic thodium complexes of the diastereomeric pair proved
effective, (a$,5)-90. While (aS$,5)-90 gave 68% ee for the
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hydroboration of styrene (38; 70% yield), the diaster-
eomer (aS,R)-90 afforded the product alcohol after oxi-
dation in an attenuated 2% ee (55% yield) and the same
trend was apparent in the hydroboration of electron-
poor vinylarenes. Indeed, even with (aS,5)-90, the asym-
metries induced were very modest (31-51% ee). The
hydroboration pre-catalyst was examined in the pres-
ence of catecholborane (1) at low temperatures and bi-
nuclear reactive intermediates were identified. Howev-
er, when similar experiments were conducted with QUI-
NAP (82), no intermediates of the same structural type
were found.!")

A series of axially chiral 2-substituted quinazoline-
containing phosphinamine ligands, the “Quinazoli-
naps”, 91-96, Figure 10, has been prepared and re-
solved by our research group.!'”’~'%! The naphthalene-
quinazoline pivot was chosen as it would be inert to rac-
emisation.!"! In light of the mechanistic observations on
related ligand systems, the 2-position of the quinazoline
[equivalent to the 3-position of QUINAP (82)] is be-
lieved to be important for asymmetric induction. There-
fore, it was of interest to vary the substituent at the 2-po-
sition in an effort to investigate the effect of steric de-
mand on the degree of enantioselection observed. Of in-
terest also was the reduced basicity of the Quinazolinap
donor nitrogen relative to QUINAP (82) (the pK, val-
ues of simpler heteroaromatics related to 82 and 91
are 5.1 and 3.3, respectively)."! It was hoped that varia-
tion of this electronic desymmetrisation, coupled with
steric properties, would aid further understanding of
the enantioselection process.

Cationic rhodium complexes of these ligands were
prepared and applied in the enantioselective hydrobora-
tion-oxidation of a range of vinylarenes,'*'?! carefully
chosen to highlight the effect on reactivity and enantio-
selectivity of different aryl substituents and (-substitu-
tion. A selection of these results, with the emphasis on
the ligand which gave the highest enantioselectivity for
each substrate, is shown in Table 12. Like QUINAP
(82) and PHENAP (87), the (S)-ligand gave rise to the
(S)-secondary alcohol.

The 2-substituted-Quinazolinap-derived rhodium
complexes proved extremely efficient catalysts for the
hydroboration-oxidation of vinylarenes. For styrene de-
rivatives, in most cases quantitative conversions were
obtained after just 2 h at the relevant temperature, en-
tries 1-6. Higher enantioselectivities were afforded
with a 4-methoxy substituent 19 (up to 95% ee, entry 3),
compared to the 4-chloro 40 or unsubstituted 38 ana-
logues, entries 5 and 1, a trend also observed in hydrobo-
ration with rhodium complexes of QUINAP (82). This
highlights that both the electronic nature of the sub-
strate combined with the inherent steric properties of
the catalyst are important for high asymmetric induc-
tion. It is noteworthy that in most cases, optimum enan-
tioselectivities were afforded by the less sterically de-
manding 2-methyl 92 and 2-unsubstituted analogues
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93, although the steric bulk of the 2-benzyl ligand 96
proved most effective for the hydroboration of styrene
(38) at 0°C, entry 2. In the Quinazolinap series as a
whole, it was found that an electron-releasing substitu-
ent, as in 19, had an adverse effect on regioselectivity
compared to 38 and 40.'*! In general, decreasing the re-
action temperature had a deleterious effect on the regio-
and enantioselectivity of the hydroboration. In contrast,
low temperatures (—78°C) were necessary to obtain
high enantioselectivities for these substrates with BI-
NAP (25)."%) While the asymmetry observed with
this modular Quinazolinap series 91-96 is comparable,
if not superior to other atropisomeric systems applied,
they are limited in terms of regiochemical control.

Gratifyingly, a marked increase in regio- and enantio-
selectivity was observed when [(3-substituted substrates
were employed, entries 7—17. On the whole, the hydro-
boration of (Z)-isomers proceeded with better conver-
sions, regioselectivities and enantioselectivities than
the hydroboration of the corresponding (E)-isomers.
This is epitomised by the hydroborations of (E)- and
(Z)-1-phenyl-1-propene (30), entries 7-10, and cis-
and trans-stilbene (45), entries 14—17. For the hydrobo-
ration of (Z)-1-phenyl-1-propene (30), optimum enan-
tiomeric excesses of 96% and 97% at room temperature
and 0°C, respectively, were obtained with (§)-2-methyl-
Quinazolinap (92) and (S)-2-isopropyl-Quinazolinap
(94), entries 9 and 10, the best results reported to date
for this substrate. These two ligands were again to the
fore for the hydroboration of frans-anethole (88), en-
tries 11 and 12, although in comparison to (E)-1-phe-
nyl-1-propene (30), regioselectivities were lower due
to the additional 4-methoxy aromatic substituent. Sur-
prisingly, a more favourable regiochemistry was ob-
tained with trans-3,4-dimethoxy-B-methylstyrene (97)
relative to trans-anethole (88), entry 13, and enantiose-
lectivity was also excellent. Not for the first time, the
steric influence of the 2-methyl analogue 92 proved op-
timal. The highest enantioselectivity to date for the hy-
droboration of cis-stilbene [(Z£)-45, 99% ee] was ach-
ieved with the rhodium catalyst derived from ()-2-iso-
propyl-Quinazolinap (94), entry 15. The 2-methyl and 2-
tert-butyl ligands 92 and 95 were also highly effective in
this transformation, entries 16 and 17.