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. Introduction

This overview complements and updates developments in the
rea of carbohydrate-derived ligands since this was last compre-
ensively covered by some of us in 2003–2004 and extended

n 2007 [1]. Some additional compilations of relevance have
ppeared in the areas of: phosphites and related ligands (including
ome sugar-based ligands) in 2008 [2]; and selected applica-
ions of carbohydrates in organic synthesis (including ligands and
rganocatalysis) in 2007 [3]. This particular review concentrates on
igands with sugar cores and focuses on underlying reasons as to

hy application of such species can be so successful. To begin with
t is useful to briefly reiterate some key features of carbohydrate
hemistry and nomenclature for the non-specialist. Acetal pro-
ection is an attractive method for improving the organic solvent
olubility and handling characteristics of polyol sugars. Thermody-
amic control in 5-ring acetals leads to cis placement of 1,2-related
iols frequently delivering so called furanoside cores. Benzalde-
yde derived 6-ring acetals protect the 4,6-related diols of C6 sugars
nder kinetic control reinforcing the preponderance of the 6-ring
yranose forms. These relationships are summarized graphically in
ig. 1 for some of the most commonly used sugar-ligand precursors.

Anomeric effects induce the expected lability of hemiacetal OR
R = H, alkyl, aryl) groups at C-1 for aldehydic sugars, such that a

ixture of � (OH down in the d series) and � (OH up in the d
eries) epimers can be encountered. Sugar-ligand cores are com-
only retained at their aldehyde oxidation state level. However,

n the case of (d)-mannose its reduction product (d)-mannitol is
requently preferred as the higher symmetry C2-polyol frequently

implifies the subsequent synthetic routes. Although this review
oncentrates on sugars we have included glucosamine-derived
minosugar ligands. Sugars, and related amino sugars, constitute
tructurally diverse renewable resources that are available at very
ow cost. Methods for overcoming the natural limitations associ-

Fig. 1. Common (d)-sugar-ligand precursors and their pyrano and furano relationships
Scheme 1. Asymmetric hydrogenation of C C, C O and C N double bonds.

ated with having a single naturally occurring stereochemical series
and robust efficient entry points to sugar-ligand cores, for the non-
specialist, are dealt with specifically in Section 8.

2. Hydrogenation

The asymmetric hydrogenation of C C, C O and C N double
bonds (Scheme 1) is widely used to prepare high-value compounds
in several important areas such as pharmaceuticals, agrochem-
icals, fine chemicals and natural product chemistry [4]. For the
hydrogenation of functionalized olefins and ketones, rhodium and
ruthenium complexes containing phosphorous and nitrogen chiral
ligands have shown to be the best catalysts. Excellent activi-
ties and enantioselectivities have been achieved along the last
decades for asymmetric hydrogenation of dehydroaminoacid and
other functionalized alkenes and ketones. For the hydrogenation
of unfunctionalized olefins and imines, iridium complexes have
became the most successful catalysts. Although significant progress
has been made in this area over the last years, these asymmetric
hydrogenations remain a challenge for numerous substrates.

This chapter aims to discusses the most important results and

applications of metal transition catalysts containing sugar-based
ligands in asymmetric hydrogenation of C C, C O and C N sub-
strates. The following sections are organized according the nature
of the ligand.

to classic Fischer projections together with the pyrano form of (d)-glucosamine.
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Fig. 2. Phosphine ligands 1 and 2. In brackets, the best enantioselectivities obtained
are shown as examples.

Fig. 3. Diphosphine ligands 3–5 with furanoside backbone derived from d-(+)-
xylose and d-(+)-glucose. In brackets, the best enantioselectivities obtained are
shown as examples.
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R = Ph, R′ = Ph, Me), mainly developed by Selke and coworkers
[9,10,11,13] Later, RajanBabu and coworkers has studied further

′

F

Fig. 4. Cyclodextrin-based diphosphine ligand 6.

.1. Homodonor ligands

In the early days, diphosphines were the most widely used
hosphorous ligands providing excellent levels of enantioselec-
ivity for asymmetric hydrogenation of functionalized C C and

O bonds. In this context, several phosphine carbohydrate-
ased ligands were developed since the early 1970s but only
ew of them provided high enantioselectivities. In recent years,
hiral diphosphites and diphosphinites have emerged as new
uccessful types of ligands [2]. Their highly modular construc-
ion, facile synthesis from readily available chiral alcohols, greater
esistance to oxidation than phosphines and �-acceptor capacity
ave proved to be highly advantageous. For these reasons, sev-
ral carbohydrate-based diphosphinite and diphosphite have been

eveloped. Homodonor dithioether ligands have also been devel-
ped but with moderate success [5].

ig. 5. Modifications of diphosphinite ligand 7. In brackets, the enantioselectivities obtain
Fig. 6. 3,4-Diarylphosphinite ligands 8. In brackets, the enantioselectivities
obtained in the hydrogenation of methyl �-acetamidocinnamate are shown as
examples.

2.1.1. Phosphine ligands
The first sugar-based chiral ligands used in asymmetric hydro-

genation were phosphines. During the 1970s and 1980s several
phosphine ligands with carbohydrate backbones were devel-
oped [6]. However, only the diphosphine ligand 1 [6c] and the
monophosphine ligand 2 [6n] have shown high enantioselectivities
in the reduction of dehydroaminoacid derivatives (Fig. 2).

Following these pioneering works only two new families
of diphosphine ligands have appeared. The first is a series of
C1-diphosphine ligands 3–5 with furanoside backbone (Fig. 3).
They were applied in the Rh-asymmetric hydrogenation of �,�-
unsaturated carboxylic acid derivatives with better success (ee’s
up to 98%) [7]. The results indicated that introducing a methyl sub-
stituent at C-5 in ligand 3 significantly increased activity (TOFs were
approximately double for ligands 4 and 5). Moreover, the configu-
ration of C-5 strongly influenced enantioselectivity. By comparing
ligands 4 and 5, therefore, we can see that the best results were
obtained with ligand 4 with an R-configuration at C-5.

The second ligand type incorporates the phosphine functional-
ities into cyclodextrins (ligand 6, Fig. 4) in order to take advantage
of the properties of cyclodextrins as water soluble chiral supports
[8]. Ligand 6 contains diphenylphosphine groups in two of the posi-
tions 6 of a �-cyclodextrin. The Rh/6 catalytic system provided good
enantioselectivities in the hydrogenation of �,�-unsaturated car-
boxylic acid derivatives (ee’s up to 92%), but only organic solvents
were used for these reactions.

2.1.2. Phosphinite ligands
The first examples of the use of diphosphinite ligands with car-

bohydrate backbone in asymmetric catalysis were reported by the
groups of Cullen and Sugi [9], Jackson and Thompson [10], Selke
[11] and Sinou and Descotes [12]. They studied a wide variety
of 2,3-diphenylphosphinite pyranoside ligands in the asymmet-
ric hydrogenation of dehydroamino acid derivatives. In particular,
the best enantioselecitivities (ee’s up to 96.6%) were obtained with
a series of �-glucopyranoside 2,3-diphosphinite ligands 7 (Fig. 5,
modifications in this ligand type 7 (R = Ph; Fig. 5) [14,15]. The
Rh-hydrogenation results showed that electron-rich diphosphi-
nite ligands considerably increased enantioselectivities whereas

ed in the hydrogenation of methyl �-acetamidocinnamate are shown as examples.
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Fig. 7. Diphosp

lectron-deficient ligands provided much lower selectivity. Enan-
ioselectivities were therefore excellent over a wide range of
ehydroamino acid derivatives with ligands 7a and 7b (ee’s up to
9% (S)). In all cases the S-enantiomer of the hydrogenation product
as obtained.

In the search for the R-enantiomer of the hydrogenation product
d-amino acids), rather than preparing the corresponding diphos-
hinite 7 from the expensive l-glucose, RajanBabu and coworkers
eveloped pseudo-enantiomeric diphosphinite ligands 8 (Fig. 6)
14]. Ligands 8 provided the highest enantioselectivities in favour to
he R-enantiomer of the 3,4-diphosphinite series (Fig. 5). As before,
nantioselectivities were best with electron-rich phosphinites (ee’s
p to 99% (R)). In summary, these sugar-diphosphinite ligand sys-
ems developed by RajanBabu appears to be among the most
ractical ligands for the synthesis of (S) and (R)-aromatic and het-
roaromatic alanine derivatives.

After this, several new carbohydrate-based ligands were devel-
ped (Fig. 7). Uemura and coworkers developed novel disaccharide
iphosphinite ligands 9 and 10 derived from �,�-trehalose (Fig. 7).
hese work as ligands in the Rh-catalyzed asymmetric hydrogena-
ion of dehydroamino acid derivatives to afford both enantiomers
f amino acids (ee’s up to 84%) [16,17]. Later, diphosphinites
1 and 12 derived from d-mannitol have also been successfully
pplied in asymmetric hydrogenation (Fig. 8). Therefore, ligand 11
rovided ee’s up to 96.7% in the Rh-catalyzed hydrogenation of
-acetamidoacrylic acid [18] and ligand 12 gave enantioselectiv-

ties as high as 86% in the Rh-catalyzed hydrogenation of ketones,
-ketoesters and �-ketoamides [19].

In recent years, new furanoside diphosphinite ligands (13–15;
ig. 7) have been designed and successfully applied in the asymmet-

ic hydrogenation processes [6l,20,21]. Ligands 13 and 14, derived
rom d-xylose, provided ee’s up 81% in the metal-catalyzed hydro-
enation of several dehydroaminoacids and itaconates [20]. The
esults indicated that the metal source and the absolute configu-

Fig. 8. Diphosphite ligands 16 and 17.
ligands 9–15.

ration of the C-3 stereocenter of the carbohydrate backbone had
an important effect. The catalytic Rh-13 and Ir-14 diphosphinite
system therefore provide ee’s up to 81%, while the other combina-
tions provide ee’s up to 15% [20]. Ligand 13 was also applied in the
Ir-catalyzed asymmetric hydrogenation of imines with moderate
success (ee’s up to 57%) [22]. Ligand 15a was successfully applied
in the Rh-catalyzed hydrogenation of dehydroaminoacid deriva-
tives (ee’s up to 93%), whereas ligand 15b was succesfully applied
in the Ir-catalyzed hydrogenation of imines (ee’s up to 70%) [21].

2.1.3. Phosphite ligands
The first reports on the use of sugar-based diphosphite ligands

in asymmetric hydrogenation were introduced by Brunner [6l] and
Selke and coworkers [23] and led low-to-moderate enantioselec-
tivities (Fig. 8).

An important breakthrough in the use of phosphite ligands
for asymmetric hydrogenation came with the work of Reetz and
coworkers. These authors developed a series of C2-derivative
ligands derived from d-mannitol 18 with different phosphite sub-
stituents (a–e) (Fig. 9) [24]. These ligands were efficiently applied
in the Rh-catalyzed hydrogenation of dimethyl itaconate and
methyl N-acetamidoacrylate. The best enantioselectivities (ee’s up
to 94.5%) were obtained using ligand 18e.

These excellent results have led to the recent development
of other carbohydrate phosphite ligands. In this context, a series
of highly modular C1-diphosphite ligands 19–24 (Fig. 10), with
furanoside backbone, were developed for the Rh-catalyzed hydro-
genation [1c,25]. These ligands are derived from d-(+)-xylose
and d-(+)-glucose. Excellent enantioselectivities (ee’s up to >99%)
and activities were achieved in the Rh-catalyzed hydrogenation
of several dehydroamino acid derivatives. Systematically vary-
ing stereocenters C-3 and C-5 at the ligand backbone showed
that enantiomeric excesses depended strongly on the absolute
configuration of C-3 and depended slightly on that of the stere-
ocenter carbon C-5. Enantioselectivities were therefore best with
ligands 21d with R configuration on both C-3 and C-5 stereocen-
ters. Ligands 19 were also applied in the Ir-catalyzed asymmetric
hydrogenation of imines with moderate success (ee’s up to 46%)
[22]. Ru-nanoparticles stabilized with ligands 19 were used in the
asymmetric hydrogenation of arenes. Although good activities and

diastereoselectivities were achieved, no significant levels of enan-
tioselectivity were obtained [26].

More recently C2-symmetrical furanoside diphosphite ligands
25–28 (Fig. 11), related to the diphosphinites 15, have been syn-
thesized starting from d-glucosamine and d-glucitol [27]. These
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Fig. 9. d-Mannite diphosphite ligands developed by Reetz et al.

19–24

l
o
t
d

d

Fig. 10. Diphosphite ligands

igands were used in the Rh-catalyzed asymmetric hydrogenation

f methyl acetamidoacrylate providing much lower enantioselec-
ivities (ee’s up to 57%) than the obtained with the corresponding
iphosphinites 15.

The group of Matt and coworkers have successfully applied the
iphosphite ligand 29 (Fig. 12), built on a cyclodextrin scaffold, in

Fig. 11. Diphosphite ligands 25–28
with furanoside backbone.

the Rh-catalyzed asymmetric hydrogenation of dimethyl itaconate

with ee’s up to 83.6% [28].

In the last few decades it has generally been accepted that
enantioselective hydrogenation was more effective in the presence
of bidentate ligands. Recently, however, monophosphorus ligands
have been found to be very efficient for the Rh-catalyzed asymmet-

with furanoside backbone.
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Fig. 12. Diphosphite ligand 29.
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duced excellent results.
ig. 13. Monophosphite ligands 30. In brackets, the enantioselectivities obtained
n the Rh-catalyzed asymmetric hydrogenation of dimethyl itaconate are shown as
xamples.

ic hydrogenation. Research in this area was initiated by Reetz and
oworkers. In connection with the previously described diphos-
hite ligands derived from d-mannitol 18, they found that the

elated monophosphite ligands 30 provided similar enantioselec-
ivities (Fig. 13) [29].

Following this work, the groups of Reetz et al. [30] and Chen
nd coworkers [31] have developed new efficient monophosphite

Fig. 14. Monophosphit
try Reviews 254 (2010) 2007–2030

ligands for the Rh-catalyzed asymmetric hydrogenation of vinyl
carboxylates, dehydroaminoacids and enamides (Fig. 14). In par-
ticular, Reetz et al. also reported the use of ligands 31–35 in the
Rh-catalyzed hydrogenation of vinyl carboxylates [30]. The results
show that there is a cooperative effect between the configuration
of the binaphthyl moieties and the configuration of the sugar back-
bone. Therefore, enantioselectivities were best with phosphite 31b,
prepared from (R)-binol and a d-(+)-glucose derivative (ee’s up to
94%).

On the other hand, Chen and coworkers have successfully used
ligands 31–32 and 36–39 in the Rh-catalyzed hydrogenation of
dehydroaminoacids (ee’s up to 98.4%) and enamides (ee’s up to
99.6%) [31]. The hydrogenation results indicate that the enan-
tiomeric excess depends strongly on the configuration of carbon
atom C-3. In general, therefore, ligands 32 and 37 with an R config-
uration produced much higher enantioselectivity than ligands 31
and 36 with the opposite configuration. In this case, their results
also suggest that there is a cooperative effect between the con-
figuration of the binaphthyl moieties and the configuration of
the carbohydrate backbone. The enantioselectivities (up to 99.6%
ee) were therefore best with ligands 32b and 37b. Ligands 38
and 39 were also highly efficient in the hydrogenation of dehy-
droaminoacids and enamides providing high enantioselectivities
(ee’s up to 99.8%) and activities (TON up to 5000) [31c,d].

2.2. Heterodonor ligands

Several types of heterodonor carbohydrate ligands have been
developed for application in asymmetric hydrogenation catalysis.
In particular, phosphine–phosphite, phosphite–phosphoroamidite,
phosphite–oxazoline and phosphinite-thioether ligands have pro-
2.2.1. Heterodonor P–P′ ligands
The first reports on the use of heterodonor P–P′ ligands were the

phosphine-phosphonite ligand 40 [32], derived from d-mannitol,

e ligands 31–39.
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Fig. 15. Heterodonor P–P′ ligands 40 and 41.

nd phosphine-phosphinite ligand 41 [33], derived from l-�,�-
rehalose (Fig. 15). These ligands were tested in the Rh-catalyzed
symmetric hydrogenation of dimethyl itaconate and enamides,
espectively, with moderate enantioselectivities (ee’s up to 73%).

The first successful family of P–P′ carbohydrate ligands were
he xylofuranoside phosphine–phosphite ligands 42 (Fig. 16) [34].
hey were applied in the Rh-catalyzed asymmetric hydrogena-
ion of several �,�-unsaturated carboxylic acid derivatives (ee’s
p to >99%) under very mild conditions. These ligands contain
ifferent phosphite substituents (a–e) that affect the catalytic per-
ormance. Therefore, the enantioselectivity was best with ligand
2b, which contains bulky tert-butyl groups in the ortho and para
ositions of the biphenyl moiety. The results also indicate that the
tereogenic binol units control the preferential enantiomer config-
ration. Therefore ligand 42d with the R-binaphthyl moiety mainly
rovides the R-configuration of the hydrogenation product (97.6%
e), while ligand 42e with the S-binaphthyl moiety gave the oppo-
ite enantiomer in 98.3% ee. Both enantiomers of the product can
herefore be obtained with high enantioselectivity.

The second successful family of P–P′ donor carbohydrate lig-
nds were the phosphite–phosphoroamidite ligands 43 and 44, also
erived from d-xylose (Fig. 16) [35]. These ligands are related to
iphosphite ligands 19–20 and phosphine–phosphite ligands 42
mentioned above). The introduction of a phosphoroamidite moi-
ty at C-5 of the ligand backbone is highly adventitious, leading
o high enantioselectivities in the Rh-catalyzed hydrogenation of
ehydroaminoacids (ee’s up to 99% using ligand 43b).

′
The last family of mixed P–P donor carbohydrate ligands are the
hosphinite-phosphite ligands 45 related to 25–26 in which a phos-
hinite moiety has been replaced by a phosphite group (Fig. 16).
igand 45f proved to be effective in the Ir-catalyzed hydrogenation
f ketimines (ee’s up to 73%) [21b,36].

Fig. 16. Heterodonor P–
try Reviews 254 (2010) 2007–2030 2013

2.2.2. Heterodonor P–N ligands
To the best of our knowledge, there is only one example of

sugar-based P,N-ligands applied to the asymmetric hydrogenation.
This includes the application of a pyranoside phosphite–oxazoline
ligand library (46–49) in the Ir-catalyzed hydrogenation of unfunc-
tionalized olefins (Fig. 17) [37]. These ligands can be easily tuned by
variation in the oxazoline and in the biaryl phosphite moieties. By
carefully selecting the ligand components high activities and enan-
tioselectivities (ee’s up to >99%) were obtained for several E- and
Z-trisubstituted and 1,1-disubstituted olefins.

2.2.3. Heterodonor P–S ligands
Concerning the use of heterodonor P,S-sugar-ligand deriva-

tives, phosphinite thioethers 50–52 (Fig. 18) have been successfully
used in the asymmetric Rh-catalyzed hydrogenation of enamides
and dehydroaminoacids (ee’s up to 98%) [38,39]. Ligands 50–51
were developed having in mind the pseudo-enantiomers strategy
used earlier by RajanBabu (ligands 7 and 8). Therefore, although
both ligands are from the readily available d-series, they acts as a
pseudo-enantiomers providing access to both enantiomers of the
hydrogenation products.

3. 1,2-Addition of nucleophiles to C O and C NR

The origin of sugar-ligand use in enantioselective 1,2-
organometallic additions to �-systems can be traced to the pio-
neering work of Hafner and Duthaler [40]. Simple diacetalglucose
as a ligand in the stoichiometric reaction of CpTi(CH2CH = CH2)(53-
H)2 with PhCHO affording the derived homoallylic alcohol in 90%
(R configuration) (Fig. 19). Use of tartrate-based TADDOL ligands
allowed the attainment of both Re and Si face additions to a range of
aldehydes in high ee values (86–90%). However, attempts to extend
this early precedent to reactions employing a catalytic amount
of sugar-ligated Lewis acid and a terminal allyl source have met
with limited success. Typically, such transformations have instead

been restricted to directing group effects engendered by sugar-
derived starting materials [41]. Recently, Appelt and Braga have
introduced a very simple system composed of Sn or Zn metal in the
presence of either saccharose (54) and especially �-cyclodextrin
(55). Under these conditions allylbromide and aromatic aldehy-

P′ ligands 42–45.
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Fig. 17. Pyranoside phosphite–oxazoline ligands 46–49 derived from d-glucosamine.
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Fig. 18. Phosphinite

es provide interesting levels of enantioselectivity (ee 62–90%) of
he alcohol product even though presently high levels of catalyst
oading are required (50–100 mol%) [42].

Given the ubiquitous nature of the reaction of ZnEt2 and ben-
aldehyde to provide PhCH(Et)OH in very high ee value for a very
ide range of ligands [43], it is perhaps surprising that sugar-based
romoters are poorly represented in this field. Two potential rea-
ons for this may be: (i), the potential for additional Zn· · ·O contacts
t the periphery of the ligand (as opposed to the desired, selec-
ive, 1,2-aminoalcohol motif); and (ii), the potential for zinc Lewis
cid triggered ligand destruction leading to non-selective back-
round reactions. Such problems are perhaps exemplified in Davies’
eroic optimization to ligand structure 56 from a family of >30
ugar-derived aminoalcohols (Fig. 20) [44]. Even rigorous molec-
lar mechanic and factorial analyses of the ligand parameters led
o a process providing only 65% ee. Very closely related 57 provided
7% ee for the same transformation provided Ti(iOPr)4 was present.
he later is known to provide a ‘cleaning’ role in ZnEt2 addition
hemistry sequestering away undesired alkoxide products. Zheng
btained intermediate results (79–82% ee) for ZnEt2 addition to
rCHO using 58–59 derived from d-fructose.

Recently, much greater success has been attained in the 1,2-
ddition of in situ formed RC CZn(OTf) to aldehydes and imines
Carreira’s conditions [45]). By using the �-anomer of 56 Davies
ould now attain highly selective alkynation of a range of aliphatic
ldehydes (95–99+% ee) that were proposed to be attained from

ransition state 60 (Fig. 21) [46]. However, aromatic aldehydes
roved unreactive in this chemistry or provided Canizzaro by-
roducts. Conversely, aromatic imines were cleanly alkynated

n the presence of Cu(OTf)·1/2C6H6 (5 mol%) and glucosamine-
erived 61 (8 mol%) with good stereoselectivities (80–99% ee) for a

Fig. 19. Carbohydrate promoters
ther ligands 50–52.

small range of aromatic substituents [47]. However, in some cases
low catalytic activity was encountered—apparently the reaction
conditions were not tried on the equivalent aliphatic substrates.

Although in many cases the addition of ZnR2 (R = Et or higher
homologues) is known the equivalent 1,2-methyl additions can
prove problematic. In general, Zn–Me bonds (ca. 68 kcal mol−1

(285 kJ mol−1) [48]) are significantly stronger than their higher
partners and this can lead to sluggish reactivity. These problems
can be overcome by the use of AlMe3 reagents where the reac-
tions are driven by the formation of a very strong Al–O bond
(∼140 kcal mol−1 (590 kJ mol−1)). One particularly attractive vari-
ant is to use the air stable reagent [DABCO](AlMe3)2 62 in the
presence of Ni-phosphite catalysts. A range of sugar-derived phos-
phites has been screened in this chemistry of which 31d, 63 and
48a were the most successful, 31d being the best (Fig. 22) [49].

For nucleophiles other than organometallics the most signif-
icant advances are perhaps the TMSCN additions of Shibasaki
which have been extensively summarized in reviews by this group
(Fig. 23) [50]. These additions utilize 64, which was originally
attained from (d)-glucose. However 64, and related analogues have
recently also been attained by direct asymmetric ligand synthesis.

In the case of formation of 65 the stereoselectivity of the reac-
tion can be reversed by changing the gadolinium catalyst to a
titanium system using Ti(OiPr)4 [51]. Excellent enantioselectivi-
ties are realised in both cases. However, the equivalent aliphatic
ketones show significantly lower ee values (40–76% ee) due to

their poorer steric profiles. The equivalent TMSCN additions to
ketimines require the presence of a protic additive, hindered phe-
nols being the best, to achieve effective catalyst turnover to 66
[52]. Ligand 64 is also active in the opening of meso aziridines [53]
and some conjugate addition processes [54] which are presented

for asymmetric allylation.
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Fig. 20. (Amino)sugar-derived ligands for the 1,2-addition of ZnEt2 to aromatic aldehydes.
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Fig. 21. Asymmetric alkyn

ere for completeness (Fig. 23). Finally, a recent new application of
ugar-ligated ruthenium complexes has been identified: catalytic
ydrolysis of nitriles (Fig. 24). Presently the activities are modest
nd there have been no attempts to desymmetrize meso dinitriles
55].
. 1,4-Addition of nucleophiles to Michael acceptors

Spescha was the first to report the use of glucose derived 68
Fig. 25) to demonstrate copper-catalyzed Asymmetric Conjugate
ddition (ACA) of BuMgCl to cyclohexenone in 1993 [56]. The

Fig. 22. Ni-catalyzed asymmetric 1,2-add
of aldehydes and imines.

relative low levels of asymmetric induction realised (46–50% ee)
can be attributed to the possibility of geometrically diverse polar
Mg· · ·O contacts. Organometallics of more covalent M· · ·O bond-
ing character lead to greater rigidity in enantiodetermining step,
leading in turn, to the more selective catalysts. Commonly, AlR3
reagents are employed at −20 to −40 ◦C using 2–5 mol% of lig-

ated CuI catalysts, while the less reactive ZnR2 species require
significantly higher temperatures (0–25 ◦C) to attain complete
substrate conversions. Recent contributions to this field are sum-
marized in Table 1 with the associated ligand structures given in
Fig. 25.

itions of 62 to aromatic aldehydes.
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Fig. 23. Catalytic asymmetric reactions of TMSCN promoted by 64; [Gd] is Gd(OiPr)3.

Fig. 24. Chemoselective nitrile hydrolysis.

Fig. 25. Sugar ligands used in 1,4-addition of organometallics to Michael acceptors.
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Table 1
Copper-catalyzed ACA reactions of Michael acceptors.

Substrate R1 MR2 Ligand Yield/% ee/% References

69 H BuMgX 68 >90 46–50 [56]
69 H ZnEt2 21g 98 84 [57]
69 H ZnEt2 71 92 60 [58]
69 H ZnEt2 72 63 72 [59]
69 H AlEt3 31b 77 48 [60]
70 C5H11 AlMe3 31b 51 48 [60]
69 H AlMe3 73 88 56 [61]
69 H ZnEt2 74a 94 84 [62]
69 Me AlEt3 74b 52 90 [62]
70 C5H11 AlMe3 74a 51 79 [62]
69 H AlEt3 46d 61 64 [63]
70 C5H11 AlMe3 46d 85 62 [63]
70 Pri AlMe3 46d 90 80 [63]
70 C5H11 ZnMe2 75a 70 95 [64]
70 C5H11 ZnEt2 75a 80 91 [64]
70 C5H11 ZnMe2 75b 78 61 [64]
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70 C5H11 ZnMe2 7
70 Pri ZnMe2 7
70 Pri ZnMe2 7

While the exact mechanism of the addition of AlR3 or ZnR2
pecies to enones under CuI/L* catalysis is not fully understood it
s popularly assumed that effective two-point binding of the cata-
yst to the enone is required to attain a selective transition state.
hosphino-sugar ligands can be helpful in this respect as they are
omewhat predisposed to bind the additional ‘hard’ (Al or Zn) Lewis
cids necessary for carbonyl coordination through the presence of
ultiple O-donor sites. In general, the enantioselectivities asso-

iated with 1,2-CMe2-protected furanoside ligands derived from
d)-glucose or xylose are modest (ee values up to ∼60%), partic-
larly if the phosphorus is attached with the xylo configuration
‘up’) at C3. Ligands with an inverted configuration at this centre
ave provided more successful catalyst (i.e. 74). Similar advantages
ave been noted in the use of amino sugars, especially those derived

rom glucosamine (46d, 75, and 76). Again, while the exact coor-
ination mode of these ligands remains unknown, the reverse of
tereochemical induction provide strong evidence of O-Zn coordi-
ation in the catalyst derived from 75b. Use of 75a or 76 allowed for
ighly stereoselective additions of ZnR2 (R = Me, Et) across a range
f demanding acyclic aliphatic enones.

Rhodium-catalyzed ACA of aryl boron reagents has become
he definitive method for the preparation of 3-aryl ketones and
ther closely related species. Although use of chiral diene ligands
ominate this area, Boysen [3,47,122] has recently demonstrated
he viability of the P,C C ligand 77 in 1,4-additions of PhB(OH)2
Fig. 26).

While not strictly within the remit of this review, very recently
hao has introduced glucose derived 78 in organocatalyzed Michael
hemistry to nitro acceptors (Fig. 27) [65]. The role of the sugar
nit is not clear: the chirality of the diamine sub-unit dictated the
nantioface of the nitroalkene attacked and no sugars other than
d)-glucose were used. Ligand 78 is of interest as thiocarbonyl com-
ounds have proved of use in CuI-catalyzed additions of AlMe3 to
nones [66]. In a similar vein, the (d)-glucose derived crown ether

9 promotes phosphonate 1,4-addition to a range of substrates, in
he presence of NaOtBu, of which nitriles were the most effective
Fig. 27) [67]. The organocatalytic area has also provided an initial
xample of a sugar-decorated carbene ligand (81) [68]. Although
ot isolable in this case it could be entrapped as its Pd(II) com-
75 92 [64]
47 89 [64]
33 94 [64]

plex showing a Pd-Ccarbene bond length of 1.990 Å. While the latter
complex has not yet been used in catalysis, the free ligand was
despite its fragility active in catalytic conjugate umpolung chem-
istry affording a mixture of 82a–b (with the former being the major
epimer). No comment was made on the enantioselectivity in this
process.

5. C–C cross-coupling

5.1. Pd-allylic substitution

The Pd-catalyzed asymmetric allylic substitution, which
involves the attack of diverse nucleophiles at an allylic metal inter-
mediate or SN2′-type allylic substitution, is one of the most versatile
routes for preparing optically active compounds [4d,69]. Besides a
high level of asymmetric induction, the advantages of this method
are its tolerance of a wide range of functional groups and a great
flexibility in the type of bonds that can be formed.

Most of the successful ligands reported to date for this pro-
cess have been designed using three main strategies. The first was
the use of a secondary interaction of the nucleophile with a side
chain of the ligand to direct the approach of the nucleophile to
one of the allylic terminal carbon atoms [70]. The second was to
increase the ligand’s bite angle in order to create a chiral cavity
in which the allyl system is perfectly embedded. This idea paved
the way for the successful application of ligands with large bite
angles for the allylic substitution of sterically undemanding sub-
strates [4d,69,71]. A third final strategy was the use of heterodonor
ligands that result in an electronic discrimination of the two allylic
terminal carbon atoms due to the different trans influences of the
donor groups [4d,69,72]. This made it possible to successfully use
a wide range of heterodonor ligands (mainly P,N-ligands) in allylic
substitution reactions [4d,69]. More recently, the introduction of

biaryl-phosphites into the ligand design has emerged as a new
strategy [73]. The benefits of this latter strategy are: (1) substrate
specificity decreases because the chiral pocket created is flexible
enough to enable the perfect coordination of hindered and unhin-
dered substrates [74], (2) reaction rates increase thanks to the
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ig. 26. Rhodium(I)-77 catalyzed additions of PhB(OH)2 to various enones: (a) cycl

arger �-acceptor ability of these moieties [75], and (3) regiose-
ectivity towards the desired branched isomer in monosubstituted
inear substrates increases thanks to the �-acceptor ability of the
hosphite moiety that enhances the SN1 character of the nucle-
philic attack [76].

Carbohydrate-based ligands have only recently shown their
uge potential as a source of highly effective chiral ligands in the Pd-
atalyzed asymmetric allylic substitution reactions. Several types of
igands, mainly heterodonors, have been developed for this process
nd some of the results are among the best ever reported. In the next
ection we summarize the most relevant catalytic data published
or the Pd-catalyzed allylic substitution with carbohydrate-based
igands.
.1.1. Homodonor ligands

.1.1.1. Phosphine ligands. Unlike asymmetric hydrogenation pro-
ess, few diphosphines have provided good enantioselectivities in
llylic substitutions [4d,69]. In this respect, one of the most ver-

Fig. 27. Emerging organocatal
none; (b) 5,6-dihydro-2H-pyran-2-one; (c) cyclopentenone; (d) penten-2-one.

satile ligands for this process is the diphosphine 83 developed by
Trost (Fig. 28) [69c,77]. The remarkable properties of this ligand
are related to the bite angle, which is larger than in unstrained Pd-
diphosphine complexes. Consequently, the P-aryl groups generate
a chiral cavity, in which the allyl system is embedded, and this
provides high ee’s for several sterically undemanding substrates.

Regarding the use of carbohydrate-based diphosphine ligands
only two contributions have appeared. In 2000, the previously men-
tioned C1-furanoside diphosphine ligands 3–5 (Fig. 3) were applied
in the Pd-catalyzed asymmetric allylic substitution reactions with
moderate success (ee’s up to 78%) [78].

In 2006, Ruffo and coworkers developed a modification of the
Trost-bis(phosphinoamides) ligands 83 using diamines based on

glucose and mannose as chiral auxiliaries (Fig. 28, ligands 84a and
85) for the highly enantioselective Pd-catalyzed desymmetriza-
tion of meso-cyclopenten-2-ene-1,4-diol biscarbamate (ee’s up to
97%) [79]. Interestingly both enantiomers of the product can be
obtained in high enantioselectivities by switching from glucose (84)

ytic conjugate additions.
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Fig. 28. Bis(phos

o mannose (85) derivative ligands. Ligand 84b, derived from glu-
osamine, provided improved enantioselectivities in this process
ee’s up to 98%). Moreover, it provided promising results under

ultiphase homogeneous conditions.[80] Recently, a bipyridine
erivative, related to 84a, have provided high regio- (up to 98%) and
nantioselectivities (up to 99%) in the Mo-catalyzed allylic alkyla-
ion of monosubstituted substrates [81].

.1.1.2. Phosphinite ligands. The use of phosphinite ligands has
een scarce and with little success. Therefore, the previously
eported pyranoside diphosphinite 7 (Fig. 5) [82] and furanoside
iphosphinites 13 and 14 (Fig. 7) [83] provided low-to-moderate
nantioselectivities (ee’s up to 59%).

.1.1.3. Phosphite ligands. A review of the research into
arbohydrate-based phosphite ligands reveals three main lig-
nd types. The first one represented an important breakthrough
n the use of phosphite ligands for this process. It showed the
uccessful application of the previously furanoside diphosphite
igands 19–24 (Fig. 10) in the Pd-catalyzed allylic substitution of
imethyl malonate and benzylamine to several acyclic and cyclic
llylic esters (Fig. 29) [1c,75b,78a,84]. These excellent results are
n line with the presence of a �-acceptor flexible bulky biphenyl
hosphite moiety that allows the creation of a more flexible
hiral pocket which is able to control the size of the chiral pocket
s required by each substrate type and, therefore, obtain high
nantioselectivities. Although, high rates and enantioselectivities
ere achieved in the Pd-catalyzed allylic substitution of monosub-

tituted substrates, the regioselectivity for the branched products
as not high.

Enantioselectivities were best with ligand 22b, which has a glu-
ofuranoside backbone and bulky tert-butyl substituents at both
rtho and para positions of the biphenyl moieties. Ligand 19b was
lso used to stabilize Pd-nanoparticles. These particles catalyzed
he allylic alkylation of rac-1,3-diphenylprop-2-enyl acetate with
imethyl malonate leading to an almost total conversion of the (R)
nantiomer and almost no reaction with the (S). This gives rise to
7% ee for the alkylation product and a kinetic resolution of the
ubstrate recovered with ca. 90% ee [85].
The second report appeared in 2005 and reported the applica-
ion of the previously mentioned C2-diphosphite ligands 18 (Fig. 9)
n the Pd-catalyzed allylic alkylation of several acyclic and cyclic
llylic esters with low success (ee’s up to 41%) [86].

Fig. 29. Acyclic and cyclic allylic esters tested with ligands 19–24.
amides) 83–85.

The third report appeared more recently and described the
successful application of the previously mentioned 25–28 lig-
ands (Fig. 11) in the Pd-catalyzed allylic substitution reaction of
1,3-diphenylprop-2-enyl acetate [75c]. Ligand 25b provided high
activity (TOFs > 22000 h−1) and excellent enantioselectivities (ee’s
up to 99%).

5.1.1.4. Phosphoroamidite ligands. During the last decades, there
has been a huge advance in the use of phosphoroamidite ligands
for several asymmetric processes [87]. However, to best our knowl-
edge only one family of diphosphoroamidite ligands 86 based on
carbohydrates has been successfully applied in asymmetric cataly-
sis (Fig. 30) [74c]. Good-to-excellent activities (TOF’s up to 850 for
the allylic alkylation of rac-1,3-diphenylprop-2-enyl acetate with
dimethyl malonate) with enantioselectivities up to 95% have been
obtained in the Pd-catalyzed allylic alkylation for several di- and
monosubstituted linear and cyclic substrates. The results indicate
that catalytic performance is highly affected by the substituents and
the axial chirality of the biaryl moieties of the ligand. The study of
the 1,3-diphenyl and cyclohexenyl Pd-�-allyl intermediates indi-
cates that the nucleophilic attack takes place predominantly at the
allylic terminal carbon atom located trans to the phosphoroamidite
moiety attached to C-5.

5.1.1.5. S-donor ligands. Sulfur donor ligands have been used much
less than phosphorus ligands in this process because a mixture of
diastereomers can be obtained upon coordination of the thioether
ligand to the metal, which can lead to a decrease in stereoselection
if the relative rates of the intermediates are similar. Despite this,
high enantiomeric excesses have been achieved [88]. In this con-
text, Khiar and coworkers used a combinatorial approach to find
the best dithioether ligand 87 from a library of 64 potential ligands
(Fig. 31) for the Pd-catalyzed allylic alkylation of dimethyl malonate
to 1,3-diphenylprop-2-enyl acetate (ee’s up to 90%) [89a]. In the
search for both enantiomers of the alkylation product, the authors
successfully prepared pseudo-enantiomers 88 and 89 derived from
d-galactose and d-arabinose, respectively (Fig. 31) [89b].

5.1.2. Heterodonor ligands
5.1.2.1. P–P′ ligands. The first successful family of P–P′ carbohy-
drate ligands were the phosphite–phosphoroamidite ligands 43
and 44 (Fig. 16) and ligands 74 and 90 (Fig. 32), derived from d-
xylose. They were successfully applied in the Pd-asymmetric allylic
substitution (ee’s up to 98%) [90]. Interestingly, this ligand family
also provides high activity (because of the high �-acceptor capacity
of the phosphoroamidite moiety) and enantioselectivities in dif-
ferent substrate types (mono- and disubstituted linear and cyclic

substrates). The previously related phosphine–phosphite ligands
42 (Fig. 16) with a furanoside backbone have been also used in
the model enantioselective Pd-catalyzed allylic alkylation and ami-
nation substitutions reactions providing up to 42% and 66% ee,
respectively [84b].
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Fig. 30. Furanoside diphosphophoroamidite ligands 86.
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by a phosphite moiety led to the formation of phosphite–oxazoline
Fig. 31. Dithioether ligands 87–89. The maxim

Recently, the phosphite–phosphoroamidite ligands 91 with
yranoside backbone (Fig. 32) have been developed for the
d-catalyzed allylic substitution reaction of several substrates.
nantioselectivities up to 89% have been obtained for disubstituted
inear and cyclic substrates [91].

.1.2.2. P–N ligands. Several types of P,N-donor carbohydrate lig-
nds have been developed for use in Pd-asymmetric allylic
ubstitutions (Fig. 33).

In particular, many phosphorus-oxazoline ligands have pro-
uced excellent results. In this context, ligand 92 derived from

-glucosamine was successfully applied in the Pd-catalyzed allylic
lkylation of dimethyl malonate to symmetrically and non-
ymmetrically substituted allyl acetates (Fig. 33) [92]. These results
re in line with a nucleophilic attack trans to the phosphorus atom.

Fig. 32. Phosphite–phosphoroamidite ligands 74, 90 and 91.
e values reached are also shown in brackets.

Phosphinite-oxazoline ligands 95 also derived from
d-glucosamine provided high enantioselectivity in the 1,3-
diphenylprop-2-enyl acetate, but enantioselectivities were
low-to-moderate for unhindered linear and cyclic substrates
[93,94]. The results of the allylic alkylation of dimethyl mal-
onate to 1,3-diphenylprop-2-enyl acetate indicated that the best
enantioselectivity was obtained with the smallest substituent
on oxazoline (R = Me, ligand 95a). Their results also indicate that
the nucleophilic attack took place trans to the phosphorus atom
thought and endo �-allyl Pd-intermediate.

Recently, the replacement of the phosphinite group in ligands 95
ligands 46–49 (Fig. 17) [95]. The introduction of a biaryl phosphite
moiety in the ligand design proved to be highly adventitious. There-
fore, the new ligands 46–49 provided higher enantioselectivities

Fig. 33. Representative P,N-ligands.
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Fig. 34. Acyclic and cyclic allylic esters tested with ligands 46–49.

nd reaction rates than related phosphinite-oxazoline ligands in
he allylic substitution (ee’s up to 99%). Moreover, the presence of
flexible phosphite moiety opens up the possibility of using the Pd-
hosphite–oxazoline catalytic systems to a wide range of different
ubstrate types in this catalytic process (Fig. 34). These ligands were
lso used to stabilize Pd-nanoparticles [96].

Other P,N–donor carbohydrate ligands, such as phosphine-
xazine ligands 93 [100] and phosphine-imine ligand 94 [97] has
lso been developed for the Pd-catalyzed allylic substitution of 1,3-
iphenylprop-2-enyl acetate (Fig. 33).

.1.2.3. P–S ligands. Several combinations of P,S-donor ligands
ave been studied. In particular, the phosphine-thioether,
hosphinite-thioether and phosphine-oxathiane have proven to
e effective in enantioselective Pd-catalyzed allylic substitutions
Fig. 35).

Among the phosphine-thioether, it should be noted that ligands
6 [98], 98 [99] and 100 [100] can provide enantioselectivities up
o 94% in the palladium-catalyzed allylic substitution reactions.

More recently, the previously mentioned furanoside
hosphinite-thioether ligands 52a–c (Fig. 18) have been extended
y the introduction of more substituents with different electronic
nd steric properties on the thioether moiety (ligands 52d–g,
ig. 40). Ligands 52 were applied in the Pd-catalyzed allylic sub-
titution of mono- and disubstituted linear and cyclic substrates
ee’s up to 95%) [101].

At the same time, the previously mentioned phosphinite-
hioether ligands 50 and 51 with pyranoside backbones (Fig. 18)
ere successfully applied in Pd-catalyzed allylic substitution of
,3-diphenylprop-2-enyl acetate (ee’s up to 96%). Enantioselectiv-
ties were best when bulky tert-butyl substituents were present in
he thioether moiety. Both enantiomers of the allylated products
ere obtained by using pseudo-enantiomeric ligands 50 and 51

38a,102].

Fig. 35. Representati
try Reviews 254 (2010) 2007–2030 2021

5.1.2.4. P–O ligands. Phosphine-amide ligands 101–106 (Fig. 36)
with pyranoside backbone have been extensively studied for the
Pd-catalyzed allylic alkylation of 1,3-diphenylprop-2-enyl acetate
with dimethyl malonate [97c,103]. The results clearly showed
that enantioselectivity is highly affected by the configuration of
the anomeric carbon, the chelate ring size formed upon coor-
dination to Pd and the rigidity of the ligand. Therefore, ligands
101, 105 and 106 that forms a six-membered chelate ring and
with a � anomeric carbon afforded higher enantioselectivities
than ligands 102 (with an � anomeric carbon) and 104 (that
forms a seven membered chelate ring). Moreover, the results
between ligands 105 and 106 indicate a cooperative effect between
stereocenters that resulted in a matched combination for ligand
(S)-105.

5.1.2.5. N–S ligands. Thioglucose-derived ligands 107, containing
a chiral oxazoline moiety (Fig. 37), when used as ligands in
the palladium-catalyzed allylic alkylation of diphenylprop-2-enyl
acetate have provided some of the best results achieved in this
reaction with mixed N,S-donor ligands [104].

More recently, the pyranoside thioether-imine ligand 108
(Fig. 37), related to 98, was applied in the allylic alkylation
of 1,3-diphenylprop-2-enyl acetate with low enantioselectivity
[99a].

5.2. Heck reaction

The asymmetric Heck reaction generally referred to the palla-
dium mediated coupling of aryl or vinyl halides or triflates with
alkenes in the presence of base has become one of the most versa-
tile methods for C–C bond formation (Scheme 2). This process has
found extensive applications in asymmetric synthesis. Shibasaki
and Overman have convincingly demonstrated the value of such
transformation in the synthesis of complex natural molecules
[4d,105].

The bulk of the reported examples involve intramolecular reac-
tions, which have the advantage of allowing easy control of alkene
regiochemistry and geometry in the product [105g]. In contrast,

successful intermolecular reactions have until very recently been
limited to quite reactive substrates, principally O-, N-heterocycles,
which again simplifies the question of alkene regiochemistry
[4d,105]. It should be noted that in the asymmetric intermolecu-
lar Heck reaction it is not only the enantioselectivity of the process

ve P–S ligands.
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Fig. 36. Phosphine-amide ligands 101–106. The enantioselectivities for 1,3-diphenylprop-2-enyl acetate are also shown in brackets.

Scheme 2. Pd-catalyzed Heck reaction. X = halide or triflate.

zed in

t
b
i
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Scheme 3. Model Pd-cataly

hat needs to be controlled, the regioselectivity is also a problem,
ecause a mixture of regioisomers can be obtained. So, for example,
n the Heck reaction of 2,3-dihydrofuran 109 with phenyl triflate,
mixture of two products is obtained: 2-phenyl-2,3-dihydrofuran
10 and the expected 2-phenyl-2,5-dihydrofuran (111; Scheme 3).
he former is formed due to an isomerization process [4d,105].

Fig. 37. Representative N–S ligands.
termolecular Heck reaction.

5.2.1. Ligands
Diphosphines, which have played a key role in the success of the

intramolecular version, were early applied. Among these, the Pd-
BINAP were the first catalytic system that offered good regio- (in
favour to product 110) and enantiocontrol [4d,105]. In the last few
years, a class of heterodonor ligands – the phosphorous-oxazoline
– have emerged as suitable ligands for the intermolecular Heck
reaction of several substrate types and triflates sources [106]. In
contrast to Pd-BINAP systems, they offer preferentially isomer 111
in high enantioselectivities.

Although carbohydrate-based ligands have been success-
fully used in other enantioselective reactions, there are
only two reports on the highly enantioselective palladium-
catalyzed asymmetric Heck reaction using this type of ligand
[106m,p,q].

The first successful application of carbohydrate-ligands
in this process used the pyranoside phosphinite-oxazoline
ligands 95 (Fig. 33) in the Pd-catalyzed enantioselective
arylation of 2,3-dihydrofuran (ee’s up to 96%). The results

indicated that enantioselectivity was hardly affected by the
type of oxazoline substituents. This set of ligands were also
applied in the phenylation of trans and cis-crotyl alcohols
with low enantioselectivity (ee’s up to 17%), represent-
ing the first example of the enantioselective intermolecular
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Fig. 38. Representative results obtained with ligands 46–49.
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Fig. 39. Ligands 112–114.

rylation of prochiral alkenes [106m]. The authors also
isclosed by isolation of the arylpalladium complex [(p-
eO2CC6H4)PdI(95a)] and the stoichiometric reactions of the

omplex [PhPd(95f)]OTf with 2,3-dihydrofuran the mechanistic
spect for Mizoroki–Heck-type reaction using P,N-ligands. They
ound out that the deprotonation at �-position with a base lead-
ng to an alkene–(2-phenyl-2,5-dihydrofuran)–palladium(0)
omplex is responsible for the selective formation of the
roduct.

Recently, the previously mentioned phosphite–oxazoline lig-

nds 46–49a–g (Fig. 17) were also successfully applied in the
d-catalyzed asymmetric Heck reaction of several substrates and
riflate sources [106p,q]. The results indicates that the degree
f isomerization and the effectiveness in transferring the chi-

Fig. 41. Carbohydrate-based ligands in the
Fig. 40. Heterodonor ligands in asymmetric hydroformylation.

ral information in the product and the activity can be tuned by
correctly choosing ligand components (phosphite and oxazoline
substituents).The introduction of a biaryl phosphite moiety in the
ligand design proved to be highly adventitious. Therefore, excellent
activities (up to 100% conversion in 10 min), regio- (up to >99%) and
enantioselectivities (ee’s up to 99%) were obtained in a wide range
of substrates and triflate sources (Fig. 38).

6. Hydroformylation
Asymmetric hydroformylation has attracted much attention as a
potential tool for preparing enantiomerically pure aldehydes [107].
Despite its importance, asymmetric hydroformylation is under-

epoxidation of (Z)-�-methylstyrene.
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Fig. 42. Stereospecific synthesis of epoxidation pre-catalyst 122.
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Fig. 43. Other reactions of sale

eveloped compared to other processes such as hydrogenation.
raditionally, vinylarenes have been the most studied sub-
trates. Although, Rh-diphosphites and Rh-phosphine–phosphite
INAPHOS-type (BINAPHOS = (2-(diphenylphosphino)-1,1′-
inaphthalen-2′-yl)-(1,1′-binaphthalen-2,2′-yl)phosphite) have
roved to be the most efficient catalytic systems [2,108], recently,
iphospholane [109], bis-(diazaphospholodine) [110] and
hosphine-phosphoroamidite [111] have emerged as suitable

lternative ligands for this process. The use of these latter ligands
as allowed the successful Rh-catalyzed hydroformylation of
ther type of substrates, like allyl cyanide, vinyl acetate and some
icyclic olefins [109,110,111].

Fig. 44. Glucosamine-derived lig
bipyridyl-based sugar ligands.

6.1. Homodonor ligands

As far as carbohydrate diphosphine ligands are concerned, only
two families of ligands (3–5 and 112) were developed early on
[112]. It should be noted that excellent enantioselectivities were
obtained using ligand 112 (Fig. 39) in the hydroformylation of vinyl
acetate.

The use of carbohydrate diphosphinite ligands in asymmetric

hydroformylation has also been scarce [113]. Therefore, the pre-
viously mentioned ligands 7, 13 and 14 have been applied in the
asymmetric hydroformylation of several vinylarenes with enan-
tioselectivities up to 72%.

ands for cyclopropanation.
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Fig. 45. Hydrovinylation and carbohydrate ligands used. The numbers in the pa

Concerning, carbohydrate diphosphite ligands only three fam-
lies have been applied. The early use of diphosphite ligand 113
Fig. 39), with �-d-glucopyranoside backbone, proceed with mod-
rate success (ee’s up to 36%) [23]. An important breakthrough
n this area came with the use of the previously mentioned tun-
ble furanoside diphosphite ligands 19–24 in the Rh-catalyzed
ydroformylation of vinyl arenes [114]. These ligands show
oth excellent enantioselectivities (up to 93%) and regioselec-
ivities (up to 98.8%) under mild conditions. More recently,
hese ligands were also successfully applied in the Rh-catalyzed
symmetric hydroformylation of more challenging substrates: het-
rocyclic olefins [115]. Unprecedentedly high enantioselectivities
or five-membered heterocyclic olefins (i.e. 2,3-dyhydrofuran, 2,5-
ihydrofuran and N-acetyl-3-pirroline) were obtained (ee’s up to
5%). Seven-membered heterocyclic dioxepines were also success-
ully hydroformylated with enantioselectivities (ee’s up to 68%)
mong the best reported. In 2009, diphosphite ligands 19 and 22
ere modified by replacing the 1,2-O-acetal by a simple alkyl chain

ttached to C-2 (ligands 114, Fig. 39). However, this modification
ed to lower enantioselectivities [116]. The previously mentioned
igand 25 were also applied with moderate success in the Rh-
atalyzed hydroformylation of vinylarenes (ee’s up to 60%) [27].
.2. Heterodonor ligands

Following the early success of the heterodonor BINAPHOS ligand
n this process, several types of heterodonor carbohydrate ligands
eses are the selectivity to the 3-phenylbutene 128 and its ee value respectively.

have been developed for application in the asymmetric hydro-
formylation catalysis but these have met with little success (Fig. 40)
[117].

7. Other catalytic transformations

7.1. Oxidation

The use of sugar-based ligands in oxidation catalysis is a rel-
atively recent development dating to 2002 [118]. Despite the
obvious potential for ligand degradation many sugar decorated lig-
ands appear relatively stable under oxidising conditions. Recently,
in a screening of (Z)-�-methylstyrene epoxidation using sugar-
functionalized salen ligands, Zhao found galactopyranose derived
117 to be the most effective (providing 85% ee epoxide) when
using m-CPBA in the presence of N-methylmorpholine (used to sup-
press uncatalyzed epoxidation) (Fig. 41) [119]. In closely related
chemistry Ruffo has used glucosamine-derived 118 in an iden-
tical transformation leading to the production of the epoxide
with almost identical selectivity [120]. The similar nature of these
two results suggest that the principal stereochemical determining
motifs in these systems are the ‘Jacobsen-like diamines’ rather that

the sugar peripheries.

In a nice example of stereoselective complex synthe-
sis Herrmann and Kühn oxidised isopropylidene protected-d-
mannofuranose 119 with CrO3·pyridine to afford a good yield of
ester 120. This unexpectedly affords the more sterically congested
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Table 2
List of key sugar backbones.

Product Starting materiala References Estimated priceb

d-Xylose (33 D /kg) [128,129] 3.5 D /g (8.7 D /g)

d-Glucose (9.5 D /kg) [128] 0.9 D /g (1.2 D /g)

d-Glucose (9.5 D /kg) [128,130,131] 7 D /g (25 D /g)

d-Glucose (9.5 D /kg) [128,116] 30 D /g

d-Glucose (9.5 D /kg) [132–135] 8 D /g (39 D /g)

d-Glucose (9.5 D /kg) [132,136] 1.5 D /g (13 D /g)

d-Fructose (27 D /kg) [137] 1.5 D /g

d-Fructose (27 D /kg) [137,138] 1.5 D /g

d-Mannitol (49.5 D /kg) [139] 2.5 D /g (7.1 D /g)

d-Glucosamine (177 D /kg) [140,141] 9 D /g

d-Glucosamine (177 D /kg) [142] 5.5 D /g

d-Galactose (150 D /kg) [143,144] 2 D /g (14 D /g)

a In brackets are shown the commercial price.
b Estimated price making the desired precursor from the unprotected sugar at 0.2–0.5 mol scale without taking into account the electricity, waste disposal and salary costs.

In brackets are shown averaged commercial prices.
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Fig. 46. Representative sugar core

iastereomer 119 in the presence of in situ generate 2-pyridyllithim
Fig. 42) [121]. The addition is proposed to take place from an enve-
ope conformation that promotes addition to the Re face, although
nly 35% of 121 is isolated. Reaction of 121 with MoO2(acac)2
fforded 122 as a single �-chiral at metal complex that was crys-
allographically characterised. Unfortunately, while 1 mol% of 122
oes catalyze (E)-�-methylstyrene (which is not a good substrate
or 117–118 under normal conditions) using cumyl hydroperoxide,
he maximum enantioselectivity attained was only 27%.

In related O-atom transfer reactions, 6-amino-6-
eoxyglucopyranoside-based Schiff-base ligands and other
arbohydrates have been used for vanadium-catalyzed peroxide-
ased sulfide oxidation. Enantioselectivities up to 60% were
ealised.[122] Aside from O-atom-transfer, sugar-based ligands
ave found recent use in oxidative kinetic resolution and also
lectrophilic fluorination (considering the latter as an oxidative
rocess of an enolate). Thus in the first case, use of manganese
re-catalyst 123 (Fig. 43) in the presence of PhI(OAc)2 allows the
inetic resolution of 1-phenylethanol with a selectivity factor of
1.2 [123]. At 60% conversion to acetopheneone the starting mate-
ial is recovered with 89% ee. However, the major contribution
o the selectivity of the catalyst was the diamine linker, not the
ugar. In the second case (electrophilic fluorination), ligand 124
as been used to promote the formation of [(124)Cu(‘enolate’)]+

ntermediates where the ‘enolate’ ligand is derived from the
,3-dicarbonyl starting material. The electron-rich double bond
f this species is intercepted by an achiral external F+ source of
hich N-fluoro-bis-benzenesulfonylimide was found to be the

est. Presently the optical yields in the carbohydrate ligands,
xemplified by 124, are similar to those seen with other more
ommon N,N-chiral ligands, such as bis-oxazolines [124].

.2. Cyclopropanation

The use of CuI catalysts in the presence of chiral N,N-ligands is

ell known to activate diazocompounds towards alkenes and pro-
otion of the addition of N2 = CH(CO2Et) to styrene has become
standard ‘test reaction’ for the efficacy of new ligands. Recently,
oysen has introduced new N,N-chelates based on d-glucosamine
126–127) (Fig. 44) [125]. In general, these ligands do not offer
seudo-enantiomeric ligand pairs.

any great advantages over pre-existing systems, similar selectiv-
ities are attained. The related thio ligand 126 delivers only modest
(up to 28% ee) for the same test reaction. Ligands 127 fare better,
especially when the pivolyl substituted variant is used. The enan-
tioselectivities observed in these reactions mirror those seen in
bis-oxazoline-based approaches. In particular, the same limitation
is found in that diastereo (cis/trans) selectivity in these reactions is
at best modest.

7.3. Hydrovinylation

Carbohydrate ligands have a proven track record of success in
hydrovinylation since the first of these was introduced by Rajan-
Babu and coworkers in 1994 [126]. The selectivities observed in
these reactions are highly sensitive to substituent change. For
example, inclusion of electron withdrawing substituents at the
nitrogen substituents [NR(CO)CF3] of these glucosamine-derived
ligands led to more active isomerisation catalysts with nickel giv-
ing a depletion of the desired 3-arylbutene kinetic product 128. A
graphical summary of the ligands tried and the resultant selectiv-
ity is given in Fig. 45 [127]. For catalysts containing ligands 136
and 137 use of the diastereomeric (S)ax BINOL derived ligands led
to mis-matched cases showing minimal enantioselectivity (2–19%
ee).

8. Ligand structural features

As we have seen during this review, the structural diversity
of carbohydrates and the high density of functional groups offer
a wide variety of opportunities for derivatization and tailoring of
synthetic tools in the search of the right ligand for each particu-
lar reaction [1]. The choice of sugar cores and functional groups is
crucial and depends of the reaction to be studied. A selection of
prominent sugar cores are shown in Table 2 (see Section 9). Several
functional groups (mainly P and N donor groups, such as phosphine,

phosphite, amides, oxazolines, etc. . . .) can be attached to these
basic sugar backbones.

In addition, another important feature of sugar-based cores
is the rational design of pseudo-enantiomeric ligands thanks to
their high modularity. Using this strategy both enantiomers of the
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eaction product can be obtained without the use of expensive
nnatural, prohibitively expensive l-carbohydrates. Fig. 46 shows
ome representative sugar cores for pseudo-enantiomeric ligand
airs.

. Entry points to sugar-ligand design

To the non-carbohydrate specialist the preparation of novel
ugar cores can seem a daunting task hindered by the polarity
f the unprotected parents and wide reagent ranges or specialist
onditions often required. However, a wide range of starting mate-
ials are commercially available of which a selection of the most
mportant are given in Table 2 together with their approximate
elative costs (2010 figures). To make use of sugar as chiral ligands
n asymmetric catalysis in organic media, one should increase the
olubility of the sugars polyols by protecting some of the hydroxyl
roups. One of the more easy ways to do that is the use of cyclic
cetals (such as isopropylidene and benzylidene). The use cyclic
cetals is usually preferred over non-cyclic protecting groups since
hey reduce the conformational mobility of the sugar ring, which
s beneficial in the transfer of the chiral information to the prod-
ct outcome. Moreover, for the preparation of sugar backbones one
sually has to take advantage of the rich repertoire of the protecting
roup chemistry available. Because the protecting groups are intro-
uced and removed under different conditions, a large plethora of
artially protected carbohydrate cores are available. Table 2 also
ives, in our opinion, the most useful compilation of key starting
aterial precursors with their corresponding references [128].
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