MICROREVIEW

DOI: 10.1002/ejoc.201000728

Trichlorosilane-Mediated Stereoselective Reduction of C=N Bonds

Stefania Guizzettil®! and Maurizio Benaglia*?!

Keywords: Organocatalysis / Amines / Imine reduction / Lewis bases / Chirality

The reduction of C=N bonds represents a powerful and
widely used transformation allowing new nitrogen-contain-
ing stereocenters to be generated. Chiral amino groups are
ubiquitous in a variety of bioactive molecules such as alka-
loids, natural products, drugs, and medical agents, so the de-
velopment of a catalytic stereoselective process for the prep-
aration of enantiomerically enriched amines through ketoim-
ine reduction is attracting increasing interest, especially in
view of future industrial applications. Great efforts to de-
velop efficient organocatalytic methods to perform enantio-
selective imine reductions and reductive amination processes
have recently been made. In the last few years, trichloro-

silane-mediated reductions have received constantly increas-
ing attention because the potential to generate chiral cata-
lysts for imine reduction simply by coordination of HSiCl;
with a chiral Lewis base has allowed the development of sev-
eral efficient organocatalytic systems. Here we offer a com-
plete overview of different chiral promoters of stereoselective
reductions with trichlorosilane, classified as N-formyl deriva-
tives, which may be considered historically the first class of
compounds developed as chiral activators of trichlorosilane,
picolinamide derivatives, and miscellaneous compounds pre-
sented in that order.

1. Introduction

Recent market analysis showed that global revenues from
chiral technology soared from $6.63 billion in 2000 to
$16.03 billion in 2007, growing at a compound annual rate
of 13.4% during that period. Approximately 80% of all
products currently in development for the pharmaceutical
industry are based on chiral building blocks, a clear demon-
stration of why chiral technology has become of fundamen-
tal importance, and not only for pharmaceutical compa-
nies.!!]
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Among the different methodologies used to synthesize
enantiomerically enriched compounds, the use of a chiral
catalyst represents in principle the most attractive pro-
cedure, because of the small quantities required, the mild
(more energy-efficient) reaction conditions, and the more
selective (less waste production) courses of the transforma-
tions. The achievement of sustainable development is an im-
portant goal in the 21st century, and the requirement for
the production of single-enantiomer compounds ties in with
this because it concerns the reduction of waste in the pro-
duction of fine chemicals.” In this context the possibility
of using catalytic amounts of an organic compound of rela-
tively low molecular weight and simple structure to pro-
mote reactions that previously required costly transition-
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metal-based catalysts can be regarded as a significant step
toward the development of truly green chemistry.l!

This field includes the problem of developing efficient
catalytic methodologies for the stereoselective reduction of
C=N bonds, especially ketoimines. Chiral amines are find-
ing applications in an ever-increasing number of fields, such
as pharmaceuticals, agrochemicals, and fragrances, so the
possibility of developing an organocatalytic approach has
gained much attention because it might represent a solution
to the problems related to the possible presence of toxic
metals, leaching of which could contaminate the products.!

Among the metal-free methodologies recently devel-
oped,P! the use of trichlorosilane as a reducing agent is par-
ticularly attractive. This cheap reagent is a colorless liquid,
easily prepared in the silicon industry, which has already
been employed on large scales for transforming phosphane
oxides into phosphanes and N-acyliminium ions into N-
acylamines. Although the methodology may present some
problems with regard to, for example, the generation of
some quantities of halogen waste, it undeniably deserves
consideration as a viable tool for the synthesis of chiral sec-
ondary amines. The trichlorosilane needs to be activated by
coordination with a Lewis base, such as N, N-dimethylform-
amide, acetonitrile, or a trialkylamine, to generate hexaco-
ordinate hydridosilicate, the real active reducing agent that
operates under mild conditions.[®! The use of chiral Lewis
bases!”! offers the potential to control the absolute stereo-
chemistry of the process, and this has been widely explored
in the last few years, leading to the development of some
really efficient catalysts. Here we offer a complete overview
of different catalytic systems reported by many research
groups active in a field that has recently attracted consider-
able attention and has seen the design and the synthesis of
different classes of Lewis bases as effective activators of the
reduction process. The catalytic systems are classified and
presented in the following order: N-formyl derivatives, which
may be historically considered the first class of compounds
developed as chiral activators of trichlorosilane, picolin-
amide derivatives, a second class, intensively investigated in
the very last few years, and miscellaneous compounds.

2. Discussion

2.1. N-Formyl Derivatives

The first example of a stereoselective catalytic reduction
with HSiCl; was reported in 1999: Matsumura and co-
workers reported that N-formyl cyclic amine compounds
[basically (S)-proline derivatives] were effective activators
for the reduction of ketones in the presence of trichloro-
silane.[® Catalytic amounts of these Lewis bases were used
for obtaining enantiomerically enriched secondary alcohols
(up to 51% ee, Scheme 1). Two years later the same group
found that trichlorosilane, also activated with N-formylpro-
line as a chiral Lewis base, is an effective reagent for chemo-
and stereoselective reduction of imines (Scheme 1). The cor-
responding amines were isolated in moderate yields with up
to 66 % ee.l8b]
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Scheme 1. N-Formylproline as a chiral promoter of HSiCl;-medi-
ated reactions.

The mechanism originally proposed in that study (Fig-
ure 1) involved the coordination of the bidentate Lewis ba-
sic ligand 1 to the silicon atom, causing the formation of a
cationic active species. This species would be able to coordi-
nate the carbonyl oxygen and to transfer the proton via a
four-center transition state.
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o ?'\Cl o
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C
/
N% N—{
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Figure 1. Model for stereoselection.

This hypothesis was later modified by the authors, who
in successive publications proposed a transition state more
similar to that described by Malkov and Koc¢ovsky (see be-
low, Figure 2), in which the silicon atom is not involved in
the direct coordination of the substrate.

Matsumura’s contribution in designing N-formylpyrrol-
idine derivatives as HSiCl; activators can be considered a
milestone for the asymmetric reduction of ketones and im-
ines through the use of HSiCl; as reducing agent and paved
the road to the synthesis of other related systems. Since
then, considerable efforts have been devoted to the develop-
ment of efficient catalysts for the reduction of C=N bonds,
and remarkable progress has been made.

Another important breakthrough in the field was
achieved by Malkov and Kocovsky in 2004, when they de-
veloped the first highly stereochemical efficient catalyst; the
compounds of choice were the N-methyl-(.S)-valine-derived
Lewis basic organocatalysts of type 2 (Scheme 2), commer-
cially available since 2009.!

Two years later,l'% the same authors reported a detailed
investigation of the reduction of imines with HSiCl; cata-
lyzed by N-methyl-(S)-amino acid derivatives. A library of
chiral N-formylated amino acids with structural variations
at the carboxyamide group was designed and synthesized,
with either aromatic or aliphatic substituents. Reductions
were carried out in nonpolar solvents; toluene was chosen
for its relatively low environmental impact. Different substi-
tuted N-arylketimines were tested as substrates.
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Scheme 2. N-Formyl derivative of N-methyl-(.S)-valine.

After screening of a variety of N-methyl-(S)-amino acids
in the reduction of ketomines, valine was selected as chiral
element of choice with which to achieve stereocontrol and a
few conclusions were proposed: i) the N-methylformamide
moiety of the catalyst is fundamental for the enantio-
selectivity, ii) arene—arene interactions may play an impor-
tant role in determining the stereoselectivity of the catalyst,
iii) the anilide moiety of the catalyst has to be a secondary
amide (i.e., with an NH group), iv) the silicon atom is acti-
vated by coordination with the formamide moiety, v) the
configuration of the resulting product depends on the na-
ture of the amino acid side chain, and vi) bulkier groups in
the 3,5-positions of the aromatic ring (diisopropyl and di-
tert-butyl) provide an increase in the enantioselectivity in
the reduction of aromatic and non-aromatic ketoimines.

It was suggested that catalyst-substrate hydrogen bond-
ing and coordination of the silicon atom by the two carb-
oxyamide groups played a fundamental role in determining
the stereoselectivity of the catalyst. An additional element
of stereocontrol in the proposed transition state is the for-
mation of a hydrogen bond between the amide group of the
catalyst and the substrate (Figure 2).
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Figure 2. Model of stereoselection for (S)-valine-derived organo-
catalysts.

The general applicability of the catalyst 2¢ (known as
Sigamide, Scheme 3) in the reduction of multifunctionalized
ketoimines bearing heterocyclic and aliphatic substrates was
then investigated.'!l The reactions exhibited high enantio-
selectivities with ketimines derived from aromatic amines
and aromatic, heteroaromatic conjugated, and nonaromatic
ketones with an appreciable steric difference between the
alkyl groups R; and R,. Introduction of a heteroatom into
the aromatic system (pyridyl derivatives) afforded the prod-
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ucts with almost no enantioselection, probably as a result
of the competition of the substrate pyridine nitrogen with
the catalyst in the coordinating the silicon atom of HSiCls.
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Scheme 3. New (S)-valine-derived organocatalysts.

Two new (S)-valine-derived organocatalysts (3a, 3b,
Scheme 3), each bearing a bulky aromatic substituent at the
amidic nitrogen, were recently synthesized.['”l The efficienc-
ies of the new compounds were tested in model reductions
of ketoimines derived from aryl methyl ketones and were
found to be slightly inferior to that of Sigamide (2c¢).

The recoverability of this family of catalysts has also
been studied (Scheme 4). The fluorous-tagged catalyst 4
functions in solution, and showed very little difference from
the untagged version in terms of catalytic efficiency.'3¥ The
products were separated from the catalyst by filtration
though a pad of fluorous silica; the catalyst was easily reco-
vered and recycled.

Another study on the development of a polymer-an-
chored version of the same catalyst was recently reported;
different supports were investigated, with Merrifield and ex-
tended Merrifield, Wang, TentaGel, and Marshall resins all
being employed to immobilize the organocatalysts through
ether bonds.!'3?! Enantioselective reductions of N-aryl keto-
imines in the presence of trichlorosilane were typically per-
formed with employment of a 15-25mol-% amount of the
supported catalyst, a higher loading than used with the
nonsupported system (typically 5-10mol-% cat.). The im-
mobilized catalysts showed significant dependence on the
reaction solvent; whereas the nonsupported organocatalysts
work well in toluene, the polymer-anchored species behave
much better in chloroform. Under the best experimental
conditions, with the Merrifield-anchored catalyst 5, the
product was isolated in good yield and in 82% ee, but this
is 10% lower than the enantioselectivity obtained with the
nonsupported catalyst. After filtration of the immobilized
organocatalyst it was possible to reuse 5 five times always
with maintenance of the same level of stereoselectivity, but
a reactivation step was required.

A third recoverable version of the catalyst was achieved
by connecting the valine-derived formamide Lewis base to
gold nanoparticles.'¥ This methodology allows one both
to work in a homogeneous solution and to simplify the re-
covery of the catalyst and its separation from the product.
5531
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Scheme 4. Recoverable chiral organocatalytic systems.

The nanoparticles can be readily removed from the reaction
mixture by precipitation and subsequently recycled. The
nanoparticles 6 displayed good solubility in nonpolar sol-
vents (CH»Cl, and toluene) but proved poorly soluble in
more polar solvents (CH3;OH). The best result in terms of
enantioselectivity (=84 % ee) was observed with catalyst 6
in toluene as solvent at room temperature. Recovery experi-
ments showed that the enantioselectivity of 6 dropped in
the fourth run, whereas the yield remained virtually un-
changed. According to the authors, this behavior is due to
partial desorption of the immobilized organocatalyst from
the nanoparticle during the workup: in this way the back-
ground reaction, catalyzed by the “naked” nanoparticles,
becomes competitive. Accordingly, after the third run a de-
creased solubility of the nanoparticles was observed, and in
the fourth run the system was nearly heterogeneous.

A further recyclable catalytic system was produced by
anchoring the chiral active species to a new soluble poly-
meric platform (a block polymethacrylate) that, unlike the
classic soluble supports (e.g., PEG), is soluble in apolar sol-
vents and can be precipitated by increasing the solvent po-
larity.l'>] Asymmetric reductions of imines with CI3SiH pro-
moted by the soluble polymeric platform 7 (1-7 mol-% cat-
alyst loading) proceed at room temperature, affording chiral
amines in high yields and with good enantioselectivities
(=91% ee). The catalyst can be recovered and reused
at least five times without loss of activity. It was claimed
that the polymethacrylate backbone of catalyst 7 allows a
high concentration of the catalytic moiety in the poly-
mer.
5532
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The most recently reported system, published in 2010,
relies on an alternative approach: the catalyst is anchored
to a dendron.'®l Three generations of dendron-supported
N-methylvaline derivatives were prepared and employed as
organocatalysts for the enantioselective reduction of imines
with trichlorosilane. The isolation procedure for the third-
generation catalyst proved more successful: 90% of the cat-
alyst was recovered from the mixture by precipitation and
centrifugation. After aqueous workup the isolated amine
contained a quantity of the catalyst smaller than 1%. The
best enantioselectivity (=94% ee) was obtained at room
temperature in toluene as solvent. This result is comparable
with those obtained with the nonsupported catalysts 2a—c.

The use of (S)-valine-derived formamide was also ex-
tended to the reduction of a-chloro-imines (Scheme 5).
These compounds were generated in situ from the corre-
sponding a-chloroketones and aniline derivatives. Their re-
duction in the presence of HSiCl; at room temperature gave
the o-chloroamines with high enantioselectivities (up to
96% ee) and good yields, and after cyclization the corre-
sponding aziridines as final products.['”]

R2
(0] N° N R2
; R,NH, J|\ HSIC|3
22,
MS (5 A) R toluene, r.t. J\
toluene cl

cat. (56 mol-%)

H cat.: 2¢c

Scheme 5. Stereoselective synthesis of aziridine.

The catalyst 2¢ has very recently also proved to be suit-
able for the development of a new protocol for the enantio-
selective synthesis of B-amino acid derivatives from en-
amine precursors (Scheme 6).I'81 Treatment of B-ketoesters/
-nitriles with p-anisidine afforded enamines, which them-
selves cannot be reduced by CI;SiH. Because enamine—
imine equilibration is facilitated by Brensted acids, a
number of acid additives were examined, out of which
AcOH (one equivalent of which was used) emerged as good
compromise between reactivity and selectivity. Enamine
was reduced to give the amino ester in high yield and
89% ee. The enantiomerically pure product could be ob-
tained by a single crystallization. Nitriles exhibited the same
behavior as the esters in terms of reactivity. The authors
then focused on the synthesis of B*3-amino acids. In this
case, because the starting achiral enamines exist in fast
equilibrium with the corresponding chiral racemic imines,
the reaction can be considered a dynamic kinetic resolution.
The corresponding amino esters and amino nitriles were
prepared in good yields and with high enantioselectivities
(=90% ee values) and diastereoselectivities (=99 % de val-
ues).
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Scheme 6. Stereoselective reduction of enamines.

Following his previous studies with prolinamides, in 2006
Matsumura reported the activity of N-formylproline deriva-
tives in reductions of ketones in the presence of trichloro-
silane.l'”! Secondary alcohols could be synthesized with
high enantioselectivities (up to 97%, Scheme 7) in the pres-
ence of catalytic amounts of N-formyl-a’-(2,4,6-tri-
ethylphenyl)-(S)-proline (catalyst 9). The selection of the
best performing compound was the result of the screening
of a series of a'-arylproline derivatives. Both the carbonyl
group at the a-position and a 2,4,6-triethylphenyl group at
the S5-position in the proline ring play important roles in
determining the high enantioselectivity.

HSiCl3
fo) cat. (10 mol-%) OH
A" R CHCly AR
6 h,rt
<97% ee

Ar = Ph, 4—C|CGH4v 2—C|C5H4, 4—FC6H4,
4-NO,CgHy 4-PhCgH,, 4-MeCgHy,
2-MeCgH, 4-tBuCgHy

R = Me, Et, nPr

cat.: 9

HOZC“‘Q"'I

OHC

Scheme 7. Stereoselective reduction of ketones.

In 2007, Tsogoeva’s research group?”! reported the use
of chiral formamides in the reduction of ketoimines in the
presence of trichlorosilane. A second element of stereocon-
trol, such as a chiral amine, was coupled to the proline moi-
ety. The catalyst 10 (Scheme 8), the N-formylprolinamide of
(R)-o-methylamine, activated trichlorosilane in the keto-
imine reduction, affording the product in 75% yield and
81% ee in the presence of an additive. HMPA and p-nitro-
benzoic acid were tested as additives and, quite surprisingly,
the former turned out to be the more effective.

In the same year the Sun group®!! reported the (.S)-pro-
line-derived C,-symmetric chiral tetraamide 11 (Scheme 9)
as a novel catalyst in the enantioselective hydrosilylation of
ketomines. The choice of catalyst 11 was the result of the
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Scheme 8. N-Formylprolinamides with chiral substitution.

screening of a series of C,-symmetric chiral tetraamide de-
rivatives, in which the linkage of the two proline diamide
units proved to have a significant impact on the enantio-
selectivity. The presence either of a shorter or of a longer
linkage or of aromatic linkages provided products with
much lower enantioselectivities.

HSICly
/@R1 cat. (10 mol-%) gy
N NS
N HN
o .
2448 h, 0 °C
RZTORS CHoCly RZ™R?

yield up to 95%
ee up to 86%

H/’\Jl\\ Ou\‘ofo)/‘H

0 cat.: 11

Scheme 9. Chiral bis N-formylprolinamides.

The reaction products were isolated in high yields (up to
95%) and with moderate to high enantioselectivities (up to
86% ee) for a broad range of substrates, including aromatic
and aliphatic imines. The two diamide units of 11 work co-
operatively, showing a synergistic effect.

In 2006 Sun reported that switching from the five-mem-
bered ring of proline to a six-membered ring had a benefi-
cial effect on the enantioselectivity (Scheme 10). The first
catalyst?? derived from L-pipecolinic acid, compound 12,
promoted the reduction of N-aryl ketoimines with tri-
chlorosilane with high yields and good enantioselectivities.

The use of N-formyl-substituted L-pipecolinic acid deriv-
atives as organocatalysts was then extended to the re-
duction of aromatic and aliphatic ketones.?*! The best cata-
lyst for the reduction of carbonyl compounds was found
to be 13 (Scheme 11), characterized by the presence of the
methoxy group on the C2’ carbon of the chiral amino
alcohol moiety. The methoxy functional group at that posi-
tion turned out to be crucial for obtaining alcohols with
high enantioselectivity. Indeed the replacement of this moi-
ety either with a bigger alkoxy group or with a group with
a less electron-rich 2’-oxygen led to decreased reactivity
and/or enantioselectivity of the catalyst. According to the
authors, the catalyst 13 functions as a tridentate activator
and promotes the hydrosilylation of ketones through a hep-
tacoordinate silicon transition structure.
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Scheme 10. Pipecolinic acid derivatives.
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Scheme 11. Stereoselective reduction of ketones.

A different catalyst was prepared by Sun through the em-
ployment of a piperazinyl backbone.”*! The arenesulfonyl
group at the 4-position was shown to be a key element for
obtaining a high level of enantiocontrol (Scheme 12). The
catalyst 14 promoted the reduction of a broad range of im-
ines with good yields and enantioselectivities.

$Ox(p-tBuPh)
N
C oy
N Ph cat.: 14
H/&o o)

HSICl3
N‘R cat. (10 mol-%) HN~
| H
-20°C, CHCl, R

RZ

R1

yield up to 99%
ee up to 97%

Scheme 12. Chiral piperazinyl derivatives.

Schreiner has very recently published a detailed investi-
gation of the influence that nonaromatic groups in N-for-
mylprolinamide may have on the enantiomeric excesses of
ketimine reductions, by also employing computational
methods in an attempt to achieve some mechanistic insights
into the process.”! By working with a series of novel chiral
organocatalysts derived from proline, valine, and pipecol-
inic acid, the dominant role of the amino acid scaffold for
5534
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the mode of action in the enantiodifferentiating step was
demonstrated. Mechanistic studies based on DFT compu-
tations seem to confirm that the catalyst not only coordi-
nates to trichlorosilane, but also reacts as a proton donor
in the crucial transition structure; indeed, the importance
of the presence of the acidic NH proton of a secondary
amide group, able to bind with the basic nitrogen of the
reacting imine, has been demonstrated. Although the au-
thors suggest that enantiodifferentiating steps for proline,
pipecolinic acid, and valine-derived catalysts might be dif-
ferent, from the computational studies they propose a gene-
ral picture for the catalytic reduction of ketimines with tri-
chlorosilane, that could be described as a formal H*/H-
transfer to the C=N double bond.

2.2. Picolinamide Derivatives

An important contribution to the field came in 2006
from the Matsumura group, who reported that N-picol-
inoylpyrrolidine derivatives can activate trichlorosilane in
the reduction of aromatic imines, showing that the N-
formyl group is not always essential for catalytic activity.[¢!
N-Picolinoyl-(2S)-(diphenylhydroxymethyl)pyrrolidine (15,
Scheme 13) gave the best results, leading to enantio-
selectivities up to 80%. It was proposed that both the nitro-
gen atom of picolinoyl group and the carbonyl oxygen play
a fundamental role in the coordination of silicon, whereas
the hydrogen of the hydroxy group is believed by the au-
thors to be involved in a hydrogen bond with the nitrogen
atom of the imine.

X
| r
N/ N cat: 15
o Ph
HO ppy

2 HSiCl3

2
NP cat (qomok%)  pnR
] _cat. (10 mol-%)
1 CH,Cly 1
R* R 4h,rt. R

<80% ee
R = Ph, 4-MeOCgHj, 4-CICgHy4,
4-NO,CgHy4, 4-COOMeCgH4

R' = Me, COOMe
R? = 4-MeOCgHj, Ph, Bn

Scheme 13. Chiral N-picolinoylpyrrolidine derivatives.

We were especially attracted by Matsumura’s work on
picolinamides as chiral promoters for imine reductions and
decided to focus our attention on a wide class of catalysts
prepared by simple condensation of a chiral amino alcohol
with picolinic acid or its derivatives. While our investigation
led to a patent deposit,l?”! Zhang at the same time indepen-
dently reported the use of ephedrine- and pseudoephedrine-
derived picolinamides in the trichlorosilane-promoted re-
duction of N-aryl and N-benzyl ketimines in a preliminary
communication.!”8! With the catalyst 16 (Scheme 14), easily
prepared from 2-picolinic acid and (1R,2S)-ephedrine, a
variety of N-aryl ketimines and N-benzyl ketoimines were
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reduced with trichlorosilane in high yields (<93%) and
with moderate to excellent ee values (<92%) under mild

conditions.

Y . W
©/K CHCI3~10 °C ©/\
88%, 92% ee
]
Me _\\N\H):Nj
cat.: 16 j I
Ph” “OH

Scheme 14. Ephedrine-derived picolinamide.

cat. (20 mol-%)

+  HSiCly

Our group systematically investigated this class of organ-
ocatalysts.? In a single-step procedure, several derivatives
were synthesized simply by treatment either of picolinic
acid with different enantiomerically pure amino alcohols
with mediation by condensing agents or of picolinoyl chlo-
ride with the amino alcohols (Scheme 15). In the reduction
of the N-phenyl imine of acetophenone, selected as model
substrate, at 0 °C in dichloromethane in the presence of the
N-picolinoylamide of (1R,2S)-ephedrine (16, 10mol-%) the
R product was isolated after 15 h in quantitative yield and
77% ee, in accordance with Zhang’s results.

R 1z
2\ Z R —R
RJ_‘\NH . HO - jR RZ ,n\N \NJ

N
R3 J
R 0

R4 OH ¢ W

Scheme 15. Synthesis of chiral picolinamides.

The pyridine ring, the free hydroxy group, and N-alkyl
substitution in the amino alcohol portion were identified as
key structural elements necessary to secure good stereocon-
trol; the effects of different substituents at the nitrogen
atom and at the two stereocenters were also studied.
Through study of several differently substituted derivatives
it was shown that the N-benzyl derivative 17 (Scheme 16)
catalyzed the reaction with only 10% ee, whereas com-
pound 18, bearing an isopropyl group, was able to promote
the reaction, but in lower enantiomeric excess than com-
pound 16 (50% vs. 77% ee), confirming ephedrine as the
chiral amino alcohol of choice. Lastly, modification of the
picolinoyl moiety was studied; a selection of ephedrine de-
rivatives obtained by condensation with picolinic acids
bearing different substituents in the 3-, 4-, or 6-positions
of the pyridine ring was prepared. It was shown that the
introduction of a suitable substituent at the 4-position of
the pyridine moiety could improve catalyst efficiency. In-
deed, in particular the 4-bromo- and 4-chloropicolinic de-
rivatives 19 and 20 showed remarkable catalytic properties.
At 0°C in dichloromethane with catalyst 20 the chiral
amine was obtained in quantitative yield and 83% ee;
enantioselectivity was increased up to 88% by working in
chloroform. A further improvement was observed on per-
forming the reaction at —20 °C, when the enantioselectivity
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reached 95% with no erosion of the chemical yield, with
the reduction product being isolated basically in quantita-
tive yield. Even 1mol-% of catalyst 20 promoted the re-
duction in 90% yield in only 2 h.

Ph
\ N
Mej‘\N SN Mej_‘\N SN >j N
ph OH Ph” O

o)
Ph ."OHO H
16 17 18
Br Cl
Me =] Me 7]
Mej_‘\N \N Mej N \N
Ph” “OH° Ph” “OH’
19 20

Scheme 16. Different chiral picolinamides.

The screening of systematically modified organocatalysts
of this family led to the identification of the key structural
factors that influence their catalytic properties and to the
proposal of a tentative model of the stereoselection ob-
served in these reactions promoted by picolinamide deriva-
tives. In this model, the pyridine nitrogen and the CO am-
idic group of picolinamide activate trichlorosilane by coor-
dination; the hydrogen atom of the hydroxy group plays a
fundamental role in coordinating the imine through hydro-
gen bonding. The presence of two stereogenic centers with
the correct relative configuration, as in (1R,2S)-(-) eph-
edrine, on the amino alcohol moiety is necessary for stereo-
direction of the imine attack by trichlorosilane.

The methyl groups on the amide nitrogen and on the
stereocenter in the 2-position in the amino alcohol chain
are apparently of the optimum size for maximizing the en-
antiodifferentiation of the process. In the proposed stereo-
selection model A (Figure 3), leading to the major enantio-
mer, the steric interaction between the pyridine ring and the
N-aryl group is much less significant than that observed in
adduct B, which is therefore disfavored.

H-
HsC, o N @ HsC o § cl

" 0¥\ —CHs 0L —CHs

N—=C Cl H 2%
HaC” NT G (N N Cl
3 Z \t H3C 2 \N Cl
l A l B
R product

S product

Figure 3. Proposed model of stereoselection for reduction of N-aryl
ketoimines.
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Good results were also obtained in the enantioselective
reduction of N-alkyl imines,*% a transformation only re-
cently accomplished organocatalytically.*!! Ephedrine-
based picolinamides promoted the reaction with the N-
butyl imine of acetophenone in excellent yields and with
high stereoselectivities: under the best conditions (chloro-
form, 0°C, 24 h) the 4-chloropicolinic derivative 20 pro-
moted the reduction in 98 % yield and with 91% ee.

The organocatalysts have several positive features: i) they
are easily prepared, by single condensation steps, from com-
mercially available compounds, ii) they are low-cost cata-
lysts, the sources of stereocontrol being very cheap and
readily available amino alcohols such as ephedrine, and
iii) the reductions of C=N bonds are performed under very
mild reaction conditions and with extremely simple experi-
mental procedures that allow highly pure products to be
obtained after aqueous workup. A very convenient enantio-
selective organocatalytic three-component methodology
was also developed; the reductive amination process, start-
ing simply from a mixture of a ketone and an arylamine,
gives easy access to chiral amines with a straightforward
experimental methodology. All these positive features also
make this catalytic method suitable in principle for large-
scale applications; its synthetic potentiality was indeed
demonstrated by the metal-free catalytic procedure’s suc-
cessful employment in the preparation of (S)-metolachlor,
a potent and widely used herbicide.[*’]

To improve the selectivity of the process further, tri-
chlorosilane-mediated reductions were carried out with ke-
toimines derived from (R)-1-phenylethylamine (Scheme 17).
It was found that a catalytic amount of N,N-dimethylform-
amide was able to promote HSiCl; addition with good
stereoselectivity, although in low yield.?? Optimization of
the reaction conditions showed that the best results were
obtained at —50 °C in chlorinated solvents in the presence of
DMF (6 equiv.). Under these conditions, N-a-methyl benzyl
imines of methyl aryl ketones with different electronic prop-
erties were effectively reduced to the corresponding second-
ary amines in quantitative yields, with 90-99% diastereo-
selectivities.

Cl

M Me _ |

e N \N
P O
cat.

cat. (10 mol -%)
N CH,Cl, 0°C 12 h

| ) .
Ar)\ HSIC|3 Ar o

Scheme 17. Stereoselective catalytic reduction of chiral imines.

HN d.r.> 991

5536

WWW.eurjoc.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Control of the stereoselectivity was total when the chiral
picolinamide 20 was employed as catalyst, however, provid-
ing a demonstration of the existence of a cooperative effect
between catalyst 20 and the (R)-methyl benzyl residue at
the imine nitrogen.*3

The methodology was extended to the synthesis of enan-
tiomerically pure secondary amines of either C; or C, sym-
metry. An imine derived from methyl isobutyl ketone was
also readily reduced in >98% yield in the presence of cata-
lyst 20 to afford an enantiomerically pure direct precursor
of (R)-(1,2-dimethylpropyl)amine. The methodology is at-
tractive because the combination of a low-cost, easy to
make metal-free catalyst and an inexpensive chiral auxiliary
allowed the reduction of ketimines with different structural
features, often with total control of the stereoselectivity.

The wide applicability was also demonstrated in the
preparation of a-amino esters (Scheme 18). Catalysts 20
promoted the reduction of the N-benzyl iminoester in quan-
titative yield and up to 71% ee. The reduction of N-a-
methyl benzyl imines of methyl phenylglyoxylate at 0 °C in
dichloromethane with the same catalyst, however, afforded
the corresponding chiral amino ester in 73% yield and 91 %
diastereoisomeric excess.

cl
J 99
Me | NMeC

! (O)Py
Mej“N SN NMeC(O)Py
Ph” “OH OO

20 21

cat. (10 mol-%)

N| CH,Cl, 0°C12h HN
COOMe HSICly .
‘COOMe

Scheme 18. Stereoselective catalytic reduction of chiral imino
esters.

Our group has also developed a second class of chiral
picolinamides as efficient chiral organocatalysts for tri-
chlorosilane-mediated reactions. A very short route to chi-
ral Lewis bases was envisaged in reactions between pyr-
idine-2-carboxylic acid and commercially available enantio-
merically pure diamines.*¥ This straightforward approach
was extended to binaphthyldiamine derivatives, commer-
cially available in both enantiomeric forms. Picolinic acid
was condensed with (R)-N,N’-dimethyl-1,1’-binaphthyl-
2,2'-diamine to afford the catalyst 21 in 73% yield after
chromatographic purification.

The mild reaction conditions and the general applica-
bility of the catalyst to a wide variety of substrates are all
positive features of this new family of organocatalysts. No-
tably, binaphthyldiamine-derived bis-picolinamides showed
remarkable activity in reductions of N-aryl (up to 83% ee),
N-benzyl (up to 87% ee), and N-alkyl ketoimines (up to
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87% ee), typically at 0 °C.[31 Furthermore, the catalyst 21
was also employed, although with less success (71% ee), in
imine reductions of N-benzyl imines of keto esters.>!

Zhang also very recently reported an efficient protocol
for the organocatalytic synthesis of a-amino esters.*®! Novel
chiral Lewis base organocatalysts derived from rans-4-hy-
droxy-L-proline were developed (Scheme 19); notably, the
catalyst of choice, compound 22, exhibited only moderate
enantioselectivities in the hydrosilylation of N-aryl B-en-
amino esters, but promoted the hydrosilylation of a-imino
esters with high enantioselectivities (up to 93 % ee values).
The introduction of a bulky group at C4 of the pyrrolidine
ring was decisive for the obtaining of high stereoselectivi-
ties. The hydroxy group was functionalized with various
bulky groups: whereas benzylation, trimethylsilylation, and
isovalerylation of the hydroxy group only caused marginal
changes in the enantioselection, an increase in enantio-
selectivity was observed when the O-pivaloyl catalyst 22 was
employed. In exploring the applicability of the catalyst to
imines of differently substituted aryl glyoxylates it was
found that both para- and meta-functionalized substrates
could be reduced with good enantioselectivity (80-93% ee
values), whereas ortho substitution caused a decrease in
stereoselection (50-60% ee).

pPiv
= | \
N
\N %Ph
(e}
HO™ ",
cat.: 22

OMe OMe
,©/ cat. (10 mol-%) /©/
N _— HN
‘ HSiCl, e
r_ Y7 “COOMe R COOMe
| |
P =

CH,Cl, -40 °C
60-120 h
Scheme 19. Catalytic reduction of o-imino esters.

The same group has also employed picolinamide deriva-
tives of prolinol to perform efficient enamine reduction
(Scheme 20).37]

Chiral N-picolinoylpyrrolidine derivatives and N-picoli-
noylephedrine were evaluated in the hydrosilylation of
methyl (Z)-3-phenyl-3-(phenylamino)acrylate, leading to
the corresponding reduction product with good enantio-
selectivities in chloroform at 0 °C. The enantioselectivity in-
creased slightly along with increasing size of the aryl groups
in the catalysts. The best yield and enantioselectivity were
obtained with the catalyst 23 (Scheme 20) at -30 C for 48 h.
Under the optimized conditions, the generality of the
Lewis-base-organocatalyzed hydrosilylations of various -
enamino esters was examined. In the presence of 23
(10 mol-%), B-enamino esters were reduced in high yields
and with enantioselectivities typically ranging from 90—
95% ee. It is worth mentioning that N-acyl f-enamino es-
ters were totally inactive in this organocatalytic system. The
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HN

|
COOMe

OMe
Q/ cat. (10 mol-%)
HN -
o X -COOMe HSICl, N
R— CH,Cl, —40°C R
= 60-120 h =

90-97 % yield
=
| 90-95 % ee
N N
" C
Oho
cat.: 23 O

Scheme 20. Catalytic reduction of B-enamino esters.

reaction is believed to proceed through the imine tautomer
rather than the enamine tautomer. In the proposed mecha-
nism the nitrogen atom of the pyridine ring and the car-
bonyl oxygen atom of the catalyst are coordinated to
CIL5SiH, while the imine is activated by the hydroxy group
of the Lewis base through hydrogen bonding. It has also
been hypothesized that stabilization due to arene-arene in-
teractions between the aromatic systems of the catalyst and
the substrate may occur.

2.3 Miscellaneous Derivatives

In 2006 Malkov and Kocovsky developed novel chiral
Lewis bases, such as oxazolines containing isoquinoline
fragments. The catalyst 24 was employed in reductions of
aromatic ketones and imines with trichlorosilane, providing
the products with good levels of enantioselectivity
(Scheme 21).381

The maximum levels of enantioselectivity achieved were
87% for the reduction of ketones and 92% for reduction of
ketimines. The authors hypothesized that coordination of
the trichlorosilane by the catalyst would generate a chiral
hexacoordinate silicon species that would act as the actual
reducing species. With a ketone as the reactive substrate,
further activation would be provided by coordination of a
molecule of trichlorosilane by the carbonyl oxygen (Fig-
ure 4).

At the end of 2006 a novel designed catalyst featuring a
sulfinamide group as the chiral element (Scheme 22) was
reported by Sun and co-workers.?® This family of
organocatalysts was found to be able to activate trichloro-
silane for the stereoselective reduction of N-aryl ketimines
with good yields and enantioselectivities.

On the assumption that the mechanism would involve
two molecules of Lewis base for the activation of HSiCls, a
novel chiral bis-sulfinamide was developed.? After a
screening of different derivatives, the compound of choice
was found to be a bis-sulfinamide bearing a five-methylene
linkage (Scheme 23). Catalyst 26 promoted the reduction of
the N-phenyl imine of acetophenone as a model substrate
with 96 % ee.
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Cl Cl

| CII“'S’"‘N
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C|\|\-|‘lS|\C| — H( \I‘N

Cl

1) Cl
e C\%—(NO
Ph ‘ H

Figure 4. Proposed mechanism for reductions promoted by catalyst 24.

HSICl, HSICl3 _R®
cat. (0.1equiv) ]| cat (0.2 equiv) HN
RR2 =————— RI"R? RITR2
24 h, —20 °C 24 h, —20°C
CHCl, CHCl,
< 94% ee X=0 < 87% ee

X =NR3

R'= Ph, 2-MeOCgH,,
2-naphth, 2-FCgHj,
4-MeCgH,4, 6-Me-2-naphth

RZ= Me, Et
&Y
\ N N
cat.: 24

Scheme 21. Stereoselective catalytic reduction promoted by an
oxazoline-based chiral catalyst.

R'= Ph, 4-MeOCgH,,
2-naphth, 4-CF3CgH,

R?=Me

R3 = Ph, 4-OMeCgH,4

= HSICl3 Z

1 N 1
P R cat. (20 mol-%) HN ) R
JI\ 24-48 h, =20 °C
R2" RS CH.Cl, R2"°RS
< 93% ee
R2Z = Ph, 4-MeOCGH4V 4-BI'C6H4‘ 4-CF3CGH4Y (@) OH
4-NO,CgHy, 6-OMe-2-naphth, 2-naphth, §\
CCGHH‘ iPr >r H
R3 = nPr, nBu, iBu, Me, Et
R'= p-OMe, p-Me, 0-OMe, p-Cl cat.: 25 F

Scheme 22. A chiral sulfinamide as a promoter of imine reductions.

/@ HSICl, /@
0
N cat. (10 mol-%) HN

|
24h, -20 °C
Ph CH,Cl, F’h/‘\

90% yield
96% ee

Scheme 23. Novel chiral bis-sulfinamide derivative.
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The sulfinamide 27 (Scheme 24) is the most recent cata-
lyst prepared by the Sun group.*!! This derivative incorpo-
rates two different elements responsible for the stereochemi-
cal control of the process: a sulfinamide group with a
stereogenic sulfur atom and a N-aryl prolinamide.

cat.: 27
HSICl5
. Alk cat. (10 mol-% Alk
)Nl\ ( °) HN’
Ar R 24h,0°C Ar”*"R

toluene or CCly

54-98% yield
66-99.6% ee

Scheme 24. Novel chiral sulfinamide derivative.

This system was employed for reductions of aromatic N-
alkyl ketimines in the presence of trichlorosilane, providing
the corresponding amines with good enantioselectivities (up
t0 99.6% ee) and in high yields.

Jones has recently synthesized different bifunctional
catalysts containing imidazole rings.[*!! The catalyst 28
(Scheme 25), prepared by condensation of diphenyl-(S)-
prolinol and I-methylimidazole-2-carboxylate, was evalu-
ated in the asymmetric reductions of a variety of ketimines

with low catalyst loadings.
OMe OMe
o e
N cat. (1 mol-%) HN

|
4h,0°C
Ph)\ HSICl3 CHoCl, Ph
yield: 82%
(/\ w ee 85%
/N)\I( N
.2
cat.: 28 o} o Ph
Ph

Scheme 25. Imidazole-containing prolinamide.

Last year the Ibarra group investigated a series of chiral
N-formyl derivatives of L-pipecolinic amides.*? Their cata-
lytic properties in the presence of trichlorosilane were as-
sessed in reductions of the imine obtained from 4'-(tri-
fluoromethyl)acetophenone and aniline (Scheme 26). In
that paper the aim of the authors was to explain the role of
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the structural components of the systems on the sense of
stereocontrol. According to the authors, the obtained re-
sults suggest that the asymmetric induction is very highly
dependent on the particular structural features of the cata-
lyst. With the N-formamide 29 the stereochemical prefer-
ence was for the R enantiomer: in this case, arene—arene
interactions and hydrogen bonding between ligand and the
nitrogen atom of the imine are important for the enantiodif-
ferentiation process. Instead, when employing catalyst 30 (a
urea-amide derivative), the authors verified an inversion of
the stereochemical preference. The mechanistic studies
demonstrated a new interaction between the N—H group of
the urea and the basic nitrogen of the imine.
HN/©

N/@ HSICl5
/@)\ cat. (10 mol-%) /O/K
M C re

%HV@CI /@\(Nj\“/n
/’L I N/&Oo [j
H™ ™o H

yield: 56%
ee 67% (S)

yield: 71%
ee 87% (R)

cat.: 29 cat.: 30

Scheme 26. New derivatives of pipecolinic acid.

Nakajima’s group has recently reported the use of chiral
phosphane oxides as suitable Lewis bases for activating tri-
chlorosilane in stereoselective transformations, with use of
trichlorosilane in conjugate reductions of o,B-unsaturated
ketones in the presence of catalytic amounts of chiral Lewis
bases (Scheme 27). The reduction of 1,3-diphenylbutenone
promoted by catalytic amounts of 2,2’-bis(diphenylphos-
phanyl)-1,1’-binaphthyl dioxide (BINAPO, 31) at 0 °C was
successfully accomplished, leading to the corresponding
saturated compound in 97% yield and a rather surprising,
but very good, 97 % ee.[433]

o} 0 -
cat (0.1 equiv.)

[ _ ! HSICl3 (2 equiv.)
DCM, 0°C

OO 0 97% yield; 97 % ee
PPh,

N-PPh,
CIJs

Scheme 27. Reduction of unsaturated ketones.

cat: 31

An alternative methodology for organocatalytic conju-
gate reductions of enones and subsequent reactions with
aldehydes, to achieve reductive aldol reactions, was devel-
oped (Scheme 28).[4% The idea was to activate the silane
with a suitable Lewis base to effect the 1,4-reduction via a
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six-membered transition state; then, with the assistance of
the same Lewis base, the generated trichlorosilyl enolate
should react with the electrophilic aldehyde.

(e} I

©/CHO
o}
e C

O = O HSICl3 (2 equiv.)
©/CHO
0

= HSICl3 (2 equiv.)

Ph3PO (0.2 equiv.)

Me

cat. (0.1 equiv.)
DCM, -78 °C

QQL:

PPh,
N-PPh,

o

Scheme 28. (S)-BINAPO-catalyzed reductive aldol condensation.

67% yield;

cat.
98.5/1.5 syn/anti;, 96% ee

Triphenylphosphane oxide was shown to be able to cata-
lyze the three-component reaction of chalcone, benzalde-
hyde, and trichlorosilane (reductive aldol reaction) to afford
the corresponding aldol product in 78% yield. Preliminary
experiments with (S)-BINAPO as chiral Lewis base were
very promising in term of stereocontrol.

2,2'-Bis(diphenylphosphanyl)-1,1'-binaphthyl ~ dioxide
(31) gave even more appealing results in the reductive aldol
reduction of B-ionone with benzaldehyde, in which a very
high syn stereoselectivity was observed along with 96%
enantioselectivity for the syn isomer.

A great variety of Lewis-base-catalyzed stereoselective
transformations are currently under investigation, and
novel synthetic methodologies have been developing as well.
One example is from a very recent report in which it was
unexpectedly found, in a study of the stereoselective synthe-
sis of N-acylated B-amino ketones, that optically active 4 H-
1,3-oxazines could be directly obtained through reductive
cyclization of N-acylated B-amino enones in the presence
of trichlorosilane and chiral Lewis base catalysts
(Scheme 29).143%1 The reaction between the (Z)-N-benzoyl
enone derived from 3-amino-1-phenylbutane-1,3-dione and
trichlorosilane in the presence of catalytic amounts of BI-
NAPO surprisingly afforded the 4H-1,3-oxazine as major
product in 56 % yield and with 71 % enantioselectivity. Sim-
ilar yields and stereoselectivity (up to 81% ee) were ob-
tained on extension of the reaction to five other substrates;
of the different chiral phosphane oxides investigated
BINAPO was found to give the best performances. From
some preliminary experiments it was observed that tri-
chlorosilane acts not only as a reductant, but also as a dehy-
drating agent. Different ratios of oxazine and the expected
B-keto amide were formed in the reaction, depending on
5539
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the experimental conditions. Interestingly, it was observed
that the two products were obtained with different levels of
stereoselection, and sometimes even with different absolute
configurations.

O  NHCOPh

W
9 (0] NHCOPh
oXN + w
QM

17% yield; 7% ee

HSICl3 (3 equiv.)

(S)-BINAPO (0.1 equiv.)
DCM, r.t.

68% yield; 74% ee
Scheme 29. BINAPO-catalyzed synthesis of oxazines.

The result was tentatively explained by assuming that the
oxazine was not derived from the ketoamide by simple de-
hydration. It was proposed that the 4H-1,3-oxazine was
generated through the conjugate reduction of the N-acyl-
ated B-amino enone, followed by cyclization of the resulting
enolate and elimination of HOSiCl;, whereas the ketoamide
originates from the 1,2-reduction of the N-acyl imine gener-
ated through equilibration of the enamide. Further studies
will be necessary for full understanding of the reaction
mechanism, in order to design more efficient catalysts.

3. Conclusions

Chiral amines are ubiquitous in a variety of bioactive
molecules such as alkaloids, natural products, drugs, phar-
maceuticals, and agrochemicals, and so it is not surprising
that the development of catalytic stereoselective processes
for the preparation of enantiomerically enriched amines is
attracting increasing interest both at the academic and at
the industrial level. In this context the use of substoichi-
ometric amounts of an organic compound of relatively low
molecular weight and simple structure that is capable of
promoting reactions in the absence of costly and possibly
toxic transition-metal-based catalyst is very attractive. This
is the case for trichlorosilane-mediated reactions, in which
the use of different chiral Lewis bases has allowed many
stereochemically efficient transformations to be developed.
It must be considered that HSiCl; has a number of advan-
tages: it serves as a starting material in the silicon industry
and is manufactured in bulk, so that its price is reduced
almost to the level typical for common organic solvents.
Although trichlorosilane is sensitive to water, the implica-
tions are rather modest and the reagent can be easily han-
dled by using standard procedures for moisture-sensitive
materials with minimum precautions (in principle, a CaCl,
drying tube could be used instead of an inert atmosphere
of nitrogen or argon); the standard reaction workup with
aqueous NaHCO; produces innocuous inorganic materials,
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namely NaCl and silica, in a protocol that involves rela-
tively low environmental risk.

In conjunction with the low catalyst loadings, all of these
features suggest that organocatalyzed reductions with
HSiCl; may become an attractive alternative to the estab-
lished industrial technologies for asymmetric reductions.
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