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Abstract

The Strecker reaction is one of the most attractive methods for the synthesis of a-amino acids
and other bioactive compounds including natural products. The asymmetric Strecker reaction
represents a simple and efficient method for the synthesis of optically pure o-amino acid
derivatives, nucleic acids, various nitrogen and sulfur containing heterocycles and
pharmaceuticals. Over the past several decades, considerable effort has been devoted towards the
development of asymmetric Strecker reactions. This review provides an overview of recent
asymmetric Strecker reactions, from diastereoselective reactions and catalytic enantioselective
reactions including chiral catalytic metal systems and chiral organocatalytic systems.
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1. Introduction

The Strecker reaction,1 the oldest known synthesis of a-aminonitriles, is one of the most general
methods, potentially useful for the syntheses of a-amino acids and other bioactive compounds
including natural products. In addition, the Strecker reaction represents one of the simplest and
most economical methods for the preparation of a-amino acids on both laboratory and industrial
scale.” The classic variant of this reaction represents the condensation of aldehydes or ketones
with primary or secondary amines (even with NH3) to give imines (Schiff bases). The imines
then react with CN™ anion (from KCN or HCN) to give a-aminonitriles, which are subsequently
hydrolyzed to the desired a-amino acid (Scheme 1). Unfortunately, the original Strecker
synthesis can only produce a racemic mixture of the enantiomeric forms of an amino acid. For
this reason, many chemists have taken an interest in the development of enantioselective, or
catalytic asymmetric, reactions that use a catalyst to selectively increase the formation of a
particular enantiomer.

o) leR
R1JJ\R2 R1*R2 HN-R HO HN-R
+ — +
RNH, HCN or KCN RHVCN RAVCOOH

R' = Ar, alkyl; R, R? = Ar, alkyl, H

Scheme 1

In general, two approaches have been used to achieve successful asymmetric Strecker
reactions and obtain optically active a-amino nitriles. The first is the addition of cyanide to chiral
non-racemic imines, and the second is the enantioselective catalytic cyanation of achiral imines.
Although asymmetric Strecker reactions using chiral aldehyde or ketone derived imines can be
found in many natural product syntheses, this strategy tends to be extremely specific and highly
structure-dependent. To carry out a reaction of this strategic type requires stoichiometric
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amounts of a chiral auxiliary. After the reaction, the auxiliary group must be cleaved from the
product, and the chiral auxiliaries recovered and reused. The catalytic asymmetric Strecker
reaction® has proved to be a simple and efficient method for the synthesis of optically pure a-
amino acid derivatives.'® Its development has been extremely fast since the first report of such a
reaction appeared in 1996."" Therefore, the development of catalytic enantioselective Strecker
reactions has been the focus of increasing attention in the field of asymmetric synthesis. Over the
past several decades, great strides have been made in the asymmetric hydrocyanation of imines,
in particular, in the field of catalytic asymmetric Strecker reactions. Some highly efficient
asymmetric methods with excellent enantioselectivities, low catalyst loading and new cyanide
sources used are also developed. The following review will summarize recent achievements in
asymmetric Strecker reaction from diastereoselective reactions and catalytic enantioselective
reactions including chiral catalytic metal systems and chiral organocatalytic systems.

2. Diastereoselective Strecker Reactions

Diastereoselective Strecker reactions featuring chiral nonracemic imines and analogues as
substrates are important strategies for preparing a-aminonitriles, o-amino acids and their
derivatives. The use of chiral optically pure amines as the chiral auxiliary for achieving the
highly diastereoselective Strecker reaction has evolved into a relatively general and robust
approach for accessing various enantiomerically pure o-amino acids.'*'® The first example of a
diastereoselective Strecker reaction assisted by a chiral auxiliary on the amine component was
reported by Harada, who used (S)-1-phenylethylamine as the chiral auxiliary to obtain chiral (§)-
a-amino acids after acid hydrolysis of the nitrile and cleavage and recovery of the N-alkyl
group.'”*® Later, some examples in which excellent chiral induction effects have been observed
in diastereoselective Strecker reactions.” ™"

2.1. a-Phenylglycinol as the chiral auxiliary

In 2008, Liu and coworkers synthesized B,B-difluoro amino acids from commercially available
ethyl bromodifluoroacetate using cross-coupling and Strecker reactions as key steps.31 The
coupling reaction of aryl iodides with ethyl bromodifluoroacetate gave the corresponding
coupling products, which were transformed to 2-difluoromethyl-1,3-oxazolidines 1 in two steps.
Boron trifluoride etherate promoted Strecker reaction of 2-difluoromethyl-1,3-oxazolidines gave
a-aminonitriles 2 and 3 in good yields and diastereoselectivities (Scheme 2). After removal of
chiral auxiliary and hydrolysis of the nitrile group, B,B-difluoro phenylalanine 4 was obtained
with 73% ee (Scheme 3). It was noteworthy that partial racemization occurred during the
hydrolysis of nitrile group.
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F
Cu, DMSO, 55 °C NaBH,, MeOH,- 55 °C OMe
RI + BI’CcmOZEt RCcmOZEt R
OH
(S)-phenylglycinol, PPTS, R F TMSCN /FQO Ph
oluene R ?y BF3' Etgo HN H HN/k/OH
+
Dean Stark distillation HN ",PhCH2C|2’ ~55°C R CN R “/GN
1 F F 2 FF 3
R Yield(%) of 1 Yield(%) of 2 + 3
Ph 81(58:42) 93 (93:7)
4-MeO-CgH, 89 (62:38) 92 (90:10)
@f’\\} 79 (78:22) 85 (98:2)
"SO,Ph
Scheme 2
Ph Ph
HN/k/OH Pb(OAc), ) concd HCI, 100 °C, 3 h NHz
R
Ph : %CN COCH
CN  DCM/MeOH (2:1), 0 °C 2) Dowex H*, 2% NH,OH ¢ F
F F 4 (60%, 73% ee)
Scheme 3

In 2011, Brigaud and coworkers®” reported a concise synthesis of enantiopure (S)- and (R)-
a-Tfm-aspartic acid (Scheme 4) and a-Tfm-serine (Scheme 5). The key step in the reaction
involved a Strecker-type reaction on chiral CFs-oxazolidines (Fox) derived from ethyl 4,4,4-
trifluoroacetoacetate (ETFAA) or ethyl trifluoropyruvate. The following year, Barnwell et al.
developed a diastereoselective Strecker reaction using (R)-(-)-phenylglycinol formed the basis of
a concise scalemic route to dialkylhydantoin § (Scheme 6).>* The phenylglycinol functionality
was exploited in the manipulation of the aminonitrile Strecker product through to the
dialkylhydantoin via a short, efficient sequence involving crystalline intermediates.

Ph, Ph OH
“— TMSCN _J L/
(R)-Phenylglycinol sC COzEt
HN ) BF3.0Et2, CH2C|2 NH

- C)J\/COZE’[ ><__CO,Et L, <N R
s ACOH,CH;Cly, reflux T 3C Fd CN CN

2V Fox (49:30 dr) 98% 3 CO,Et

79% (S): (R) = 55:45
NH, NHo

conc. HCI, reflux HO.C_ . F5C'

N COQH + 3 COQH

FsC COLH

a-Tfm-aspartic acid
Scheme 4
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Ph, Ph Ph,  OH Ph
S TMSCN L »  OH
N, O et . BF4eOEt,
E MeOH ></OH 1,
FsC CO,Et o7,  FiC CH:Cle o f~CN HO™ ", N
Fox (71:29 dr) (71:29 dr) 96% HO FsC
NH, NH, (S): (R) = 64:33
conc. HCI, reflux N HO™ .
F,C {~CO,H Fc” COH
HO

a-Tfm-serine

Scheme 5
i) 4 A MS, toluene, 50 °C, 12 h OSiMe, H
BnS\)J\ Ph. N__.Ph
Me i) TMSCN, Me3SiOSO,CF3, toluene,-40 °C, 18 h M MH HCI, CH,Cl,, BnS ]
e ’ >
Ph iii) recrystallization from i-hexane-toluene \\< - 40 °C o~ O
Ho X 54% [ ON .
NH, SBn 95%
CO,Me os H
n
LiH, CICO,Me anji ] Ph NHs (7 M), MeOH, s HBr (48% aq) =0
n N
THF, 48 h, 40 C WW, 150 W, 1 h, >=o HOAG, reflux, 4~ O S H
86% 100% 62%
Scheme 6

2.2. Induction by chiral nonracemic ketimines or imines

In 2012, Yuan et al. achieved a solvent-controlled, highly stereoselective, asymmetric Strecker
reaction of trifluoromethyl o,B-unsaturated N-fert-butylsulfinyl ketimines with TMSCN.* The
diastereomers of o-trifluoromethyl unsaturated cyano amines were obtained, respectively, in
good yields with excellent diastereoselectivities in terms of the different solvents used (Scheme
7). In cyclohexane, the (S, Rs)-isomer was obtained with up to 17:1 d.r., whereas the (R, Rs)-
isomer was generated as the main product with up to 145:1 d.r. in DMF at —60 °C. This study
would provide an efficient method for the preparation of novel o,B-unsaturated o-
trifluoromethylated amine derivatives of biological interest.
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N N N

S\ Py /S\\
HN" O chexane, ri N~ 0 DMF HN" O
WCN T | + TMSCN —»CN
F?,C/K%R FBC)\%R Te0C o SR
6 (R, Rs) (Rs) 7 (S, Rs)
R Time (h) Yield(%) dr (6:7)
c-hexane DMF c-hexane DMF c-hexane DMF
ry) (-60°C)
4-Me-CgH, 48 24 85 58 1:17 143:1
Ph 48 24 70 65 1:16 71:1
4-Cl-Ph 48 24 63 55 1:8 65:1
4-Ph-CgH,4 48 24 78 70 1:9 68:1
2-MeO-CgHs 48 24 83 64 1:9 145:1
4-MeO-Ph 48 24 54 62 1:10 73:1
4-Br-Ph 48 24 69 70 1:11 68:1
1-naphthyl 48 24 74 63 1:10 771

Scheme 7

In 2013, Ewas and coworkers successfully synthesized constrained L-AP4 analogues,
(2S,1'R,2'S)- and (2S,1'S,2'R)-2-(2'-phosphonocyclopropyl) glycines as well as their phenyl
analogues (2S,1'S,2'R,3'S)-2-(2'-phosphono-3'-phenylcyclopropyl) glycine (PPCG-1) and
(2S,1'R,2'S,3'R) -2-(2'-phosphono-3’-phenylcyclopropyl) glycine (PPCG-2).*> The stereogenic
centers in cyclopropane ring were formed under sulfinyl group control, in asymmetric
cyclopropanation of enantiomerically pure a-phosphoryl vinyl sulfoxides (Scheme 8). The
sulfinimine-mediated asymmetric Strecker reaction allowed introduction of the amino acid
moiety.

RO so,To p RO RO, 50 Q
RO~ 2 B RO~ =z RO~ H ,~OH
I HOOC _~_ POt
R H Rv\\" ‘COZR" R.\\“%rCOQH NH2
NH, L-AP4
Scheme 8

Pori et al. developed the synthesis of a series of new chiral o-aminonitriles in a
diastereoselective Strecker reaction in a one-pot procedure with aldehydes, enantiopure amines,
and acetone cyanohydrin in water.’® Primary and secondary amines derived from L-o-amino
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acids were used as sources of chirality, and the reactions proceeded efficiently without any
catalyst at room temperature (Scheme 9). The chemical transformation of proline-derived chiral
a-amino-nitriles into chiral amino-diacids, aminols, and amides was also reported (Scheme 10).

HO CN
o B3 O C B3 QN 53 /(')\N
+ =z B i B
1J\ PY 0NN NpT 4+ @2 ]
R"™ "H R2% "NH, H,0., 20 h R H R R H R
8 9
R! R? R3 Yield (%) dr
(8+9) 89
Ph Ph CHs 99 69:31
Pr Ph CH, 99 74:26
i-Pr Ph CH, 99 67:33
tBu Ph CH, 99 67:33
Scheme 9
R2 Ho N R R’
i LN SR
R1J\H ¥ <;>\|:{3 NTR® O ONT TR
H Hz0,20 h J., 10 P
R'™CN R'” “YCN
R R2 R®  Yield (%) dr R R2 RS Yield (%)  dr
10+11  10:11 10+11  10:11
Ph Ph OH 85 81:19  Pr PhCH, CO,Me 25 63:37
Pr Ph OH 99 80:20  i-Pr PhCH, OH 80 53:47
i-Pr Ph OH 97 83:17 C(\\ _
Ph Ph  OMe 78 64:36 T N CH: OH 62 57:43
Pr Ph OMe 98 71:29 @
Ph Ph  COMe 73 68:32 N N CHe COMe 31 63:37
Pr Ph CO,Me 41 77:23 m
Ph  PhCH, CO,Me 64 6733 Pr N CH, CO:Me 40 57:43
H
Scheme 10

The diastereoselectivity of the process, and the configurational stability of new chiral a-
aminonitriles were investigated. For the one-pot Strecker reaction, two mechanisms have been
proposed: one going via an imine (or iminium ion) intermediate, the other via an aminol
intermediate (Scheme 11).*” The imine route was more plausible in those cases where the
Strecker reaction was carried out in organic solvents and in the presence of a dehydrating agent
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that could force the elimination of water. However, Tanaka et al. demonstrated that imines could
be efficiently formed also in water by mixing aromatic aldehydes and amines, the Schiff bases
separated from the aqueous medium as crystalline products in good yields.38 Computational
studies on the effect of the structure of the amine on the formation of iminium intermediates with
aldehydes in water showed that aminol and iminum species were intermediates with high
barriers, especially for secondary cyclic amines such as proline methyl ester and pyrrolidine.3 ’In
case of L-prolinols, because of the presence of a primary alcohol in the side chain, the formation
of bicyclic 1,3-oxazolidines, as well as imine/imonium and aminol intermediates, could be
possible.40

” H OH
R R . | '
_ . (® R R R
Q\%- N R'—QX.‘_QX.+ N Y
OH * i 3 0 "
R0 R o RJ OH R)‘ © R) ©
H20 J Ho><CN
(S) Rl (S) R'
N R' N R'
. P __OH * . CNOH
( CN- (S minor
HO ' major
R @ R'
2 (S g
=N R R__N
o ) . N R'
CN OH © 0-<
R (S)CN minor CN R' R

Scheme 11

3. Enantioselective Strecker Reaction Using Metal Catalysts

It is generally known that the chiral metal complexes act as versatile catalysts for a broad variety
of asymmetric synthesis. But it was not until 1998 that the first asymmetric metal complex
catalyzed Strecker reaction was reported.*' In recent years, the types of chiral metal complex
catalysts based on Lewis acids, which comprised chiral aluminum, titanium, lanthanide,
vanadium, ruthenium and magnesium complexed metal catalysts, were applied succcessfully to
the asymmetric Strecker reaction. It is noteworthy that each catalyst requires the use of a specific
N-substituent in order to obtain good results. Thus, the preferred type of N-substituent depends
on the type of catalyst applied.
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3.1. Using chiral aluminum(III) complexes

Sigman and Jacobsen first reported the enantioselective Strecker reaction using chiral
aluminum(IIl) complexes as a catalyst in 1998.%! Later, some successful exmples were developed
in succession with different chiral aluminum(IIl) complexes as catalysts. Although catalytic
asymmetric addition of cyanide to imines to generate o-amino-protected nitriles (the Strecker
reaction) has been extensively studied in the past, alternative, easier-to-handle reagents for this
process are required for modern organic synthesis. To date, there are a limited number of reports
utilizing alternative sources of cyanide other than KCN/HCN or TMSCN for this important
reaction. In 2009, Abell and Yamamoto found an aluminum complex 12 was high yields and
enantioselective for the addition of cyanide to aldimines and ketimines (Scheme 12).42 The
catalyst provided uniformly high enantioselectivity for aromatic, heteroaromatic, and aliphatic
aldimines and ketimines using ethyl cyanoformate as the cyanide source.

Q Ar RCAT
\ L - i d
N’\P\Ar o FPIOH (1.5 equiv) g N “ar
/& /“\ EtsN (10 mol%) / CN
R OR * EtO” “CN (R)- 12 (10 mol%) a

_ 71-99% yield
(1.5 equiv) toluene, rt 82-88% ee

Ar = 2,6-Me-CgH3 or o-tolyl
R = aryl, heteroaryl, alkenyl, R = H,alkyl

Scheme 12

In 2010, Li and co-workers*** reported the asymmetric Strecker reaction of N-phosphonyl
imines 13 with Et;AICN. Excellent yields and enantioselectivities were obtained for a variety of
aromatic aldimines by using catalytic amounts of either the amino alcohol 14, 3,3’-di-4-Ph-
phenyl-BINOL 15 and primary free natural amino acids 16 as the ligand (Scheme 13 and
Scheme 14). The N-phosphonyl group could be readily cleaved under mild conditions and enable
purification of crude products by washing with hexane. The cleaved N,N-dialkyl diamine
auxiliary could be recovered quantitatively. On the basis of the assignment of absolute
configuration of the resulting products, a working model had been proposed and shown in
Scheme 15 to explain the possible source of asymmetric induction.** In this model, N-
phosphonyl imine approaches the catalytic nucleophilic source of -CN from its less hindered side
of hydrogen instead of the bulkier phenyl group of the chiral center of the catalyst. Although
several conformational arrangements were possible, it was more likely for the C=N bond to be
arranged on the anti position of the AI-CN bond as shown in Scheme 15.
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“p H,N _ OH A\
C N”P\\o O 1) 27147 (10mol%)  EpaicN N N
O >\ Q 4 AMS, - 78 °C, toluene C HN Yo O
2Ho WD pon O

Ar 13 />CN
Ar = Ph, substituted phenyl A
Yield: 89-97%
ee: 93-99%

Scheme 13

4A MS, - 78 °C, toluene

N. _N
R —~
YWD o woms Q™o ()
OF O eoe {0
/

\ /\R ? Hsd g 95.2-99.7%
ee . .2-99.7%
R= H, F, C|, BI’, Me, MeO, furyI NH30| yield . 89_970/0)

ag. HCI, MeOH, r.t., 2 h ©/\CN , 1-Naph._NHHN___Naph-1

(Recovered vis N-BuOH
extraction, quant)

Scheme 14
o Ph, o |\
e A .
HHN /O\_A/r’ “Nop N — " HN NT(I)/\’N
R H OV R
CN ,NJ
R Ar H
CN
Scheme 15

The following year the group found that chiral N-phosphonylimines were -efficient
electrophiles for reaction with diethylaluminum cyanide, a non-volatile and inexpensive cyanide
source (Scheme 16).45 The reaction produced chiral Strecker adducts, a-aminonitriles, in
excellent chemical yields (94-98%) and diastereoselectivities (95 : 5 to >99%). This synthesis
was confirmed to follow the GAP chemistry (group-assistant-purification chemistry) process,
which could avoid traditional chromatography and recrystallization purifications, i.e., the pure
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chiral a-aminonitriles bearing a chiral N-phosphonyl group might be simply obtained by washing
the solid crude products with hexane. The chiral N-phosphonyl auxiliary can easily be cleaved
under mildly acidic conditions and quantitatively recycled by a single extraction with n-butanol.

>_N\P/N‘< + Et2A|CN THF, r.t.,_ 78 OC, 2h N\P/N‘<
N~ O yield 94-98%, dr 95510 > 99:1  HN’ =0
Ar)l GAP Chemistry Ar/-\CN

Ar = aryl, heteroaryl ~ Without the use of chromatography and recrystallization

Scheme 16

3.2. Using chiral titanium(I'V) complexes

In 2007, Feng's group reported a self-assembled titanium catalyst for use in Strecker reactions of
aldimines and ketimines (Scheme 17).*° Asymmetric activation of tropos biphenol 17 and
Ti(OiPr)4 with cinchonine 18 generated a remarkably effective catalyst in situ for the asymmetric
Strecker reaction of N-tosyl (Ts) imines under mild conditions. Various substrates including
aldimines, aryl alkyl ketoimines, and unsymmetrical diaryl ketoimines were investigated, and
most of them exhibited high enantioselectivities (up to 99 % ee) as well as high reactivities.

/_bj

Ts 17/Ti(Oi-Pr),/18 Ts O R Ho, o N
N (1.2/1.2/1.0,5 mol% )  HN o o
RN TMSCN “iproH (12 equiv)  mi-=CN oH N
(1.2 equiv) toluene, - 20 °C R? O o N
2520h R = 2-naphthyl 17 cinchonine 18
R Yield (%) ee (%) R Yield (%) ee (%)
CgHs >99 97(S) 1-naphthyl 92 91
4-FCgH5 >99 96 2-naphthyl 97 96
4-CICgHs 97 93 2-furyl 93 90
4-MeCeHs  >99 97 2 thienyl 94 94
3MeCgHs  >99 94 (B)-PhCH=CH 96 91
2-MeCgHs >99 79 cyclohexyl >94 94
4-MeOCgHs  >99 97 iPr 96 84
<O]© " 599 97(5)  n-CeHi, 92 91
O

Scheme 17
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In 2008, Wiinnemann et al. reported the synthesis of a library of N-arenesulfonyl-1,3-
oxazolidinyl-substituted biphenyldiols 19, which were subsequently examined as ligands in
enantioselective Strecker reactions (Scheme 18).*’ By employing 10 mol % of 19-Ti(Oi-Pr)4 as
the catalyst and i-PrOH as the additive, the Strecker reaction of various aldimines proceeded well
to furnish the desired products with moderate to good yields and ee values.

ph 19-Ti(Oi-Pr), (10 mol%)

~ TMSCN (2,0 equiv)  HN-CH2Ph \ .

R N Ph - - R R

R< Al tB i-PrOH (2.0 equiv) CN s z .
=AVLEBU oluene, 0 °C, 18 h R \(\o o ~R

N OH OH N,
R ligand Yield (%) ee (%) N SO,R?
CeHs 19b 94 89(R)
4-CiC¢Hs  19a 87 84(R)
2-ClCgHs5 19d 93 62(R) 19a: R' = +Bu; R2 = Mes; R® = i-Pr; R*=H
4-MeCgHs  19c 92 80(R) 19b: R' = +Bu; R? = Mes; R® = tBu; R* =H
3-MeCeHis 19a 83 72(A) 19c: R' = H; R? = Mes; R® = t+-Mes; R* = H
2-MeCeHs  19a 91 85(R) o R £ 80 P o Mot PO - a0 R - 11
tBuCeHs  19d 86 63(R) 19d: R = +Bu; R® = Mes; R* = s-Bu; R" =
Scheme 18

In the same year, North and co-workers converted four amino acids (alanine, valine,
phenylalanine and phenylglycine) into C1-symmetrical salen ligands and complexed to titanium,
vanadium, copper and cobalt 20 (Scheme 19).* The resulting complexes were used as
asymmetric catalysts for asymmetric cyanohydrin synthesis, asymmetric Strecker reactions,
asymmetric synthesis of o-methyl amino acids and asymmetric Darzens condensations.
Satisfactory levels of asymmetric induction were obtained from reactions in which the
(salen)metal complex acts as a chiral Lewis acid, but low levels of asymmetric induction were
obtained from reactions carried out under solid-liquid phase-transfer conditions.

R! R‘:
/’ \
=N, N= =N, N=
R1 \M/ S
A . R o o R R2 oo R?
HoN""CO,Me
RS R? Rz RS R® R? R RS
20a M =TiCl, VOCI, Cu, Co 20b M = TiCl, VOCI, Cu, Co
R' —Ph R' = Me, PhCH,, (CH3),CH
Me
N-Bn 202 o CoaMe —n S
A N oMe
I Teen P i TMSCN ~ H,N  CO2Me
Ph

Scheme 19
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Banphavichit et al. developed a practical and efficient method for synthesis of optically
active a-arylaminonitriles by Strecker reaction using a Ti complex of the structurally simple
chiral amino alcohol ligand 21 at low catalyst loading (2.5 mol %) (Scheme 20).49 The N-
benzhydryl a-arylaminonitrile intermediates were prepared in excellent yield (89-99%) and
enantiomeric purity (96 to >98% ee) by enantioselective cyanation of aldimines with TMSCN/i-
PrOH in the presence of 2.5 mol % of an easily prepared Ti/chiral amino alcohol complex at 0
°C, without requiring slow addition of the cyanating agent. The easily racemized a-aminonitrile
intermediates were efficiently hydrolyzed by an aqueous HCI/TFA mixture to give the
arylglycine derivatives in good yield (60-92%) and moderate to excellent enantiomeric purity
(85-98% ee).

_Ph
N-CHPN2 o Ti0iPr), (2.5 mol%) N-CHPh2
l H N
Ar)\H TMSCN(2 equiv.), iPrOH(1 equiv.) ey <)\A H  on
toluene, 0 °C, 72 h OH
21
Ar ligand  Yield (%) ee (%) Ar ligand  Yield (%) ee (%)
Ph (521 95 98  2-CICgH, (5021 98 >98
Ph (R-21 95 9B 4oCH, (521 94 98
2-MeCgH, (S)-21 98 98
4-MeCgH, (521 97 s98 3FCeHs  (S-21 99 96
2-BrCgH,  (S)21 97 >98  1-Naphthyl (S)-21 91 98
4-BrCgHs  (S)-21 98 96  1-Naphthyl (R)-21 91 98

Scheme 20

Seayad, Chai et al. have described a highly enantioselective (up to 98% ee) cyanation of
imines using HCN as the cyanide source at room temperature (Scheme 21 and Scheme 22).”° In
this operationally simple process, the catalyst generated from a partially hydrolyzed titanium
alkoxide (PHTA) and (S)-N-salicyl-B-amino alcohol ligand 22 (Scheme 23), catalyzed the
cyanation of imines in a short reaction time. The methodology offered the possibility of utilizing
the Strecker reaction economically for large-scale synthesis of a-amino acids.

-Bu

_PG
N NS
j + HCN ©;,_',* OH *+ PHTA TG

Ar 22 (5% mol) Py
(0.2 mmol)  (0.24 mmol) TMSCN (10-25 mol%) Ar. » CN
Ar = aryl or heteroaryl toluene, r.t., 2-3 h \Qsjdi ggggz//:
PG = PhCH,, Ph,CH
Scheme 21
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Ph Ph
N—=Ph HN-~Ph

l : ) COOH
/O) 22 + PHTA (5% mol) /O@@ HCI/CF3COOH O@
- _ >
R
R TMSCN (25 mol%) R 80°C,18 h

R=F, 72% yield, 90% ee

NH,

R=F olene. i R=F,99% yield, 95% ee R = OCHs, 65%, yield 97% ee
R = OCHj R = OCHjg, 99%, yield 97% ee
Scheme 22
t-Bu
; partially
partial hydrolyzed N
. hydrolysis o : H o
Ti(On-Bu), ——— titanium alkoxide OH 2o chiral PHTA

toluene, 12 h
(PHTA) toluene, 15 min in toluene

Scheme 23

The proposed catalytic cycle (Scheme 24) would explain the possible role of TMSCN in the
reaction. (i) the IR absorptions in the range of 420-700 cm’ suggest the possible presence of a
Ti-O-Ti bridged complex in solution. (ii) Under the reaction conditions, no IR absorptions
around 2100 cm™ as expected for Ti-CN vibrations is observed. The cyanide group was either
weakly bonded to titanium or the intermediate with a Ti-CN bond might be extremely short-
lived. (iii) The reactivity of TMSCN was 4.8 times faster in the presence of catalyst and this
indicated the possible activation of TMSCN prior to reaction with the imine II. (iv) In the
presence of 10 mol% of TMSCN, the cyanation with HCN was significantly faster than that of
either TMSCN or HCN alone. Finally (v), the overall cyanation with TMSCN/protic additive and
HCN/TMSCN system proceeded with comparable reactivity and this suggested the possibility of
initial addition by TMSCN. HCN presumably acted as proton source and thus accelerates the
formation of amino nitriles III and regenerated the TMSCN for further addition to imines. A
similar catalytic cycle was proposed by Shibasaki et al. for the cyanation of N-fluorenylimines
using the mixture of TMSCN and HCN.” The proposed mechanism did not provide a rationale
for the observed enantioselectivities and further investigation of the reaction intermediates and
the structure of the catalyst was needed.
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Later, it was revealed by Chai and co-workers®! that similar results could also be achieved
by using HCN (1.2 equiv) as the cyanide reagent in the presence of catalytic amounts of TMSCN
(10-25 mol %). These results were in fact very similar to those observed by the Shibasaki

52
group.

3.3 Using chiral lanthanoide(III) complexes

Previously, Shibasaki's group had found that lanthanide complexes were very efficient catalysts
for the Strecker reaction with ketimines.”>>> In 2009, Ishihara and coworkers developed a
catalytic enantioselective Strecker reaction catalyzed by novel chiral lanthanum(III)—binaphthyl
disulfonate 23 complexes (Scheme 25).° The key to promoting the reactions was a
semistoichiometric amount of AcOH or i-PrCO,H, which took advantage of HCN generation in
situ. The corresponding cyanation products were obtained in high yields and with high

enantioselectivities.
I I SO;zH

Ph O SOzH Ph
23 (10 mol%) )\
)Nl\ Ph MSCN La(OPh)s (10 mol%) HN” >Ph
+
R H (1.5 equiv) AcOH or j-PrOH (50 mol%) R™ * CN
EtCN, -20 °C _
R = aryl, heteroaryl, (£)-PhCH=CH In AcOH yield: 64-99%,; ee: 41-92%
Ph=C or tBU In i-PrOH yield: 28-99%; ee: 33-88%
Scheme 25
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In 2009, Karimi and Maleki explored the highly enantioselective Strecker hydrocyanation of
a wide range of aromatic, o,B-unsaturated, heterocyclic, and aliphatic aldimines in the presence
of catalytic amounts of Yb(OTf);—pybox 24 complexes.57 Various aldimines, including aromatic,
a,B-unsaturated, and aliphatic aldimines were tested under these conditions. The corresponding
a-amino nitriles were obtained in excellent yields and moderate to excellent enantioselectivities
(Scheme 26). In the following year, Hunt ef al. used a heterogeneous catalyst 25 with Yb(OTf)s-
pybox immobilized in a novel self-assembled ionic liquid phase hybrid silica (Scheme 27).”® The
catalyst has been successfully applied for the asymmetric Strecker hydrocyanation of aldimines.
This catalytic system can be reused for at least 6 times without any significant loss of activity
and enantioselectivity.

Br
| X
0 = 0
Az D o
NI Fh 24 HN™ ~Ph
M + TMSCN Ph Ph
R™H 0 R~ ."CN
. Yb(OTf)3(10 mmol%) _ Id*' N
R = Ar, 2-naphthyl, 2-thienyl CH,Cl,, MeOH- 78 °C, 24-72 h yie . - > o
3-pyridyl, (E) PhCH=CH, t-Bu ee: 45-98%
PhCH,CH,, CH5(CH,)5 etc.
Scheme 26
Ph
Yb(OTf)z-pybox/CH,Cl, Y
HN™ “Ph
{% . l % A en
A AN N P e Up to 90% ee
S o N” N Si—OH
"oy | o
® / TMSCN/MeOH
\ '/
ST BN g
/ \—/ \ Ph
¢ (0] | @ O )\
\ N /
NN N N N el —~0OH N~ Ph
g//8| © N N Si )]\
HO | 25 }ﬁ R H
Scheme 27

3.4 Using chiral vanadium(V) complexes

In 2005, North's group reported that a vanadium(V)-salen complex efficiently catalyzed the
asymmetric addition of cyanide to N-benzyl-protected aldimines giving a-amino nitriles with up
to 81% ee.”’ Later, the group studied the asymmetric synthesis of cyanohydrins using a
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vanadium(V)-salen complex as a catalyst.”” In 2010, Khan er al. reported a chiral dimeric
vanadium(V) salen complex 26 (10 mol%) derived from 5,5-methylenedi-[(S,S)-[N-(3-tert-
butylsalicylidine)-N'-(3',5'-di-tert-butylsalicylidene)]-1,2-cyclohexanediamine] ~ with  vanadyl
sulfate followed by auto oxidation was used as efficient catalyst for enantioselective Strecker
reaction of N-benzylimines with TMSCN at —30 °C (Scheme 28).61 An excellent yield (92%) of
a-aminonitrile with high chiral induction was obtained (ee up to 94%) in the case of 2-methoxy
substituted N-benzylimines in 10 h. The catalytic system worked well up to four cycles with
retention of enantioselectivity. The probable catalytic cycle for the enantioselective Strecker
reaction is shown in Scheme 29, where the imine was polarized by the weak interaction through
the lone pair of electrons present on it with metal center of the catalyst followed by the
nucleophilic addition of cyanide ion (HCN was generated by the reaction of H;O and TMSCN)
to the polarized carbon of imines, resulting in the formation of the product and liberation of the
catalyst to take part in another catalytic cycle.

ANy N R Yield(%)  ee(%)
@ 26 (10 mol%) : CeHs 89 80
S

H,O (20 pl), -30 °C R H/\© 4-MeCgHs5 82 83
TMSCN (1.5 equiv.) 3-MeCgHs 68 76
_ _ 2'M9C6H5 75 79
© 50,Et ©SO,Et| 4-MeOCeHs 90 89
H >géH o 3-MeOCgHs 78 60
—N\H,N— N\ U ([3\1 2-MeOCgHs 92 94
o/ "o oo 4-FCgHs 88 75
LO-H LOH (CH3)sC 78 62
CHsCH=CH 65 22
Scheme 28
H O l
R/C\\ —§|— + H,0O
CN
é’ |
(\ ) /\© (HCN
Catalytic cycle

CNX/

Z ___

HCN
Scheme 29
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Recently, Esteves et al. synthesized four new heterogeneous catalysts by covalent
attachment of vanadium(V) and aluminum(IIl) salen complexes to polystyrene polymers,
namely, Merrifield and JandaJel resins.®” The solid catalysts were characterized by analytical and
spectroscopic techniques and tested in the asymmetric addition of hydrogen cyanide (generated
in situ from TMSCN) to N-benzyl benzylimine (Strecker type reaction). Heterogeneous
vanadium(V) catalysts are more efficient than the Al(III) catalysts, as expected from comparison
with the corresponding homogeneous systems (Scheme 30). The activity of the vanadium(V)
heterogeneous catalysts was similar to the homogenous counterpart (after 4 h of reaction at —40
°C using 10 mol% of catalysts), while the enantiomeric excess was slightly inferior to the one
obtained with the corresponding homogeneous catalysts. The Janda-vanadium(V) heterogeneous
catalyst could be reused by simple filtration up to three times without significative loss of
conversion and enantioselectivity. This was the first study dedicated to the synthesis of
asymmetric amino acids through the Strecker reaction using heterogeneous salen catalysts.

—N.  N=
o >
>0 0" o HN
N (P—o
+ TMSCN *CN
P = Polymers

Chiral amino acid
precursors

Scheme 30

3.5 Using chiral ruthenium(Il) complexes

In 2012, Ohkuma et al. found the combined systems of phenylglycinate/BINAP/Ru(Il) complex
27 and Li compounds could act as highly reactive and enantioselective catalysts for
cyanosilylation and hydrocyanation of aldehydes, a-keto esters, o,B-unsaturated ketones, and N-
protected aldimines.®>® The Strecker-type reaction with the (S,S,5)-27/PhOLi catalyst system
was applied to a variety of N-protected aldimines. As we expected, N-tert-butoxycarbonyl (Boc)
and N-benzoyl (Bz) imines were cyanated with a high level of enantioselectivity (Scheme 31).
The reactivity and selectivity were significantly decreased in the reaction of the N-benzyl (Bn)
imine. Various aromatic, heteroaromatic, and aliphatic N-Cbz aldimines were cyanated with high
reactivity and enantioselectivity. An excellent ee value of 99% was obtained in the reaction of
the 3'-bromo imine at -20 °C. The reaction of the sterically hindered fert-butylimine with an S/C
of 5000 at 0 °C was completed in 2 h. The 4'-CFs-phenylimine and n-propyl imine reacted with
low to moderate enantioselectivity, possibly due to the competitive base-catalyzed achiral
cyanation.
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(5,8,5)27 0
CeHsOLi
)l\fG o Ph, 07 \...
+ +BuOMe NC, NHPG P
R™ 'H (3 equiv) b N |u/NH
0°C052h R™ O H /1N
21:10: CgH5OLi = 500: 1: 1 OO Pﬁz @)
HCN(in situ): Me;SICN + MeOH (1:1) at 0 °C .
NBoc NBz NBn NCbz NCbz NCbz
H H
91% ee 86% ee 14% ee 97% ee 82% ee 927 €€
NCbz 95% ee (-20°C)
NCbz NCbz X NCbz
X X H
H H \ H
X = Me, 97% ee X=Me, 97%ee <=0 92%€ goo e 969 ee (-20°C)
X = Br, 98% ee X=MeO, 97% ee X=S 97%ee 939 ee (S/C=5000, 3 h)

96% ee

X =Br, 98%ee (-20°C) X=CF3, 19%ee (S/C = 5000, 3 h)

Scheme 31

3.6 Using chiral magnesium(II) complexes

In 2013, Sakai er al. developed an asymmetric Strecker-type reaction of various nitrones with
acetone cyanohydrin using a magnesium-(R,R)-tartramide complex to successfully prepare
optically active (S)-o-amino nitrile derivatives in excellent yield (Scheme 32).%° Thereby, the
acetone cyanohydrin serves as a less hazardous and easy-to-handle synthetic equivalent of HCN
and TMSCN. The reaction mechanism was proposed to proceed as follows: first, the reaction of
cyanohydrin and the (R,R)-tartramide 28 with MeMgBr forms the corresponding
bromomagnesium salt. The tartramide magnesium salt might be further deprotonated by DBU to
form a magnesium ate-complex which coordinates the nitrone. Transfer of the cyano group from
the cyanohydrin magnesium salt to the nitrone occurs from the Re face, forming specifically the
(S)-enantiomer.

One possible reaction pathway was shown in Scheme 33. When 30 and (R,R)-BTMTA are
treated with 2 equiv of MeMgBr, bromomagnesium salts 32 and 33 are formed. By the addition
of 0.2 equiv of DBU, deprotonation from 33 might occur to furnish a tartramide magnesiumate
complex 34, to which the nitrone 29 coordinates. The subsequent transcyanation proceeds from
the re-face of the nitrone to afford the product 31 with a preference for the (S)-enantiomer.
However, the effect of amide substituents is still not well-elucidated.

Page 223 ®ARKAT-USA, Inc.



Reviews and Accounts ARKIVOC 2014 (i) 205-248

o:gj}:o
\_ 28 (1.0 equiv) R2\N/OH

e -
R \4[\.]/0 OH HO OH

/H\ 1 * NC/lV (1.0 equiv) MeMgBr (2.0 equiv) NC/LR1
H R DBU (0.2 equiv), THF, 0 °C

Me., OH Ph-©OH Ph,HC. OH

NC&Q ch© N NC&© *@

22 h, yield: 80% 12 h, yield: 47% 21 h, yield: 6% 21 h,yield:58% 21 p yield: 72%
ee: 89% ee: 72% ee: 63% ee: 96% ee: 90%

)\Q )\@L N01 Ec*“ NC&

21 h, yield: 75°/o 23 h, yield: 63% 41h, yield: 89% 41 h, yield: 73% 4 h, yield: 95%

ee: 96% ee: 96% ee: 85% ee: 96% ee: 79%
PhzHC.\ OH Bn-yOH  PhyHC.\ OH . OH Pthc;hlk.OH
A NC™ ~tBu

NG NCJ\O NC NC™ > t-Bu

2h,yield: 94% 6 h, yield: 97% 21 h, yield: 87% 22h, yield: 90% 21 h, yield: 88%

ee: 97% ee: 73% ee: 90% ee: 87% ee: 93%
Scheme 32
IT%r R2* O R Br
Mg—-O N N l
6 NR' H/kFU H’\'\T/O—Mg----o
NC.__OMgBr , i B | NR',
N + H DBU Rz o O
32 0" rNR v (\/Mg\ ,
33 O -H-DBU NC. LO O™ /r—NRy
7< 34 O
2 + - 2
Rl\,/o OH R -OH
29 30 31

Scheme 33

In addition, zirconium-based complexes as catalysts in asymmetric Strecker reaction also
showed highly efficient and good enalntioselectivity.66 Typically, the catalytic asymmetric
Strecker reaction with metal complexes show high catalytic capability and could be achieved
with very low catalyst loading and higher enantioselectivities. Chiral metal complexes represent
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an interesting and important group of catalysts for the catalytic enantioselective addition of
cyanide donors to imines. In general, aromatic imines are good substrates for all of those type of
catalysts. Sometimes, a-aliphatic imines as substrates can also obtained high enantioselectivities
in case of suitable catalysts.

4. Enantioselective Strecker Reactions using Organocatalysts

Asymmetric organocatalysis is the field wherein small organic molecules efficiently and
selectively catalyze organic transformations in absence of metals. The research field of
organocatalysis has developed rapidly and can now be seen as a third pillar of asymmetric
catalysis beside metal and biocatalysis. Numerous basic organocatalytic protocols for very
efficient and highly stereoselective carbon-carbon and carbon-heteroatom bond formations are
now part of the strategic arsenal of synthetic chemistry.67’68 The Lipton group first reported the
chiral diketopiperazine-catalyzed hydrocyanation of aldimines in 1996."" They investigated the
stereoselective addition of HCN to a variety of imines catalyzed by synthetically obtained
diketopiperazine-based organocatalyst 35 (Scheme 34). Catalyst 35 was found to be extremely
enantioselective in this reaction (ee up to >99%). Later, a number of chiral organocatalysts for
asymmetric Strecker reaction have been developed. These catalysts include the phase-transfer
catalysts, N-galactosyl[2,2]-paracyclophane carbaldimines, BINOL phosphate derivatives, ureas
and thioureas, bisformamide, N-oxides, etc.

Ph

0 H
HNJ\”\ \/N\H/NHz
N Ph
)

' S__NH H
N)\Ph A

N 35 (2 mol% HN™ ~Ph

. ] R7CN
HCN, MeOH, -25 C yield: up to 97%

ee: up to >99%

Scheme 34

4.1 Cinchona alkaloid-catalyzed reactions

In 2009, Brise and coworkers reported an efficient, organocatalytic enantioselective synthesis of
N-arylsulfonyl o-amino nitriles from the corresponding a-amido sulfones had been developed
using quinine-catalyzed catalyst 36 (Scheme 35).° This quinine-catalyzed Strecker reaction
provided the corresponding cyanated products in good yields and enantioselectivities. Khan et al.
also developed a straightforward approach for catalytic asymmetric Strecker reaction of
aldehydes with a secondary amine in the presence of sodium fluoride using hydroquinine as
catalyst 36 (Scheme 36).”° The catalytic system gave a-aminonitriles in excellent yields (up to
95%) and high enantioselectivities (er up to 94:6). The efficacy of the chiral product was
successfully fulfilled in the improved synthesis of (S)-Clopidogrel (an antiplatelet agent).
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Ph -10 34 62

4-MeCgH, tBu -10 99 61(R) j></ (A
3-MeCgHy tBu -15 99 74(R)  pn -10 68 60(S)
2-MeCgH4 tBu -10 95 62(R) >,
3-MeOCgH, tBu -10 35 62(S) Ph Qﬁ/ -10 95 56(R)
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3-CICgH, tBu -10 80 34 N °L></(> ~10 53 64(S)
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NaF MeO
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CN O CN
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@ L_0 Mel O L_o
yield: 90% yield: 92% yield: 95% yield: 90%
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CN CN CN CN
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Me S Cl S F S
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yield: 93% yield: 94% yield: 91%
er: 80:20 er: 88:12 er: 65:35
Scheme 36
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4.2 Phase-transfer-catalyzed reactions

Phase transfer catalysis (PTC) is one of the most important and useful methods in synthetic
organic chemistry because of its preparative advantages, such as simple reaction procedures,
mild conditions, inexpensive and environmentally friendly reagents, and the ease in scaling-up
the reaction. An asymmetric version of PTC utilizing chiral phase-transfer catalysts is a highly
72 In 2006, the Ooi group devised the phase-
transfer-catalyzed asymmetric cyanation of N-arylsulfonyl aldimines using aqueous potassium
cyanide (KCN) as a cyanide source through the molecular design of a chiral quaternary
ammonium salt bearing a stereochemically defined tetranaphthyl backbone.” The next year, the
same group achieved a highly efficient, catalytic enantioselective synthesis of N-arylsulfonyl a-
amino nitriles from the corresponding a-amido sulfones under toluene—aqueous potassium
cyanide biphasic conditions using chiral quaternary ammonium iodide (R,R,R)-37 as an effective
phase-transfer catalyst (Scheme 37).”* This Strecker synthesis involving the in situ generation of
the reactive N-sulfonyl imines was advantageous for the cyanation of the substrates having
primary and secondary alkyl substituents.

attractive method in terms of atom economy.

PG - 9
HN (R,R,R)-37 (1 m9l Yo) PG
/L KCN(1.05 equiv) HN
R”>S0,(p-Tol) + TMSCN toluene-H,O /-\
R™ "CN
0°C,<2h
PG = Mts or Mtr yield: 86-99%
Mts = N-mesitylenesulfonyl ee: 84-99%

Mtr = trimethylbenzenesulfonyl

R PG Yield (%) Ee (%)
c-Hex Mts 99 97
PhCH, Mts 93 85
Ph(CH.,), Mts 99 94
(CH3),CHCH,  Mts 99 98
CH3(CH,)sCH, Mts 99 98
Coz<_ )y  Mts 98 96
Ph(CH.,), Mir 98 96
(CHg),CHCH,  Mtr 99 93
CH3(CHp)sCH,  Mtr 9 89
PhCH, Mtr 86 86

Scheme 37

The Strecker synthesis is one of the most facile methods to access racemic a-amino acids.
However, feasible catalytic asymmetric Strecker reactions for the large-scale production of
enantioenriched o-amino acids are rare. Last year, Yan et al. reported a scalable catalytic
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asymmetric Strecker reaction that used an accessible chiral variant of oligoethylene glycol as the
catalyst and KCN to generate a chiral cyanide anion.” Various a-amido sulfone substrates (alkyl,
aryl and heteroaryl) can be transformed into the optically enriched Strecker products, a-
aminonitriles, with excellent yields and enantioselectivities (Scheme 38). Moreover, the robust
nature of the catalyst enables a one-pot synthesis of enantiomerically pure a-amino acids starting
from a-amido sulfones and simple catalyst recycling (Scheme 39). These features could make
this protocol easily adaptable to the practical synthesis of unnatural a-amino acids. The reaction
mechanism was shown in Scheme 40.

NHBoc | — [
(R)or (9-38(10mol%) R~ N O o o/\\O OQ
NHBoc : O HO
KCN (1.5 equiv) + OH
SO2Ph toluene, 0 °C, 60 h ’}”"BOC CQ | I OQ
38
NHBoc NHBoc O NHBoc O NHBoc \HBoc
©/kCN OACN O CN O CN
90%, 93% ee  91%, 94% ee** 89%, 99% ee 88%, 98% ee** 89%, 91% ee*™*
90%, 9[3;?8%% NHBoc o NHBoc NHBoc NHBoc
Me
- 90%, 91% ee  92%,99%ee  92%, 97%ee 96%, 92% ee
0/°’ 91% ee NHBoc NHBoc
. NHBoc NHBoc /@/LCN OACN
94%, 98% ee 91%, 99% ee** 96%, 91% ee 87%, 92% ee
NHBoc NHBoc NHBoc NHBoc
S
93%, 90% ee 92%, 85% ee 94%, 92% ee 64%, 43% ee

Unless otherwise indicated, the reactions were carried out with 4 (0.1-0.5 mmol), 1.05 equiv. of KCN,
and (R)-38 catalyst (10 mol%) in toluene at 0 °C. * Two equivalents of KCN were used.
** (S)-38 catalyst was used. ***The reaction was carried out using 20 mol% of catalyst at -20°C for 84 h.

Scheme 38
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(4-10 mmol) not isolation NH, « HCI
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NH, - HCI O NH, - HCI NH,-HCI ~ NHz- HCI 2

CN CN Me

O OO/LCN >(LCN O/\CN

65%, >99% ee 55%, >99% ee 65%, >99%ee 54%, >99%ee 66%, >99% ee

Scheme 39
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\\\\\\ K’,f’ ,O CN
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~ N ~ Ph
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| I\ /\\ (R)-38(1 equiv) 55%, 89% ee
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// N ) S/

Ox \\R “Ph
Ot-Bu

Scheme 40

4.3 Reactions catalysed by urea and thiourea derivatives

Molecules containing functions with urea or thiourea moieties are known to be able to form
double hydrogen bonds with the substrates, thereby activating or coordinating the substrates or
even with both these functions acting in a synergetic manner.’® During the last few decades many
chiral urea and thiourea derived catalysts have been developed for different enantioselective
reactions. In general, thiourea derivatives are more popular in this field than urea derivative.
Possibly the formation of stronger intermolecular hydrogen bonds (in comparison to thiourea
analogues) between two molecules of urea leads to the decreasing of “free NH” groups which are
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responsible for the activation and coordination of substrates. Such interactions between urea
molecules are well-known and described in literature.”’

4.3.1 Urea derivatives. In 2011, Wang, Zhou et al. developed a general method for the catalytic
asymmetric Strecker reaction of both a-CF,H and a-CF; ketoimines and TMSCN, which was
carried out in air using the readily available bifunctional ureas derivative catalyst 39 (Scheme
41).”® A remarkable fluorine effect on the reactivity and selectivity was observed and discussed.
Based on the theoretical calculations and experimental data, a new recognition model of
(thio)urea catalyst and a-CF,H- or CFs-substituted ketoimines was proposed.

n¢ PG 39 (10 mol%) PG
pi . ey (CF2CHOH (100 mal%) — HY Arsn-H |
R™OR > =< PR
(1 equiv) (2 equiv) toluene, r.t. R R O NH
R PG R' yield (%) ee(%) N| H N
Ph PMP CF,H (CF3)  73(97) 87(94) 39
Ph p-EtOCgH, CF,H (CF3)  89(95) 86(93) OMe
Ph p-BrCgH4 CF,H (CF3) 89(98) 86(86) Ar = 3,5-(CF3),CgHs
Ph p-CICgH, CF,H (CF3)  85(98) 89(88)
p-MeCgH, PMP CF,H (CF3)  92(93) 85(94)
m-MeCgHj, PMP CF,H (CF3)  89(97) 86(95)
p-MeOCgH, PMP CF,H (CF3)  70(90) 80(94)
p-TMSCgH, PMP CF,H 62 86
p-CICgH,4 PMP CF,H (CF3)  94(95) 92(93)
2-naphthyl PMP CF.H (CF3)  81(97) 87(96)
m-MeCgH,  p-CICgH, CF,H 75 92
m-MeOCgH,;  p-CICgH,4 CFy;H 72 87
m-CICgH, p-CICgH,4 CF,H 90 87
m-FCgH, p-CICgH,4 CF,H 84 88
2-thienyl p-ClCgH,4 CF.H 61 86
c-hexyl p-CICgH4 CF,H 42 77

Scheme 41

4.3.2 Thiourea derivatives. The first application of chiral thiourea organocatalysts for enantio-
selective Strecker reaction of HCN with imines was reported by Jacobsen ef al. in 1998.*' They
demonstrated that thiourea-based derivative could stereoselectively catalyze the Strecker
reaction. In 2007, Pan and List developed the organocatalytic asymmetric three-component
Strecker reaction, the urea-catalyzed acylcyanation of in situ generated imines.” Different a-
amido nitriles were formed in excellent yields and enantioselectivities from aldehydes, amines,
and acyl cyanides in the presence of Jacobsen's thiourea catalyst 40 (Scheme 42). Despite its
obvious use for the synthesis of a-amino acids and their derivatives, the reaction might find use
in diversity oriented synthesis and medicinal chemistry.
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40 (5% mol) 0 Me tBu S

\
o /N ~ )J\

O

N
HsC~ “CN Ph™ H AN
® + - 40 °C, 36 h Ph” "CN HO
BnNH, yield: 94% 40
er: 97:3 tBu OPiv

Scheme 42

Last year, Ma et al. developed the highly efficient asymmetric Strecker reaction of cyclic
ketimines using simple cinchona alkaloid-based thioureas 41and 42 as the chiral catalysts with as
low as 1 mol% loading under mild reaction conditions (Scheme 43).% The major advantage of
this process is that both enantiomers of a-amino nitriles can be accessed in good to excellent
yields (91-99%) and enantioselectivities (90-97% ee). Moreover, the Strecker reaction serves as
a key step in the asymmetric preparation of the anti-HIV drug DPC 083, thus illustrating the
synthetic utility of the Strecker adducts (Scheme 43). Regarding the mechanism of the reaction,
it was suggested that both thiourea and tertiary amine moieties of the organocatalyst could play a
significant role in controlling the enantioselectivity of the addition reaction. Trifluoro-
methylquinazolin-2(1H)-ones coordinate to the thiourea moiety through hydrogen bonding
interaction, whereas the HCN generated in situ from TMSCN and water seems to be more likely
to act as the nucleophile activated by a Lewis basic tertiary amine moiety (Scheme 44). In the
presence of amino-thiourea catalyst 41, the nucleophilic cyanide attacks the C=N double bond
from the Re face, leading to the formation of the adduct with R-configuration. The attack of
cyanide from the Si face was restricted by the cinchona alkaloid scaffold of the catalyst.

F F3C
C3 R 3 CN

BN SN 410rd2 (1mol%) NN NH —
| = /g + TMSCN toluene, 0 °C, 24 h l = /g T
e 0 N" 0
PG PG H
Anti-HIV drug DPC083
1 42 yield: 60% ee:98%
R PG Yield (%) ee (%)  Yield (%) ee (%) /
6-Cl PMB 99 96(R) 99 95(S) N—H  H
6-F PMB 99 96(R) 96 95(S) H NTN CF,4
6-Br PMB 95 94(R) 9% 92(S) MeO . S
6-H PMB 93 95(R) 91 95(S) P ¢F,
6-CF; PMB 94 92(R) 93 90(S) N™ 4
6-OMe PMB 95 94(R) 93 97(S)
6-Me PMB 9 94(R) 93 94(S)
6-iPr  PMB 96 94(R) 95 96(S) CFy
5-F-6-Cl PMB 98 96(R) 91 94(S)
56-2F PMB 96 96(R) 91 94(5) MeO
6-Cl, H 93 94(R) 95 90(S) CF3

Scheme 43
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In 2012, Shao and Tian reported that a range of 3H-indoles and 2H-1,4-benzothiazines
smoothly undergo asymmetric Strecker reaction with ethyl cyanoformate in the presence of a
Cinchona alkaloid-based thiourea catalyst 43 and 44 at 10 °C to give structurally diverse
nitrogen-containing heterocycles in good to excellent yields and with excellent ee (Scheme 45).%!
Furthermore, to the best of our knowledge, this method also represents the first enantioselective
organocatalyzed Strecker reaction with N-Boc-ketimines as electrophiles.

In 2013, Liu and Zhou reported the catalytic asymmetric cyanation of N-Boc ketoimines,
which enables highly enantioselective synthesis of oxindole based a-amino nitriles with cinchona
alkaloid-derived thiourea as catalyst 45 (Scheme 46).** An unprecedented tandem aza-
Wittig/Strecker reaction is also developed, emerging as a promising strategy for the catalytic
asymmetric cyanation of ketoimines formed in situ from achiral ketones. Following this work,
Wang also developed the asymmetric Strecker-type reaction between azomethine imines and
TMSCN catalyzed by 1 mol% of a cinchona alkaloid-derived thiourea 46 bearing multiple
hydrogen-bonding donors to afford optically active amino nitriles in good to excellent yields and
enantioselectivities (Scheme 47).83
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catalyst (10mol%)

@é;? C'@Q CQ
CN CN N "'CN

H
99% yield; 96% ee 73% yield; 97% ee 99% yield; 97% ee 80% yield; 97% ee 83% yield; 98% ee

Me
Br MeO
'C N CN N CN N CN

H
99% yield; 9 ‘V ee 90% yield; S%% ee 99% yield; 98% ee 99% yleld,'37% ee 99% yield; 98% ee

Me
eO
"CN "'CN CN CN
H Me H N

H H
99% yield; 98% ee 99% yield; 97% ee 99% yield; 95% ee  93% yield; 92% ee 99% yield; 97% ee

o oY O &a OFs

83% yield; 98% ee  99% yleld 93% ee 99%yield;91% ee  99% yield 94%ee  99% yleld 98% ee

N

with 43 @E\/*CN FC. HN

/> NCCO,Et, MeOH / N QHA
(W

fDIZ

NCbz NCbz tBu

Br t-Bu +Bu Br Z‘I'/BU
e Oy O

N
H N H H

85% yield; 97% ee 98% yield; 96% ee  79% yield; 97% ee 95% yield; 98% ee

oo o ogh ook

N CN ‘CN
90% yield; 94% ee 99% yield; 94% ee 98% yield; 97% ee 99% yield; 97% ee

Scheme 45
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s
R NBoc N N R' NG NHBoc
N
|\\ 0 + TMSCN (5 mol%) ©f¥
~N 45 mo o

(2.0 equiv)

R (CF3)oCHOH (1.0 equiv)
1.0 equiv yield: 65- 97%
(1.0 equiv) CH4Clp,~70°C ee: 90-99%
R‘\ O )J\ k BocHN
&O . “ + TMSCN Aza-Wittig  Strecker R1
= N\R PPhg (2.0 equiv)
1.0 i 1.1 i
(1.0 equiv) (1.1 equiv) yield: 41 86%
ee: 76-96%
Scheme 46
=
o @)
- rtl> + TMSCN 46 (1 mol%) HN\N> QH
. X
/” (1.2equiv)  mesitylene, -15 °C P e
A Ar” CN = )\NH
yield: up to 99% Ph ~OH
ee: up to 97% /\
Ph
Scheme 47

Recently, Yan, Wang et al. have developed a very practical method for the asymmetric
synthesis of 3-amino-3-cyanooxindoles through the addition of TMSCN to isatin-derived N-Boc-
ketimines with a quinine-derived thiourea catalyst 43 (Scheme 48).* The nucleophilic addition
of trimethylsilyl cyanide to N-Boc-ketimines affords 3-amino-3-cyanooxindoles in good to
excellent yields (78-98%) and very good enantioselectivities (up to 94%). In addition, a variety
of ketimines bearing electron-withdrawing and electron-donating substituents at different
positions on the aromatic ring were tested and afforded the expected reactions products in good
yields and enantioselectivities. The absolute configuration of product was ascertained as (R) on
the basis of an X-ray crystal structure analysis. They suggested a possible mechanism for the
addition of TMSCN to N-Boc-ketimines derived from N-methylisatins. As shown in Scheme 49,
similar to the model suggested by the Feng group, the catalyst displays the dual function of

Page 234 ®ARKAT-USA, Inc.



Reviews and Accounts ARKIVOC 2014 (i) 205-248

activating both reaction partners.®> The tertiary amine of the catalyst promotes the formation of
HCN, and then, through coordination, holds it in close proximity, while the thiourea moiety
binds and activates the ketimine through hydrogen bonds. Following an enantioselective addition
of CN to ketimine from the Re-face, the (R) configured product was obtained.

H
tBu O N Cheg
o~ {
R2 /N
mo + TMSCN 43 (10 n?cl):lg/)
=
N\R1 (0.15mmol) ; proH (0.15 mmol) in DCE (1ml)

(0.1 mmol) - 25°C

NC NHBoc NC! NHBoc  SING NHBoc 02N NG, NHBoc é\NHBOC

16 h, 98% yield
92% ee

24 h, 78% yield
60% ee

10 h, 94% yield
89% ee

NHBOC : ! \NHBOC : ) \NHBOC

16 h, 98% yield
93% ee

18 h, 96% y|e|d 20 h, 97°/o yield
93% ee 62% ee

! \NHB \ 3 NHBOC

22 h, 98% yield
90% ee

NG \NHBoc NG, \NHBoc \NHBOC Br. NG \NHBoc
N

\
o

F4CO

10 h, 94% yield
89% ee

30 h, 93% yield
93% ee

18 h, 96% yield
90% ee

=~

F

16 h, 96% yield

8 h, 98% yield 12 h, 98% yield 20 h, 98% yield
91% ee 91% ee 91% ee 86% ee
ar. NG NHBoc NC NHBoc NG NHBoc NC NHBoc
B \/\Ph /
18 h, 97% yield 16 h, 96% yield 16 h, 96% yield 16 h, 98% yield Cl
87% ee 91% ee 92% ee 91% ee
Scheme 48
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4.4. Reactions catalysed by chiral bisformamides

In 2007, Feng's group showed C2-symmetric chiral bisformamides 47 to catalyze the asymmetric
one-pot, three-component Strecker reaction, which produced the a-amino nitriles in excellent
yields (up to 99%) with good enantioselectivities (up to 86% ee) (Scheme 50).% Optically pure
products could be obtained after a single recrystallization. A possible transition state has been
proposed to explain the origin of asymmetric induction and reactivity according to the geometry
of catalyst optimized at the B3LYP/6-31G(d) level and the absolute configuration of product.

In the following year, the group developed the one-pot three-component Strecker reaction
with an aldehyde, 1,1-diphenylmethylamine, and TMSCN using trans-4-hydroxy-L-proline-
derived N,N'-dioxides 48 and used as efficient organocatalysts (Scheme 51).*” Both aromatic and
aliphatic aldehydes were found to be suitable substrates. The corresponding a-amino nitriles
were obtained in high yields with up to 95% ee under mild conditions. Optically pure products
could be obtained after a single recrystallization. The catalyst can be easily prepared from trans-
4-hydroxy-L-proline and a diamine in three steps. Based on the experimental results and the
observed absolute configurations of the products, a possible transition state has been proposed to
explain the origin of the asymmetric induction.
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O j\h
R/“\H + HzN\rPh + TMSCN 47 (10 mol%) HN~ ~Ph
i CICH,CH,CI, —20 °C
Ph (2 equiv) 22 R™CN
R Time (h) Yield (%) ee (%)
CeHs 10 ~99 ~81(R)
4-MeCgH, 10 98 84(>99)*
2-MeCgH, 10 99 80(R)
3-MeCgH,4 10 97 76(R) Ph Ph
4-MeOCgH, 10 96 85 o > 0
3-MeOCgH, 14 97 76 NH HN
4-CICgH 50 98 83
614 N O O N
3-CICgH, 60 74 73 ~ >
2-CICgH, 50 81 75(R) H H
4-BrCgH, 60 85 86(>99)* a7
4-PhCgH,4 14 94 86
2-naphthyl 50 75 81(R)
tert-butyl 14 92 73
2-furyl 14 94 43
* After single recrystallization
Scheme 50
Ph, .Ph

o) o)
/PC NHHN—//
RCHO + HZ’“*iE 48 (10 mol%) HN” Ph RO -o/@‘OH

TMSCN CHgCly,~ 45 °C R)*\CN Q Q 48

R'=R2=R8=H yield: 93%, ee: 90%(99%)* (S)**
CHO 1 _ NOQ, R2— RS -H YIe|d 68%, ee: 81%
R!' R!'=R2%= H, R3 = Me yield: 98%, ee: 80%(99%)* (S)** OO
R'=R3=H,R2=0OMe yield: 95%, ee: 80% (S)** yie_'%:1§/6°g=éo/ -
Re Ro R'=R3=H, R2=Cl yield: 90%, ee: 84% (S)** ee: 91%(99%)" (S)
R'=R2=H,R3=Cl yield: 95%, ee: 87%(99%)* (S)** ©/\/CHO
R'=R2=H, R®=Br yield: 94%, ee: 87%(99%,)*
R'=R3=CI,R?=H yield: 82%, ee: 89% yield: 98%, ee: 83%
CHO
NN \/\/CHO )\/CHO )\CHO

yield: 96%, ee: 81%  yield: 65%, ee: 80% yield: 95%, ee: 90% yield: 98%, ee: 87%

CHO
H
/j WC o A~ CHO QCHO

yield: 86%, ee: 95% yield: 93%, ee: 80%  yield: 87%, ee: 72%  yield: 99%, ee: 84%
* after a single recrystallization; ** absolute configuration
Scheme 51

Page 237 ®ARKAT-USA, Inc.



Reviews and Accounts ARKIVOC 2014 (i) 205-248

In 2012, Khan et al. reported the recyclable chiral amide-based organocatalyst 49 is highly
efficient for the catalysis of the asymmetric Strecker reaction of aromatic and aliphatic aldimines
with ethyl cyanoformate as a source of cyanide.88 The chiral organocatalyst 49 could efficiently
catalyze asymmetric Strecker reaction of various aromatic and aliphatic N-benzhydrylimines
with ethyl cyanoformate as cyanide source with at -10 °C to give a high yield (95%) of a-
aminonitriles with excellent chiral induction (ee, up to 99%) with the added advantage of
recyclability (Scheme 52). Based on experimental observations a probable mechanism was
proposed for this reaction. This protocol with catalyst 49 was extended for the synthesis of (R)-
phenylalanine and pharmaceutically important drug intermediate (R)-3-phenylpropane-1,2-
diamine in high yield with high enantioselectivity (Scheme 53).

N HN{_Q
O NH HN. O
o
P
R™SN HsC
(0.12 mmol)

f?

Tty
CHy O

49 (10 mol%), i-PrOH (20 pl) CN

Qs

o * R™+"N
0.18 mmol) =10 °C, toluene H
Né O/\( .
R Time (h)  Yield (%) ee (%) R Time (h)  Yield (%) ee (%)
Ph 20 85 91 (R} 2-EtO-CgH4 20 75 86
2BrCeHs 24 92 %  2MeCeH, 20 79 74
2-NO,-CqH, 24 95 99 |
2FCH, 24 o1 99 tert-buty 20 88 95
2-Cl-CgH, 24 90 92 Ph-CH, 20 90 93
2'MeO'CGH4 20 86 78 |SObUty| 20 77 81
3-MeO-CgH; 20 85 65 3-pyridinyl 20 70 60
4-MeO-CgHs 20 78 28 2-naphthyl 24 74 85
Scheme 52
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Scheme 53

4.5 Reactions catalysed by chiral BINOL-phosphoric acids

In 2010, Zhang et al. developed a general method for the one-pot, three-component Strecker
reaction of ketones using chiral BINOL-phosphoric acids 50 and 51 as organocatalysts, and a
series of a-aminonitriles were obtained in good to excellent yields (79-99%) (Schemes 54 and
55).% A preliminary extension to a catalytic enantioselective three-component Strecker reaction
of ketones (up to 40% ee) was also described.

Q e OO Q
/U\ . 80(10%mo) R, N @R 0

R "R a R
! 2 4 R ) toluene, 40 °C R5 H OO O OH
TMSCN PhOH (1.0 equiv) 50
R, Ry R Yield (%) Ry R, R Yield (%)
Ph Me 4-MeO 87 4FCgH, Me 3MeO 93
Ph Me H 98 4-CICgH, Me 3-MeO 99
Ph Me 3-MeO 99
Ph Me 4-Cl 90 Me 4MeO 80
Ph Me 4-Br 87
4FCH, Me 4-MeO 79 Me 3MeO 86
4-CICgH, Me 4-MeO 99 5
M 4-MeO 82
4-BrCeH, Me 4-MeO 82 <I> © ©
4-NO,CgH, Me 4-MeO 91 O
4-FCgH, Me H 97 | \N Me  4-MeO 83
4-CICgH, Me H 98 Z
Scheme 54
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O
51 (10% mol) “,
R—- A Me

NH :

I = 2 toluene, 40 °C R_; P H
+ Rt "N PhOH (1.0 equiv)

TMSCN = R=R'=H, 81%, 21% ee

R =4-MeO, R' = H, 73%, 40% ee
R =4-MeO, R' = 4-F, 78%, 20% ee

Scheme 55

4.6 Reactions catalysed by chiral dicarboxylic acids

In 2010, Hashimoto et al. reported a highly enantioselective imino aza-enamine reaction
catalyzed by axially chiral dicarboxylic acid 52. The reaction was elaborated into a surrogate of
the asymmetric Strecker reaction building on the fact that the N,N-dialkylhydrazone moiety can
be easily converted into the cyanide moiety by treatment with peracid (Scheme 56).”

i) (R)-52 (0.1mol%)

CHCls, MS 4 A _Boc Ar
| e
N N 20 °C, 5 days CO.H
/u + 7 \NQ COZH
Ph K i) mMCPBA (2 equiv) P CN OO 2
yield: 83%

(2.0 mmol)  (1.05 equiv) -20°C,1h o 96% Ar
One-Pot ' (R)-52 (Ar = 2,6-Mey-4-t-BuCgH,)
Scheme 56
Conclusions

The Strecker addition of cyanide to imines has become one of the most important carbon—carbon
bond formation reactions, and the corresponding adducts of a-amino nitriles can readily be
converted into valuable building blocks in organic synthesis and pharmaceutical science. The
development of enantioselective Strecker reactions has been the focus of increasing attention in
the field of catalytic asymmetric synthesis in the past several decades. Great achievements have
been made in the organocatalytic and metal-catalytic asymmetric hydrocyanation of imines. For
example, many structurally new chiral metal complexes and organocatalysts were developed for
use as highly efficient catalysts and led to excellent yields and enantioselectivities, the low
catalytic amount of several types of developed catalysts are particularly noteworthy. The variety
of catalysts also indicates a high potential for further successful Strecker reaction applications in
the future.
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So far, asymmetric Strecker reactions have been mainly focused on the use of TMSCN and
its in situ generated HCN as a cyanide nucleophile, one that is highly toxic and volatile.
Therefore, the search for new cyanide sources, and corresponding novel imine electrophiles to
accept them, has been extremely important and challenging. It is gratifying that the researchers
have recently achieved some highly efficient and enantioselective catalytic Strecker reactions by
successfully employing some relatively safe yet inexpensive cyanide donors such as KCN and
CNCOOEt that show great potential for large scale and industrial use. On the other hand, it is
very necessary for the developments of a three-component, one-pot reaction of direct access to
the Strecker products starting from aldehyde or ketone, amine, and a cyanide donor, and avoided
the isolation of the preformed imine leading to the desired a-amino nitriles or acids, respectively.
From an industrial point of view, the applicantion of cheap cyanide sources, such as KCN or
NaCN, the design of recyclable catalysts, the development for more efficient catalysts for the
three-component Strecker reaction, and the exploration for further optimized reaction conditions
are the research key in the future.
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