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Abstract: A catalytic asymmetric synthesis of imidazolines
with a fully substituted f3-carbon atom by a Mannich-type
addition/cyclization reaction of isocyanoacetate pronucleo-
philes and N-diphenylphosphinoyl ketimines has been devel-
oped. When a combination of a cinchona-derived amino-
phosphine precatalyst and silver oxide was employed as
a binary catalyst system, good reactivity, high diastereoselec-
tivities (up to 99:1 d.r.), and excellent enantioselectivities (up to
99 % ee) were obtained for a range of substrates.

Stereochemically defined a,B-diaminoacids are important
structural motifs that are contained within many bioactive
natural compounds.'! This abundance has stimulated the
development of methods towards their stereoselective con-
struction; a common approach is based on catalytic asym-
metric Mannich-type reactions of derivatives®®?! of or pre-
cursors to a-amino acids. The vast majority of these methods
have targeted structures that possess a tertiary stereocenter at
the B-position through additions to aldimines.>*) Reports of
catalytic asymmetric methods that afford derivatives possess-
ing a fully substituted stereocenter at the -position are rare.”!
However, in work relevant to this study, Matsunaga and
Shibasaki employed ketimine electrophiles in Mannich reac-
tions with isothiocyanoato esters to afford cyclic tetrasubsti-
tuted thiourea derivatives with high selectivities.

A complementary and practical route to a,p-diaminoacids
proceeds via imidazoline heterocycles, which may be directly
formed by catalytic asymmetric Mannich-type addition/cyc-
lization reactions of isocyanoester pronucleophiles with imine
electrophiles.**! The reactants are readily prepared on
a large scale, and the imidazoline products, unlike cyclic
thioureas, are readily converted into target a,f3-diaminoacids
through standard hydrolytic or reductive manipulation.”!
Furthermore, imidazolines form the structural core of many
biologically active compounds,” and they are useful building
blocks for the synthesis of cyclopalladated complexes, chiral
catalysts, and chiral solvating agents.’ Highly stereoselective
syntheses using either metal-based or metal-free catalyst
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systems have been reported.”! To date, however, only
aldimines have been employed, and the analogous asymmet-
ric transformation of the significantly less reactive keti-
mines!"” has not been reported despite its potential to provide
a direct route to chiral imidazolines that possess vicinal
stereogenic centers, including a fully substituted B-carbon
atom.

Recently, our group reported the highly enantio- and
diastereoselective synthesis of oxazolines!'" from isocyanoa-
cetate pronucleophiles and aldehydes using a binary catalyst
system that combines “soft” metal ions and cinchona-derived
aminophosphine precatalysts 1."” To promote reactivity and
govern selectivity in a cooperative fashion with metal ion
additives, these precatalysts possess Brgnsted basic, Lewis
basic, and hydrogen-bond-donor groups that are situated in
close proximity around a chiral pocket that is created by the
cinchona scaffold (Figure 1). We believed that a true test of

/Ej
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_H __<—= H-bond donor == TS stabilization

| N™" PPy «=Lewis base == metal ligation

1a 1b

Figure 1. Structure, design, and features of multifunctional aminophos-
phine precatalysts 1a and 1b. TS =transition state.

the utility of this catalyst system was to attain new reactivity
and stereocontrol in challenging reactions for which no
precedent exists. The catalytic asymmetric Mannich-type
addition/cyclization reaction of isocyanoester pronucleophi-
lesI with ketimines I to afford imidazolines III, which
possess a fully substituted stereocenter at the 3-carbon atom
(Scheme 1), indeed provided this opportunity, and herein we
present our findings.

Initial proof-of-concept studies were performed with
readily prepared diphenylmethylisocyanoacetate (2a) as the
pronucleophile and N-diphenylphosphinoyl (DPP)-protected
and acetophenone-derived imine 3a. Such imines are readily
prepared from the parent ketone, and subsequent cleavage of
the DPP group of imidazolines 4 was anticipated to be clean
and efficient under mildly acidic conditions.!*!

4 prG metal + precatalyst PG‘NA
+N/\n/OR + | cooperative system? N
-z Ar)\ R2 Arv
o reactivity & selectivity? R2 CO,R!

Scheme 1. Proposed catalytic Mannich-type addition/cyclization reac-
tion of isocyanoacetates and ketimines. PG = protecting group.
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Initially, a catalyst system that

Table 1: Optimization studies.
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consists of silver oxide (5 mol%) _DPP ML, DPPL Ay
and cinchonine-derived amino- CN/\H/O~R1 N] Precat. 1a or 1b (20 mol%) H
phosphine 1a (20 mol%)  was o * ©)\CH3 M.S. (4A) @ CH3 CO.R!
examined in dichloromethane at Conditions
room temperature. A 2:1 ratio of 2 s trans4
precatalyst to metal ion was chosen  gntry Precat. ML, (mol%) R’ 2 T[C] Solvent Timelh] 4 Yield® [%] d.r® el
to suppress any competing back-

) . 1 1a Ag,0 (5) CH(Ph), 2a  RT CH,Cl, 48 4a 70 7129 72
ground reactions. Pleasingly, the 5 4. o) cH(pPh), 2a  RT CHCl, 48  4a 20 14:86 2
trans-configured imidazoline prod- 3 45 cuci(10)  CH(Ph), 2a  RT CHCl, 48  4a 23 4357 2
uct, (45,5R)-4a, was obtained with 4 1a Ag,0 (5) CH(Ph), 2a  RT TBME 24 4a 44 37:63 70
significant diastereo- and enantio- 5 Ta Ag,0 (5) CH(Ph), 2a RT EtOAc 24 4a 68 83:17 78
selectivity (Table 1, entry 1; 71:29 6 la Ag,0 (5) CH(Ph), 2a —20 EtOAc 60 4a 78 89:11 82
T o Aol e |02 MO n o muor @ & mamy

. . a " 3 [ c c :

salts confirmed silver (rather than 9 la _g CH(PR), 2a —20 EtOAc 120 4a o i _
gold or copper) to be the best 15 a0 CH(PR), 2a -20 EtOAc 120  4a 83 18:32 0
match for precatalyst 1a in this 17 1p  AgO ()  CH(Ph), 2a -20 EtOAc 60 4a 70 84:16 96
reaction (entries 1-3). 12 1b Ag;0 (5) tBu 2b 20 EtOAc 60 4b 92 991 96

A solvent survey revealed ethyl
acetate as the preferred choice in
terms of both diastereo- and enan-
tiocontrol (entries 1, 4, and 5).
Lowering the temperature of the
reaction to —20°C was found to be
beneficial for the enantioselectivity (entry 6; 89:11 d.r., 82 %
ee). The bulky fert-butylisocyanoacetate was also reactive and
afforded the trans imidazoline (45,5R)-4b as the major
product in better yield and enantioselectivity (entry 7; 89 %,
88:12 d.r., 89 % ee). In contrast, use of methyl isocyanoacetate
2¢ resulted in diminished enantioselectivity for the major
trans diastereomer (4S,5R)-4¢ (entry 8; 94 %, 91:9 d.r., 74 %
ee). Significantly, control experiments confirmed the impor-
tance of both the silver salt and the aminophosphine
precatalyst: In the absence of the silver salt, there was no
reaction (entry9); without the precatalyst, enantiocontrol
was (naturally) absent, the reaction was significantly slower,
and the cis diastereomer was formed predominantly
(entry 10; 18:82 d.r.). Employing pseudoenantiomeric 1b
instead of 1a in conjunction with isocyanoacetates 2a and
2b afforded the enantiomeric products (4R,5S5)-4a and
(4R,55)-4b, respectively, as expected, but pleasingly with
enhanced enantioselectivities of 96% ee in both cases
(entries 11 and 12).

With the optimized reaction conditions established, the
scope of the reaction that is catalyzed by cinchonidine-
derived aminophosphine precatalyst1b and Ag,O was
assessed by probing changes to both the aryl and alkyl
groups of the ketimine in reactions with bulky isocyanoace-
tates 2a and 2b (Table 2). With terz-butylisocyanoacetate
pronucleophile 2b good to excellent diastereoselectivities
and excellent enantioselectivities (93-99 % ee) were observed
for DPP-protected para-substituted aryl methyl ketimines
with either electron-withdrawing or electron-donating groups
(entries 2-6). Importantly, imine 3 f, which is derived from
ethyl phenyl ketone, was also an excellent substrate and
afforded trans imidazoline 4h in high yield, good diastereo-
selectivity, and with an excellent ee of 97 % (entry 7).

Using diphenylmethylisocyanoacetate pronucleophile 2a
a wide range of ketimines that are derived from aryl methyl
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[a] Combined yield of both diastereomers after flash column chromatography. [b] The diastereomeric
ratio (d.r.) of the trans/cis diastereomers was determined by "H NMR analysis of the crude reaction
mixture. [c] The enantiomeric excess (ee) of the major diastereomer was determined by HPLC analysis
on a chiral stationary phase after DPP removal. M.S. = molecular sieves, TBME = tert-butyl methyl ether.

Table 2: Substrate scope.

.DPP 1b (20 mol%)

oy Or o N o NN

°© AR M.S. (4A), AcOEt 'R2 “CoR'

2 3 60h,-20°C trans-4
Entry Ar R 2 4 Yield® %] d.rP el
1 Ph CH; 2a 4a 70 84:16 96
2 Ph CH;, 2b 4b 92 99:1 96
3 p-NO,CH, CH, 2b 4d 87 80:20 95
4 p-CICeH, CH; 2b 4e 96 96:4 93
5 p-CH,CeH, CH, 2b 4f 78 90:10 98
6 p-CH,OCH, CH, 2b 4g 87 75:25 99
7 Ph Et 2b  4h 85 88:12 97
8 p-CICeH, CH, 2a 4i 83 86:14 97
9 p-CH,CeH, CH, 2a 4j 96 95:5 9%
10 p-CH;OCH, CH; 2a 4k 96 73:27 98
11 Ph Et 2a 4l 80 81:19 90
12 m-CH;0CH, CH; 2a 4m 82 7426 96
13 0-CH;0CH, CH; 2a 4n 96 80:20 97
14 p-PhCH, CH, 2a 4o 97 90:10 97
15 p-BrCsH, CH, 2a 4p 98 78:22 94
16 0-BrC¢H, CH, 2a 4q 97 99:1 96
17 0-FCeH, CH, 2a 4r 95 84:16 96
18 p-FCH, CH; 2a 4s 95 83:17 96
19 3,4-(Cl)-C¢H; CH; 2a 4t 84 85:15 95

[a] Combined yield of both diastereomers after flash column chroma-
tography. [b] The diastereomeric ratio (d.r.) of the trans/cis diastereomers
was determined by '"H NMR analysis of the crude reaction mixture.

[c] The ee of the major diastereomer was determined by HPLC analysis
on a chiral stationary phase after DPP removal.

ketones and bear various electron-donating or electron-
withdrawing substituents in the ortho, meta, and para
positions were suitable substrates. Enantioselectivities for
the major trans diastereoisomer ranged from 94 % ee with
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para-bromophenyl methyl ketimine (entry 15) to 98 % ee with
DPP-protected  para-methoxyphenyl methyl ketimine
(entry 10). Pleasingly, DPP-protected phenyl ethyl ketimine
gave the reaction product 41 in a combined 80 % yield for
both diastereomers, and with 81:19 d.r. and 90 % ee for the
major trans diastereoisomer. In total, in the presence of
a combination of 1b and Ag,0O, thirteen substrates proved
effective and could be converted into the corresponding trans
diastereomers with excellent enantio- and good diastereose-
lectivities.

Although a precatalyst loading of 20 mol % was found to
be convenient for assessing the substrate scope, the loading of
precatalyst 1b was reduced from 20 mol% to 10 mol %,
5mol%, and 1 mol% at —20°C to demonstrate the practic-
ability of this transformation (Table 3, entries 1-3). The
observed diastereo- and enantioselectivities were comparable
to those obtained with a precatalyst loading of 20 mol %;
however, the reaction became prohibitively slow. To shorten
the reaction time, the temperature was increased to 0°C.

Table 3: Variation of the catalyst loading.

n-DPP b, Ag,0 DPPL Ay

CN/\H/OCHPhZ . | M.S. (4A), AcOEt N

o temperature F/® 4 CO,CHPh,

F time

2b 3s trans-4s
Entry 1b Ag,0 T Time  Yield® d.r®  ee

[mol %] [mol %] [°q [h] [%]
1 10 2.5 -20 60 87 94:6 96
2 5 1.25 -20 120 78 93:7 96
3 1 0.25 -20 160 77 92:8 95
4 10 2.5 0 24 89 89:11 95
5 5 1.25 0 60 87 86:14 93
6 1 0.25 0 60 58 87:13 94

[a] Combined yield of both diastereomers after flash column chroma-
tography. [b] The diastereomeric ratio (d.r.) of the trans/cis diastereo-
isomers was determined by 'H NMR analysis of the crude reaction
mixture. [c] The ee of the major diastereomer was determined by HPLC
analysis on a chiral stationary phase after deprotection.

Pleasingly, this was possible without significant detriment to
either enantio- or diastereocontrol (entries 4-6).

Aside from the high yields and stereoselectivities, an
advantage of our described method lies in the simple and
efficient synthetic manipulation of the direct Mannich
products into desirable building blocks and motifs. Protect-
ing-group-free imidazolines were obtained by the efficient
cleavage of the diphenylphosphinoyl group!™®! using a 1.0m
solution of HCI in dichloromethane at room temperature
(Table 4, entries 1-19). The deprotection could be carried out
without compromising the diastereo- or enantiopurity. Impor-
tantly, the absolute configuration of the imidazolines was
confirmed by single-crystal X-ray analysis of Su, a N-(4-
bromophenylsulfonyl) derivative of 5p (see the Supporting
Information for details). Furthermore, treatment of imidazo-
line trans-5a with an aqueous solution of potassium hydroxide
(50%) gave a,p-diaminoacid” 6a without a deterioration of
enantiopurity [Scheme 2, Eq. (1)]. Imidazolines trans-5q and
trans-Sr were transformed into the cyclic ureas 7q and 7r by
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Table 4: Removal of the DPP protecting group.

DPP~\ "\ HCI (1.0 m) N7 NH
Arﬁﬂ COR' 5_?;25 If:aT Az YcoR!
4 5
Entry 5 R? Ar R! Yield® [%]
1 5a CH, Ph CH(Ph), 90
2 5b CH, Ph tBu 89
3 5d CH, p-NO,CeH, tBu 89
4 Se CH, p-CICeH, tBu 95
5 5f CH, p-CH,C4H, tBu 85
6 5g CH, p-CH;0C¢H, tBu 63
7 5h Et Ph tBu 95
8 5i CH, p-CIC¢H, CH(Ph), 60
9 5j CH, p-CH,CH, CH(Ph), 81
10 5k CH, p-CH,OCH, CH(Ph), 83
11 51 Et Ph CH(Ph), 67
12 5m CH, m-CH,0CH, CH (Ph), 85
13 5n CH, 0-CH,OCH, CH(Ph), 59
14 50 CH, p-PhC¢H, CH(Ph), 90
15 5p CH, p-BrCeH, CH(Ph), 75
16 5q CH, 0-BrC¢H, CH(Ph), 70
17 5r CH, 0-FC¢H, CH(Ph), 61
18 5s CH, p-FCeH, CH(Ph), 87
19 5t CH, 3,4-(Cl)-CeH, CH(Ph), 73

[a] Yield of isolated product after flash column chromatography.

N7 NH KOH (50%) in H,0 HoN, CHy
H 6 h, reflux N COzH
@ &H, COLCHPh; 45% yield R, “
5a 6a
1) KOH (50%) in H,0 9 )OL 7
N o) in Hy
R N” NH 6 h, reflux tBuo/LN NJLOtBu
2) MeOH, SOCI, H
CH; CO2CHPh, | CH, CO2CHg (2
reflux, 12 h R
o 3) (Boc),0, DMAP -
5q: R=Br CH4CN, 6 h, RT 7q: R=Br (40% yield)
5r: R=F 7r: R=F (35% yield)

Scheme 2. Chemical transformations of imidazolines.

alkaline hydrolysis, esterification, and treatment with an
excess amount of Boc,O and DMAP [Scheme 2, Eq. (2);
Boc = ftert-butoxycarbonyl, DMAP =4-dimethylaminopyri-
dine]. The relative and absolute stereochemical configuration
of 7q was established by single-crystal X-ray analysis (for
details, see the Supporting Information).

In conclusion, we have developed an efficient and general,
diastereo- and enantioselective method for the synthesis of
highly functionalized imidazolines that possess a fully sub-
stituted stereocenter at the p-position through a Mannich-
type addition/cyclization reaction of isocyanoacetate pronu-
cleophiles and ketimines using a silver salt and cinchona-
derived aminophosphine binary catalyst system. We have also
demonstrated that chiral unprotected imidazolines and a,f3-
diaminoacids can be easily obtained from the protected
imidazoline reaction products. Further studies into the
asymmetric synthesis of imidazolines with two contiguous
quaternary centers are underway, and the findings will be
reported in due course.
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