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1. INTRODUCTION: Cooperatively Catalysed Isocyanoaetate ketimine Mannich Reaction

2-Imidazolines form the structural core of manylgically active compoundsand are useful building blocks for the
synthesis of cyclopalladated complexes, asymmetialysts and chiral solvating agehis addition, through hydrolytic or
reductive manipulation, these heterocycles ararimgdiates for the synthesis of biologically sigrafit and highly versatile
a,B-diaminoacids.For these and other reasons, the asymmetric symibieg-imidazolines has been the focus of a nurolber
research groups in recent years. A direct routeghes catalytic asymmetric Mannich-type addition /claation of
isocyanoacetate pronucleophiles with imine eledtilep. Highly stereoselective examples using botatatrich and
metal-free catalysts have been reported using Brilegived from aldehydes (aldiminésfjo date, however, there has been no
cooperative report of the analogous but much more challengiegction with the

N~ OR? catalyst? P‘NQN . . . . . Y. . .
gt AT T significantly less reactive ketone-derived imindeetimines) despite its
r . o reactivity? '
R! CO,R?

enantioselectivity?
| n diastereoselectivity? mn

potential to provide a unique route to chiral 2dadolines possessing vicinal
stereogenicentres, including a fully substitut@dcarbon.

Figure 1. Concept of the Catalytic Isocyanoacetatimine Mannich Reaction.

2. OBJECTIVES OF THE PROJECT
Recently, we reported the highly enantio- and diastselective synthesis of oxazolihdsom isocyanoacetate

pronucleophiles and aldehydes using cooperativebawations of cinchona-derived amino-phosphine pedgsts| and Ag(l)

ﬂa.aly,ica"yl.nacﬁve cata,yﬁcaulyacm salts. This new binary catalyst system arose fromgeaerally applicable
precatalyst complex ) . L. ) i
i o design introduced by us to overcome poor reactipitgfiles in numerous
scaffol scaffol . . - . . .
o o o o pronucleophile / electrophile addition reactions den bifunctional
>N. PN L M P —— =N, PO . . .
B’ggggz" PR @I B“gg'ggz" M] R‘Lew_és organocatalyst control. A true test of the capsbdf this flexible and tunable
ase acl

cooperative catalyst design was in attaining neactreity and absolute and
% relative stereocontrol in reactions where previpubkere was no precedent.
N

A

o Hﬁ\gj %/fw . The catalytic asymmetric Mannich-type addition / claaation of

k @/% Lon N &\@ / isocyanoacetate pronucleophilewith ketiminesll to afford imidazolinell
1a 1b

Figure 2. Concept of the Catalytic Isocyanoacetatimine Mannich Reaction.

indeed provided this opportunity and herein we wispresent our solution.

3. RESULTS

Proof of concept studies were performed on acetomie-derived iminega bearing theN-diphenylphosphinoyl (DPP)
protecting group. Such imines are readily prepdrenh the parent ketone and cleavage of the DPPpgficam the product
imidazolines 4 was anticipated to be facile under mildly acidiconditions. The sterically demanding

diphenylmethylisocyanoaceta®a was chosen as the pro-nucleophi \-DPP ML, DPP_ Ny
. . . . . O. | Precat 1a, 1b -
component in alignment with our previous studiegmetstereocontro CNAFO]/ R ©)\CH3 TMS4A @ E.Js\cozw
. . . Conditions
correlated with the size of the ester substituent. ) 3 trans4

Table 1. Optimization studies.
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entry precat  ML,(mol %) R' 2 T (°C) solvent  Time (h) 4 yield (%)™ dr(t:0)™ eel
1 1a Ag.0 (5) CH(Ph), 2a r.t. CH.CL, 48h 4a 70 71:29 72
2 1a AuCl (10)  CH(Ph), 2a r.t. CH,Cl, 48 h 4a 20 14:86 2
3 1a CuCl (10)  CH(Ph), 2a I.t. CH.CL, 48h 4a 23 43:57 2
4 1a Ag.0 (5) CH(Ph), 2a r.t. TBME 24h 4a 44 37:63 70
5 1a Ag.0 (s5) CH(Ph), 2a I.t. EtOAc 24h 4a 68 8317 78
6 1a Ag.0 (5) CH(Ph), 2a -20 EtOAc 60 h 4a 70 8416 83
7 1b Ag.0 (5) CH(Ph), 2a -20 EtOAc 60 h 4a 78 89m 94
8 1a Ag.0 (5) ‘Bu 2b -20 EtOAc 60 h 4b 89 88:12 89
9 1a Ag.0 (5) CH, 2¢ -20 EtOAc 60 h 4¢ 94 91:9 74
10 1a - CH(Ph), 2a -20 EtOAc 120 h 4a o - ---
un - Ag.0 (5) CH(Ph), 2a -20 EtOAc 120 h 4a 83 18:82 o

[a] Combined yield of both diastereomers after FBT Diastereomeric ratio (dr) was determined'HyNMR analysis of the crude reaction mixture.

[c] Enantiomeric ratio (ee) of major diastereometetmined by chiral HPLC analysis after deprotectio

Initially, a silver oxide (5 mol%) / cinchonine-deed amino-phosphinga (20 mol%) catalyst system was examined in
dichloromethane as solvent at room temperature2:1Aratio of precatalyst to metal ion ratio was s# to minimize any
competing background reactidnPleasingly thetrans-iimidazoline product,(4S5R)-4a, was obtained with significant
diastereo- and enantiocontrol (Table 1, entry 129Hr, 72% ee). A mefi salt screen confirmed silver (rather than gold or
copper) to be the best match fba (Table 1, entries 1-3). A solvent survey reveadyl acetate as the preferred choice in
terms of both diastereo- and enantiocontrol (Tdblentries 1, 4 and 5). Lowering the temperaturéhefreaction to —20 °C
was found to be beneficial for enantioselectivifalfle 1, entry 6; 84:16 dr, 83% ee) and employnémpiseudoenantiomeric
1b in lieu of la afforded the enantiomeric produ@R 59-4a, as expected, but pleasingly with enhanced enaatiad
diastereoselectivity (Table 1, entry 7; 89:11 d¥%®Pee). The bulkyert-butylisocyanoacetate was also reactive and affotiged
major trans-imidazoline producf{4S5R)-4b in better yield and enantioselectivity (Table airg 8; 89% vyield, 88:12 dr, 89%
ee). In contrast, use of methyl isocyanoace2ateesulted in diminished enantioselectivity for tmajor trans-diastereomer
(4S5R)-4c (Table 1, entry 9; 94 % vyield, 91:9 dr, 74% eepalty, control experiments confirmed the importanaf the
combination of both silver salt and aminophosphine precatalyst; without the silver salt there was no reactionb(&al, entry
10); without the precatalyst, enantiocontrol wasat@rally) absent, the reaction was significantlyowsr and
diastereoselectivity in favour of tloes-diastereomer predominated (Table 1, entry 11,2183

With the optimized reaction conditions establishéay scope of the
N,DPP 1a or 1b (20 mol%) DPP‘NQN

CNA{(O\R1 - Ao0 (5 mol%), reaction was assessed by probing changes to bethargth and alkyl
o AR T o~ A Lo . . .
M ‘LA'. AOE! R? coRr! groups of the ketimine in reactions with bulky iganoacetate®a and
’ : st ) 2b (Table 2).

With tert-butylisocyanoacetate pronucleophilb in the presence of cinchonidine-derived amino pho®e precatalyst
1b, good to excellent diastereoselectivities and keweenantioselectivities (94-99% ee) were obseérfier DPP-protected
para-substituted arylmethyl ketimines possessing bétleten-withdrawing and electron-releasing groupabfe 2, entries
2-6). With the same set of electrophiles underctir@rol of cinchonine-derived amino phosphine ptalgat 1a enantiomeric
imidazoline products were obtained as anticipatgdhe magnitude of thenantioselectivity was diminished across the series
Importantly, ethyl phenyl ketone-derived imiBewas also an excellent substrate and affordett #ins-imidazoline product
Table 2. Scope of the reaction.
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2a
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\%

yield
%)™
70(78)
92(89)
87(89)
96(80)
78(88)
87(81)
85(89)
97(88)
83(81)
96(89)
96(84)
80(93)
82(72)
96(79)
97(88)
97(74)
98(84)
95(98)
95(74)
81(91)

84(91)

dI‘[CMC]

tic
84:16(89:11)
99:1(88:12)
8:2(991)
96:4(95:5)
9:1(96:4)
75:25(94:6)
88:12(97:3)
6:4(86:14)
86:14(94:6)
95:5(91:9)
73:27(88:12)
81:19(88:12)
74:26(75:25)
8:2(77:23)
9:1(82:18)
99:1(99:1)
78:22(82:18)
8416(8:2)
8317(91:9)
78:22(83:17)
85:15(86:14)

ee 1d

94(83)
96(89)
95(73)
93(79)
98(75)
99(70)
97(82)
88(75)
97(89)
96(88)
98(88)
90(58)
96(96)
97(96)
97(85)
96(89)
94(88)
96(86)
96(91)
86(75)

95(84)

[a] The data in parentheses refer to reactions performed with precatalyst 1a. [b]

Combined yield of both diastereomers after flash column chromatography. [c]

Diastereomeric ratio (dr) was determined by 'H NMR analysis of the crude

reaction mixture. [d] Enantiomeric ratio (ee) of the major diastereomer

determined by chiral HPLC analysis after DPP removal.

4hin high yield and good diastereoselectivity (Tabje
entry 7). With catalyst 1b the major
trans-diastereomer was obtained with an excellent ee
of 97% whereas the antipode was afforded with 82%
ee using precatalydt.

Using diphenylmethylisocyanoacetate pronucleophile
2a a wide range of ketimines with various
electron-donating and electron-withdrawing
substituents irortho, meta and para positions were
good substrates. As with thert-butylisocyanoacetate
pronucleophile, enantioselectivities for the major
trans-diastereocisomer with precatalystb were
superior (typically between 5-15 ee percentagetppin
to those obtained with precatalyist and ranged from
88% ee withp-nitrophenylmethyl ketimine (table 2,
entry 8) to 98% ee with DPP-protected
p-methoxyphenylmethylketimine (table 2, entry 11).
DPP-protected phenylethyl ketimine was reactive and
gave the reaction produdm in 80% vyield, 81:19 dr
and in 90% ee for the majdrans-diasterecisomer
under the control otb. In total 14 substrates proved
effective, giving rise to excellent enantio- andodo
diastereoselectivities for theans-diastereomers when
amino phosphine precatalysb was used with silver
oxide (Table 2, entries 8-21).

Although 20 mol% loading of the precatalyst was
found to be convenient for assessing substrateescop
in a further demonstration of the practicabilitytbfs
reaction precatalystb loading was reduced from 20

mol% to 10 mol%, 5 mol% and 1 mol% at —20 °C (Tahlentries 1-3). The observed diastereo- and mrsatectivities, were
comparable to those obtained at 20 mol% loadingelver the

CN/YOCHPhZ .

MS 4A, AcOEt

1b, Ag,0,

24-60 h

DPP-\ XN

F/® 4/ co,CHPhy

trans-4t

entry

~

(o) Y RN N VY]

1b (mol%)

10
5
1
10

5

1

2.5
1.25
0.25
2.5

1.25

0.25

-20

-20

-20

o

o

o

T(eC)

reaction speeds became prohibitively slow. In orgereduce

the reaction time, the temperature was increased teC.

Pleasingly this was possible without significantriteent to

either enantio- or diastereocontrol (Table 3, est4-6).

Table 3. Catalyst loading studies.
Ag,0(mol%)

time(h) yield(%)®  drlt:c eel

60
120
160
24
60
60

87 94:6 96
78 937 96
77 92:8 95
89 89:11 95
87 86:14 93
58 8713 94

[a] Combined yield of both diastereomers after FCC. [b] The dr was determined by 'H NMR analysis of

the crude. [c] The ee of major diastereomer determined by chiral HPLC analysis after deprotection.
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In addition to the high yields and stereoseledtsit the advantage of our described method liehénsimple and
efficient synthetic manipulation of the direct Mamproducts into desirable building blocks andifsoProtecting group-free

2-imidazolines were obtained by the efficient clge of the
diphenylphosphoryl grodip using a 1.0 M solution of HCI in
dichloromethane at room temperature (Table 4, entri-21). The
deprotection was effected without compromise tdegitdiastereo- or
stereoclsem  of
imidazolines was confirmed by single crystal X-ragalysis of5w, a

enantiopurity.

Importantly,

the absolute

N-4-bromophenylsulphonyl derivative bf.

Br

N
e
Br CHz CO,CHPh,

trans-5w

the

Figure 3. X-Ray of compounsiwv

N H,N CH — .
/ N MH 50 % KOH in H,0 ©2/'CCOZH\ Furthermore, treatment of the unprotected 2-imitlaedba with a 50%
" &4, )CO,CHPh : U] . . . L .
@ CHy =P 6h, reflux N, aqueous solution of potassium hydroxide gaw@-diaminoacid 6a
s 45% yield 6
2 l without compromising stereochemistry (Scheme 2(B} To probe the
R NNH 150 % KOH n H;0 Boc\NJkN,BOC relative configuration of thea,p-diaminoacid, the 1,2-diamine of
, reflux . . . .
K Nco,crpn, 2 MeOH. SOCh @:\C_HSCOZCW @ | compoundssg and 5s were transformed into the cyclic urea derivatives
5 (ec)OIDMAP, R _ 7g and 7s using excess Bg® and DMAP (Scheme 2, Eq (2)). Absolute
5q R=Br CHZCN, 6 h, rt. 79 R=Br (40% yield)

k S5sR=F

7s R=F (35% yielcy

stereochemistry was confirmed by single crystal 2§¢Rnalysis o7q.

For more challenging, we decided to study the ®githof imidazolines with two contiguous quater@sustereocenters.
A variety of aromatic ketimines, including heteroaatic ketimines proved effective, giving rise tacellent enantio- and
diastereoselectivities fdrans diastereomers (entries 1-12, table 4), aliphagiinkines were also well tolerated giving the best
result in terms of enantioselectivity (entry 13blea4). When cyclic ketimines were used, imidazsdinncluding a spiro
function were obtained in good enantioselectivityd eexcellent diastereoselectivity (entries 14-Ihlé 4). In order to
generalize the reaction, it was performed with kaubkaryl and alkyl groups in the side chain of f@yanate. In this study,
was observed that ethyl and bencyl group were tg@kated giving same range values in terms ofteliasselectivity and
slightly lower enantioselectivities than the alanemalogue (entries 17-22, table 4). In the otl@dhwith phenyl grougis
diastereomer was obtained as the major one, amdiseglactivity dropped to 77 (entry 23, table 4).
Table 4. Scope of the reaction.

PG R Ag;0 PG-Ny Pe-N"N Holim N7ONH
Ar)Nl\" CN)I(O\W EIISZ—?A;—%%%’ Ar ;"\RZ\R1+ Arw\_g’/sgo\w%q,hg? A \_§E 20\R1
3 2 trans cis s
entry precat ML, R' R* Ar T(2C) Solvent  Time(h)  Yield(%) Dr(t:c)™  Ee™
1 1d Ag,0 tBu CH, p-Ph-Ph -20 EtOAc 60 h 60 / 88 100:0 88
2 1d Ag,0O tBu CH, p-F-Ph -20 EtOAc 60 h 99/ 84 100:0 89
3 1d Ag,0O tBu CH, o-F-Ph -20 EtOAc 60 h 95/ 62 100:0 88
4 1d Ag,0O tBu CH, p-Cl-Ph -20 EtOAc 60 h 94 /71 100:0 86
5 1d Ag,0 tBu CH, p-NO,-Ph -20 EtOAc 60 h 84/79 100:0 72
6 1d Ag,0O tBu CH, p-Br-Ph -20 EtOAc 60 h 89 /74 9733 86
7 1d Ag,0O tBu CH, p-OCH;-Ph -20 EtOAc 60 h 91/ 75 100:0 90
8 1d Ag,0O tBu CH, 0-OCH;-Ph -20 EtOAc 60 h 30/ 67 100:0 85
9 1d Ag,0O tBu CH, 3-pyridinyl -20 EtOAc 60 h 80/ 85 100:0 85
10 1d Ag,0O tBu CH, 2-pyridinyl -20 EtOAc 60 h 92/ 67 100:0 86
u 1d Ag,0O tBu CH, 2-furyl -20 EtOAc 60 h 87/84 100:0 88
12 1d Ag,0 tBu CH, 2-tiophenyl -20 EtOAc 60 h 40/ 89 100:0 83
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13 1d Ag,0O tBu CH, Cyclohexyl 0 EtOAc 60 h 64 /76 100:0 98
ff e
14 d Ag.0 tBu CH, -20 EtOAc 60 h 67/ 94 100:0 75
S
15 1d Ag,0 tBu CH, @Eﬁ -20 EtOAc 60 h 96/ 92 100:0 81
O
NS
16 1d Ag.O  tBu  CH, @5 20  EtOAc  60h 98 /77 100:0 84
17 1d Ag,0 CH; Bn Ph -20 EtOAc 60 h 80/75 98:2 81
18 1d Ag,0O iPr Bn Ph -20 EtOAc 60 h 92/78 98:2 7
19 1d Ag,0O tBu Bn Ph -20 EtOAc 60 h 75/ 86 100:0 80
20 1d Ag,0O Bn Et Ph -20 EtOAc 60 h 89 /84 99:1 84
21 1d Ag,0O iPr Et Ph -20 EtOAc 60 h 80/ 84 100:0 84
22 1d Ag,0O tBu Et Ph -20 EtOAc 60 h 75179 100:0 90
23 1d Ag,0O CH; Ph Ph -20 EtOAc 60 h 62/ 92 18:82 77

[a] Diastereomer ratio (Dr) was determined By NMR analysis.; [b] Determined by chiral HPLC arsidy after conversion to
N-deprotected-2-imidazoline.

In order to postulate the catalyst activation cadeé to further understand the role of precatalyktwe carried out
modifications onld in the amide function and the phosphine group.if@uthese studies, when free-amide function was
changed to an ester functionidmethyl-amide no reaction was observed (entries®23 table 5); with this we can conclude
that the presence of a hydrogen bond is essentiahé reactivity. When phosphine group was remgpvedction was not
observed neither (entry 4, table 5), however wheexernal source of phosphine was added in thetioea imidazoline was
observed but in lower yield and very poor enantitsaty (entry 5, table 11); this indicates thhetpresence of phosphine in
the pre-catalyst is very important for reactivitydaenantioselectivity. Finally, the relative sterkemistry at C-8 and C-9 was
investigated. For this purpose precatdlywith the inverted stereochemistry at C-9 (withpext told) was prepared; notably,
a very poor yield and poor enantioselectivity waseayved (entry 6, table 5) probing that the retativientation of chiral
pocket between the bridgehead nitrogen and theeahad a very important role in terms of enantiatelity and reactivity

i PPD
figure 4). SN PN
(fig ) n-DPP égzo y NN - NP NH
| o. recat oM
. CNJ\W Bu  "MS4A 20°C O__ rt,6h o,
o) EtOAC, 60h d TtBu d Tu

trans 5

2
OCH; OCH3 OCH;

3
/?Ij /Zj /Z] OCH, /Z]
N N N N
[ NH PPy o pPh ] N~ PPh, [~ hH
g Hasac e slgas
K 1d 2 3 4

Table 5. Catalyst activation code study.

entry precat ML, T (2C) Solvent Time (h) Yield(%) Dr(t:c) @ Ee™™
1 1d Ag,0O -20 EtOAc 60 h 88 100:0 75

2 2 Ag,0O -20 EtOAc 96 h n.r. -— -

3 3 Ag.0 -20 EtOAc 96 h n.r. - --

4 4 Ag.0 -20 EtOAc 72h n.r. - --

5 4+PPh, Ag.0 -20 EtOAc 72h 40 100:0 6

6 5 Ag,0 -20 EtOAc 72h 5 100:0 30

[a] Diastereomer ratio (Dr) was determined by 'H NMR analysis.; [b] Determined by chiral HPLC analysis after conversion

to N-deprotected-2-imidazoline.



Summary - Marie Curie Intra-European Fellowship ENISOCOC

+

oo %

Ar”NH' PPh, PPh2 N

N c ‘\
| o- trans
o)\© Ar)\ o;\©

Figure 4. Postulated catalyst activation code.
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4. CONCLUSIONS

In conclusion, in this project we have developecttiicient and general, diastereo- and enantioteemethod for the
synthesis of highly functionalised 2-imidazolingmssessing a fully substitutegtstereocenter through a Mannich type
reaction of isocyanoacetate pronucleophiles aniinkets using a silver and aminophosphine binary @mperative catalyst
system. Furthermore, highly functionalised 2-imilares two contiguous quaternary centers have lbebreved. We have
also demonstrated that chiral unprotected 2-imilileg® anda,B-diaminoacids can be easily obtained from the ptetk
2-imidazoline reaction products. Further invesimyad to extend this study to the asymmetric synsheSoxazolines with at
least one quaternary centers have been startegranohderway.
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