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AMINES via NUCLEOPHILIC 1,ZADDITION TO KETIMINES. A REVIEW 

AMINES via NUCLEOPHJLIC 1,2-ADDITION TO KETIMINES. CONSTRUCTION OF 

NITROGEN-SUBSTITUTED QUATERNARY CARBON ATOMS. A REVIEW 

Arno G. Steinig*+ and Denice M. Spero* 

Department of Medicinal Chemistry 
Boehringer lngelheim Pharmaceuticals, Inc. 

900 Ridgebury Road, P. 0. Box 368, Ridgefield, CT 06877-0368 

INTRODUCTION 
Whereas the formation of carbon-carbon bonds by nucleophilic addition to aldehydes and 

ketones has always been a cornerstone of synthetic organic chemistry, the corresponding reactions 
with their aza analogs are much less explored,' despite the widespread occurrence of the resulting 
amines in natural products and bioactive compounds. This is due to the low electrophilicity of the 
imine carbon and the propensity to enolization when a-hydrogen atoms are present.' Only in the last 
two decades have methods for the stereoselective addition to aldimine derivatives emerged, and such 
additions to ketimine derivatives were virtually unknown until just two or three years ago. To show 
this exciting progress, we herein discuss nucleophilic additions to ketone-derived C=N compounds. In 
reviewing amine synthesis via C-C bond formation by nucleophilic addition to ketimine derivatives, 
we do not include pericyclic additions to imine derivatives (such as Diels-Alder, Staudinger and ene 
reaction), radical additions, the Strecker reaction, Pictet-Spengler and related reactions3 Additions to 
1,3-oxazolidines (and -0xazines) are included, because secondary 1,3-oxazolidines generally exist in 
equilibrium4 with the corresponding open-chain hydroxyimines,5 and tertiary oxazolidines often react 
via an iminium ion. We cover the literature from 1997, that has not been mentioned in previous 
reviews, and older references have been included when appropriate. For previous literature coverage 
the reader is referred to the reviews in ref [ I ] .  

To achieve stereoselective additions to imine derivatives, the stereochemical information 
can be incorporated into the imine substrate, the nucleophile (such as metalated sulfoxides or chiral 
organoboron reagents), or by means of chiral additives or catalysts. In the most common approaches, 
stereogenic centers adjacent to the imine carbon or nitrogen control the configuration at the newly 
formed stereocenter. When a stereogenic center adjacent to the iinine carbon bears a potential coordi- 
nation site, the reaction can occur through chelated intermediates, with or without internal delivery of 
the nucleophile, and open-chain transition states that might lead to different diastereomers (Fig. I ) .  

R" 

-R- 

Cram's chelate I?' Felkin- Anh 
external attack internal delivery non-chslated 

Fig. 1 
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STElNlG AND SPERO 

Often the proper choice of nucleophiles (e. g. organocerium reagents, which are capable of chelation, 
vs. cuprates) or solvents (e. g. THF vs. toluene) makes both stereoisomers accessible. 

When a stereogenic center adjacent to the imine nitrogen controls the face of attack on the 
carbon-nitrogen double bond, controlling the C=N bond geometry is a prerequisite for obtaining high 
selectivity because the (0 and (2) isomers would lead to the opposite configuration in the product 3 
(Scheme I). 

wAux' E-Z wAux' 
Isomerization 

R' - RZ 

R)?/ (E)-1 

2 3 ent-3 ent-2 

Priority: R '  > R' A: 1 )  H'IH20; 2)-Aux* 

Scheme 1 

An imine carbon is typically less electrophilic compared to that of an aldehyde or a ketone. 
This difference in electrophilicity allows for the selective addition of nucleophiles to ketones or alde- 
hydes in the presence of imines. However, a Lewis acid that coordinates to and preferentially activates 
the imine can reverse the selectivity. The groups of Kobayashi? Akiyama? and YamamotoX demon- 
strated that a variety of carbon nucleophiles could be added selectively to aromatic and aliphatic 
aldimines in the presence of the corresponding aldehydes by using Yb(OTf),, Sc(OTf), or Tc-allyl- 
palladium chloride dimer, respectively. Catalytic amounts of HBF, or BF,.OEt, in aqueous media led 
to aldimine-selective addition of silyl enol ethersy These methods, however, have not yet been applied 
to the synthetically more relevant substrates having an aldimine and an aldehyde in the same molecule 
and to ketimines.'" 

1. ADDITION TO KETIMINES 
1. General 

Ketimines usually exist as mixtures of (E/Z) isomers. Due to facile isomerization (AGZ = IS, 
20 and 25 kcalmol-' for N-sulfinyl, -aryl and -akyl ketimines, resp.)' ' . I 2  and hydrolysis during chro- 
matography the separation of the isomers is in most cases impossible. Trifluoromethyl-substituted 
imines, however, are reported to be stable to chromatography on deactivated silica gel. 

Allylic organometallic reagents have a higher reactivity towards addition to imines than 
alkyl or aryl organometallics and react successfully in a number of cases where other reagents fail. 
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AMINES v ia  NUCLEOPHILIC 12-ADDITION TO KETIMINES. A REVIEW 

2. Addition to Open-chain Ketimines 
a) With N-Alkyl or N-Aryl Substituents 

Spero and Kapadia reported one of the first methods for the addition of a variety of Grignard 
reagents to this class of ketimines containing a 2-heteroaryl substituent, using phenylglycinol or its 0- 
TBDMS derivative as chiral auxiliaries (Scheme 2).” Crucial for high yields and selectivities were the 
use of CH+Y, as reaction solvent, MgBr, as Lewis acid and EGO as solvent for the Grignard reagents. 
The auxiliary could be removed with Pb(OAc), or, very conveniently and preferably from an environ- 
mental standpoint, by refluxing with bleach in EtOH to give the desired amines 6. 

4a 4b 5 

A, then TBAF / 48-7496 

6 76-97% ee 7 

A: RMgX/Et20. MgBr?, CH?CI? 
R = Et. (.Hex, allyl. Bn, 2-F-Bn 

R’ = TBDMS, MgX 
Het = 2-pyridyl,2-thiazolyl. 2-quinolyl I‘ll2 

A’ 
X 

8 
Scheme 2 

The observed 1,3-asymnetric induction can be explained by the transition state 8. Chelation 
of the pyridine and imine nitrogens with MgBrz “locks” the imine into the ( E )  configuration. A’ ’ 
strain favors the conformation shown, in which the phenyl ring blocks the re face, and the delivery of 
the nucleophile, which might be oxygen-assisted, occurs then from the less hindered si face. 

Steinig and Spero extended this method towards the synthesis of 2,2-disubstituted 1,2- 

aminoalcohols 11 (Scheme 3).14 Excellent diastereoselectivities and generally good yields in the addi- 
tion were achieved, despite the different coordination ability of the methoxy oxygen compared to the 
pyridine nitrogen and the fact that these substrates have two potential sites for enolization. MgBr, 
proved again to be the most effective Lewis acid, and the Grignard bromides gave better yields and 
selectivities than the conesponding chlorides.I5 The sense of 1,3-asymmetric induction in additions to 
9 and 15 was the sane as with the 2-heteroaryl substrates 4 and 5. This method was applied to the first 
asymmetric synthesis of the selective serotonin reuptake inhibitor Cericlamine (14). 
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STEINIG AND SPERO 

11 12 

60% (2 steps) 

Me2N 

13 
4 

38-80% 
96-99% de 

14 15 

A: RMgBdEt20, MgBrz, CHlC12; B: Pb(0Ac)d; C: NHdHC02, Pd/C 
R = Bn, 3,4-diCI-Bn, Ph, allyl, allenyl/propargyl 

Scheme 3 

Alkyl groups could be introduced using trialkylaluminum reagents (Scheme 4).16 Depending 
on the quantity of aluminum compound, amines 10 or aziridines 16 were obtained, each with high 
diastereoselectivity . 

10 >95%de 16 >95%de 
R = ri-alkyl 
B AIR? ( 2  eq.), CH,CIz, r.1.; C: AIR] (4 eq ), CHlCI?, r . t .  

Scheme 4 

Higashiyama, Mikami et al. reported the addition of organolithium reagents to the phenyl- 
glycinol-derived 1,3-0xazolidines 17 and imine 20 of 2,2,2-trifluoroacetophenone (Scheme 5).17 In 
contrast to the 2,2-disubstituted 1,3-0xazolidines 4 and 15 where the diastereomeric ratio did not 
influence the selectivity of the addition,' the diastereomers of the 2-trifluoromethyl-substituted oxazo- 
lidines 17 led to different diastereomers of 18. In addition, yields and selectivity were slightly 
different from those observed in the addition to the imine 20. These results suggest that 17 undergoes 
direct reaction with RLi with retention of configuration at C-2 instead of reacting through an O-depro- 
tonated hydroxyimine. Hydrogenolysis of 18 cleaved regioselectively the benzylic carbon-nitrogen 
bond of the auxiliary, yielding the a-trifluoromethyl-substituted amines 19 in 79-92% yield. In order 
to obtain 19 with R = vinyl, the auxiliary had to be cleaved by Pb(OAc), instead. 
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AMINES  in NUCLEOPHILIC l&ADDITION TO KETIMINES. A REVIEW 

NH2 p 
H2, PdJC 

79-91 96 F3C 

RLi (3 eq.) 

c &OH c 
&Ph 

THF, -78°C 

83-1 00% 
HN 

A Ph F3C 64-99% de 

(2S)-17 I8a 19a 

N H2 H2. PdK (2R)-17 
.- &Ph 

79-92% F3C 

18b 19b 49- loo% 
47.99% de 

20 For 19a,b with R = vinyl: 
Pb(0Ac)d. 4245% 

R = Me, nBu, iPr, vinyl (Et after hydrogenation), pTolyl 

Scheme 5 

Gladysz and Stark prepared the complex 23 of imine 21 with the rhenium Lewis acid [(qs- 
C,H,)Re(NO)(PPh,)]+ (Scheme 6).’* It is interesting to note that the imine geometry changed on coor- 
dination with the rhenium complex.I9 In the addition of BnMgCl to 23, IrP NMR showed that 59% of 
the adduct 24 (with 90% de) was formed along with 41% of enolization product 25. On workup, 
however, the yield of isolated complex 26 was only 7%. 

V T f C -  BnMgCl 

THF 
- 100°C 

- I ON p- PPh3 

\ 

+ ON’Te.PPh3 
OTf 

Ph 

(me,= Ih:l 

21 22 
Ph 
( n - 2 3  TfO- 

crystals: exclusively (0 
solution: (Erg,, = I : I  

c 

tm = 
ONdv.pph3 + 23’TfO- 

,,\y y 24~76 

TfOH 

workup Bn 

T T f  0- q T f 0 -  
ON’v-PPh, + ON’v-PPh3 

YN\ Ph Ph Ph 

Bn \\‘ y\ 
90% de 7% 

24 50:41 25 26 
Scheme 6 

30% 

Zvolinski et al. reported the addition of allylmagnesium bromide to N-aryl ketimines 27 
(Scheme 7).’O Even the ketimine with R = Bn, which is very prone to enolize, underwent addition 
giving 28, albeit only in 51 % yield. 
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STEINIG AND SPERO 

. ,  . ._ , 
EtZO, retlux, 3 h 

5 1-90% 

27 28 
R = Me, Ph 
R' = Ph, 4-MeO-Ph. Bn, 4-[2.2]paracyclophanyl 

Scheme 7 
Knochel and Jones generated allylzinc bromide (30) using the in situ fragmentation of the 

zinc alkoxide of the sterically hindered alcohol 29.21 The zinc reagent added to the ketimine 31 in 
67% yield (Scheme 8). Additions of 30 to enolizable aldimines occurred in 63-90% yield. This reac- 
tion is an example for the higher reactivity of allylic organometal reagents towards addition to imines, 
because Et,Zn could not be added to N-phosphorylketimines'? or to our substrates 4,5,9, and 15. 

NBn 

NHBn 
nBuLi Ph 
ZnBr2 31 

* 
mu 67% mu 

29 30 32 

Scheme 8 
Zhang et al. generated in situ allylsamarium bromide (34) which added to the 2-acetyl- 

thiophene-derived ketimine 35 in 52% yield (Scheme 9)'' Additions of 34 to aromatic aldimines 
occurred in 6680% yield. 

NPh 

33 34 36 

Scheme 9 
Paulmier et al. obtained the homoallylamines 38 i n  a Barbier-type reaction from the 

ketimines 37, ally1 bromide (33) and magnesium in THF in 49-63% yield (Scheme 

e B r  

c R = Me, Et, Ph: K' = Me 
R, R = -(CHz)y- 

33 

49.63% 

R 
F N B n  

R' Mg, THF R' 

37 38 

Scheme 10 

Petasis rt a1 described a one-pot three-component synthesis of a-aminoacids and I ,2- 
aniinoalcohols.?s Imines are formed in situ from primary or secondary amines and a carbonyl 
compound. Alkenyl- or arylboronic acids or boronates then add to these imines or iminium ions. The 
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AMINES v i a  NUCLEOPHILIC 1,2-ADDITION TO KETIMINES. A REVIEW 

two examples with ketones as carbonyl component involve dihydroxyacetone (40) and pyruvic acid 
(44) (Scheme 11). The unprotected hydroxy groups and the free acid did not interfere with the reac- 
tion. An asymmetric version of this process using phenylglycinol as amine component was reported to 
give very high selectivity when aldehydes were used, but no examples were given for ketones. 

HNBnz 

39 

+ HO"('OH 

0 
40 

EtOH, 25°C. 6 h 
62% 

moH 
OH 

42 

gTo,yl & B(0H)2 ,CHPhp 

c 4 CO2H 

45 

76570 

Ph 0 

H~N+( Ph -k AC02H CH$Z12,25"C, 12 h pTolyl 

43 44 46 

Scheme 11 

b) With Electron-withdrawing Group on Imino Nitrogen 
On the basis of Hua's successful addition of allylic Grignard reagents to toluene- 

sulfinimines,2h Ellman et al. reported the addition of alkyl- and phenyllithium to optically pure fert- 
butylsulfinimines 49, precomplexed with Me,Al, in toluene (Scheme 12).27 The adducts 51 were 
isolated in 61-100% yield with 70-98% de and could readily be deprotected and benzoylated. The use 
of coordinating solvents resulted in drastically reduced yields and selectivities. The authors explained 
the observed selectivities by the six-membered transition state 50 in which the bulky tert-butyl group 
and the larger imine substituent occupy equatorial positions. It is interesting to note that these condi- 
tions ( m i ,  Me,Al, toluene) were not effective for sulfinylaldimines and that the optimized conditions 
for nucleophilic additions to sulfinylaldimines (RMgBr/Et,O, CH,Cl,) gave - except for allylmagne- 
sium bromide - only poor results with the corresponding ketimines. 

Ti(OEt)4 ? R  MelAI, R"Li 
* - 

bu 1 NH2 + 0 LR, THF 28"/s,NA R' toluene, -78°C 

47 48 49 

* c 

? R  2 steps 
,, S, &R" 

70.98% 

mu 69- 100% H R' 6 I - 100% 

50 51 52 

Scheme 12 
Two examples for additions of the titanium enolate 53 of methyl acetate to 49, giving p- 

amino acid derivatives 55, were also reported (Scheme 1 3).28 For the acetophenone-derived sulfin- 
imine, selectivity and yield were almost identical to the corresponding toluenesulfinyl imines reported 
earlier by Davis et 
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STEINIG AND SPERO 

OMe 53 
49 c 

THF.-78"C 

R = Me; R = iPr, Ph 

mu 

0-s-: 

L 

54 

? 
Bu/S'NH - R ' L C O z M e  

85-89% R' 

96-98% de 

55 

Scheme 13 
Davis and co-workers described the asymmetric aza-Darzens reaction of the acetophenone- 

derived sulfinimine 56 and the lithium enolate 57 of methyl bromoacetate (Scheme The 3,3- 
disubstituted aziridine (2S,3S)-S8 was isolated with greater than 95% de in 41% yield, accompanied 
by the N-sulfinyl enamine 59 (23%), which arises from enolization of the ketimine and N-alkylation 
by methyl bromoacetate.2Y The aziridine 58 was then converted to (2S,2S)-3-methylphenylalanine 
(60). In contrast, addition of MeMgBr to a 2H-azirine gave the (2S,3R) isomer of N-unsubstituted 58 
(see chapter I.3., Scheme 24). 

/=<"" 
0 Br 5, OMe 

-78°C -+ 0°C 
pTolyl/ s \ N  LPh 

(S)-56 THF 

C02Me Ph\ 

Me T H  
S 

4 I %, >95% de 

pTolyl/ .O 

(23, 33)-58 

0 

+ pTolylSNAC02Me 

Ph A 
23% 
59 

3 steps Me 

ph--rC02H 

- 
6043% 

NHz 

74% de 
(2s. 33)-60 

Scheme 14 

Bravo, Zanda et al. reported the addition of Grignard reagents to chiral p-toluene- 
sulfinimines 63 of trifluoropyruvates 62 (Scheme 15).7' With alkylmagnesium halides, the selectivity 

RMgCl 

THF, -70°C 
- 1 52.72% from 61 

0 COzR' 
i ,I, 

pTolyl/ 'N CF3 

63 

F3CCOC02R 
62 0 

pTo,yl /S.NQPPH3 
C6H6. 40°C 

61 

(23, 3,)-64 (S)-65-Me, Et, iBu (R)-65-Bn 

R = alkyl: 10-74% de R = Bn: 40% de 
R' = Me, Et 

Scheme 15 
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AMINES v i a  NUCLEOPHILIC IJ-ADDITION TO KETIMINES. A REVIEW 

increased with steric bulk (R = Me: 10% de, iBu: 74% de), but also racemization at sulfur (>96% 4 

88% ee) was observed. Interestingly, with BnMgCl the opposite diastereoisomer dominated (40% de). 
This was rationalized with the addition occurring via a six-membered transition state analogous to 50 
in the case of alkylmagnesium halides, but under non-chelation control with BnMgCI, perhaps in a 
radical process. From the adducts 64 the a-trifluoromethyl aminoacids 65 were obtained in two steps 
(50-58% yield). 

The addition of the enolate generated from the oxazobdinone 67 using iPr,NEt and TiCI, to 
the N-Cbz imine 66 of ethyl trifluoropyruvate occurred in 88% yield (Scheme 16).'2 The "Evans"- and 
"non-Evans"-anti adducts 69 and 70 were obtained in a 91:9 ratio; the syn adducts were not detected. 
To explain the observed selectivity, the authors proposed the transition state 68 where the carbonyl 
oxygens of the Cbz group and the ethyl ester form a seven-membered ring with the titanium. The 
imine nitrogen is not involved in the coordination because of its very poor Lewis basicity. The imine 
66 exists as a single geometric isomer by NMR. The (Z) isomer of 66 was calculated to be 10 
kcal.mol-' less stable than the ( E )  isomer.3' It should therefore exist only as (E)  isomer (CF, and 
nitrogen substituent trans). Removal of the Evans auxiliary with LiOOH and of the benzyl ethers by 
hydrogenation gave the a-trifluoromethyl aminoacid 71 (66%). 

r 1 

66 67 69:70 = 9 1 :9 68 

69 'Evans' trriri 70 'non-Evans' (inti 71 

Scheme 16 
Osipov, Burger e f  al. added lithium N,N-bis(trimethylsily1)aminomethyl acetylide 73 to 

The adducts 74 could be alkoxycarbonyl imines 72 of methyl di- and trihalopyruvates (Scheme 

XFpC - - Li - , Z V N H - P G  

H2N C02Me Me02C PN-" + TMS2d 87-9561 

12 73 

for 74-Boc/H, F: * 
HzN A k 2  

2 steps CO2H 
93-968 

-2 HCI 
75-H, F 

74 

X = H. F, CI 
PG = Chz. Boc 

Scheme 17 
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STEINIG AND SPERO 

obtained in 87-95% yield. From the Boc-protected di- and trifluoro compounds the corresponding 
ornithine derivatives 75 were prepared in high yield. 75-H is used clinically for the treatment of 
African sleeping disease and of Pneumocystis carinii pneumonia. 

Miginiac et al. reported the addition of allyl-, crotyl-, and 1,Zbutadienylzinc reagents 77 to 
the N-phenylsulfeneketimines derived from ethyl alaninate 76a and norvalinate 76b (Scheme 
The adducts 78, obtained in high yields (93-98%) but with low diastereoselectivity, were easily trans- 
formed into the aminoesters 79 (1 M HCI) and the free aminoacids 80 (1.3 M NaOH with 79, 3 M 
HCI with 78). 

NSPh 
I1 

.,A+-, ZnBr 
/ 

71 
c 

RKC02Et THF 

76a R = Et 
76b R = nPr 

93-98% 

R' = allyl. 2-(3-butenyl), 2-(3-butynyl) 

NHSPh 
1 M HCI 

74-85% 
- 

R 
'/ &COzEt I R  

78a-R' (de 20%) 
78b-R' (de 40%) 

69% 
(78a-allyl) 

N H: 

R ' A C O ;  R 

IOa,b-R' 

79a,b-R 

I 
1.3 M I NaOH 
2 

59-8 I %' 

Scheme 18 

The same authors also reported the addition of allylic and allenic Grignard reagents to in situ 

generated N-phenylsulfeneketimines derived from 2,n-diketones 82 ( n  = 5-7) (Scheme 19).35 With 
2,6-heptanedione, only cyclohexenic primary amines 85 were obtained because this diketone under- 
went intramolecular aldol condensation completely under the conditions for forming the sulfenimine. 
25-Hexanedione gave the expected diamine 84 with allylmagnesium bromide (63%). 

81 82 
J 

A I'JNSPh 
L 

83 

84 85 

A.  PhSN(TMS)2 ( 2  2 eq ), TBAF (0 01 cq ), THF B (suhst.) allyl/allenylMgBr 

Scheme 19 
Masuyama et al. reported that N-tosyliminium species 87, prepared in situ from ketones 86 

(cyclopentanone, cyclohexanone, and acetophenone) and TsNH, with NCS and SnCI,, were allylated 
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AMINES via NUCLEOPHILIC 1.2-ADDITION TO KETIMINES. A REVIEW 

with allyltrimethylsilane 88 in low yields ( I  7-38%) (Scheme 20).'6 Under the same conditions, 
aromatic (except for furfural) and aliphatic aldehydes gave the homoallylic tosylamides corresponding 
to 89 in 47-96% yield. 

86 ni 
R = Me, R' = Ph; R, R = (CH2), ( n  = 4.5) 

89 

Scheme 20 

c) With N-Metal Substituent 
Charette et al. generated N-magnesio ketimines 91 in situ by addition of Grignard reagents 

to the tartrate-derived a-alkoxynitrile 90." The addition of these ketimines to organocerium reagents, 
prepared from Grignard reagents and CeCI, in  a 1: 1 ratio, furnished the amines 92 with diastereose- 
lectivities ranging from 14:l to A0:1 and yields from 6 8 9 %  (Scheme 21). The configuration of the 
newly formed stereocenter, which is in accord with a chelation-controlled nucleophilic addition from 
the less hindered face of 91, was determined simply by the order of addition. Conversion to the amino 
acid 94 was effected in three steps after protection of the amino group in 92 as Cbz carbamate. 

R ' .  R L  = n-alkyl, (,-hex. allyl. Ph. PhCH2CH2 

CbzHN 
92-MelPh Cb7CI * 3 steps - H o e :  

95% 80%. 
0 

OBn 
93 94 

Scheme 21 

This methodology was extended to 0-protected achiral cyanohydrins (Scheme 22):  The 
iminate chelate corresponding to 91 was transmetalated to titanium by Ti(OiPr), before a second Grig- 
nard reagent was added."" Enantiomerically enriched material could be produced by using titanium 
complexes with enantiopure diols.'Xh Without this transmetallation, only allylmagnesium bromide 
reacted smoothly as the second nucleophile. The resulting 0-protected aminoalcohol 96-Me/Et was 
easily transformed into the amino acid 97. 
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STEiNlG AND SPERO 

1. R'MgBr, toluene, 0°C 
2. TiX4, -40°C to rt 

3. R2MgBr, -40°C to rt 

R2 R' 
* 

NH2 
BnO-CN B n O A  

95 96-R'/R2 

R 1  = Me, Et, iPr. PhCH2CH2; R2 = Me. Et, Ph 
TiXj = Ti(0iPrk (yields 15-100%), Ti-BINOL complexes (yields 21 -71%. 42-72% ee) 

3 steps H o Y  NHBoc 
Et Me 

P 

NH2 94% 
E n 0 3  

0 
96-MdEt 97 

Scheme 22 

A related non-stereoselective, two-step procedure was reported earlier by Miginiac el al."q 
N-unsubstituted ketimines 99 were synthesized by addition of alkyl Grignard reagents to benzonitrile 
(98) and reacted with the organoaluminum sesquihalides (1:l mixture of R,AIX and MIX,) prepared 
from allylic and propargylic bromides. The amines 102 were obtained in 4694% yield (Srhcmr 23). 
For comparison, the addition of other allyl metal species to ethyl phenyl ketimine was examined, and 
aluminum reagents were found to be the most effective (94% vs. 61 % for allylZnBrnHF and 70% for 
allylMgBr/Et,O). It is interesting to note that alkylaluminum chlorides did not add to the ketiinine 9 
(1.2.a),l" confirming the higher reactivity of allylic organometallic compounds towards imines. 

R2AIBr + R'AIBr2 
RMgBr N H  I : I (4 eq.) NAI(L)Br N(AI(L)Brh 

* PhKR THF 
46-94'5 

* [ PhKR - Ph AR' R ] PhCN 
Et?O 

5 I-80% 

Y8 Y9 100 101 

L = R' or Br 
R = Et. nRu, iPr 
R = allyl, 2-methallyl, 2-(3-butenyl); 
propargyl, 2-(3-butynyl). (a1 reagcnts have allenic structure) 

Scheme 23 

3. Addition to Cyclic Ketimines 

Davis et al. reported the asymmetric synthesis of P-substituted a-amino acids by addition of 
MeMgBr to enantiopure 2H-azirine-2-carboxylates 103 and 106 (Scheme 24):" 

The addition of the Grignard reagent occurred syn to the ester moiety, which is the more 
hindered face of the azirine. This result was explained by chelation of MeMgBr with the 
carbomethoxy group. MeLi was ineffective for this reaction because it mainly attacked the carbonyl 
group. Both aziridines 104 and 107 were then hydrogenolyzed to give the P-substituted a-amino acid 
esters 105 and 108. The free acid of 105 was also synthesized via an asymmetric aza-Darzens reaction 
of an acetophenone-derived sulfinimine with the lithium enolate of methyl bromoacetate (see chapter 
1.2.b), Schenie 14).30 
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AMINES v i a  NUCLEOPHILIC 1.2-ADDITION TO KETIMINES. A REVIEW 

N 

(S)-103 

,/%,\,Me 

Ph COzR 

(R)-106 

CO2R MeMgBr Me\ 
c 

THF. -78°C ph m H 

( 2 S ,  3R)-104 
R = M e  60-6S% 
R = t B u  7% 

Ph 
* 

MeMgBr 

THF. -78°C 

(2R,  3s)-107 
R = M e  7S-80% 
R = t B u  90% 

Scheme 24 

( 2 S ,  3S)-105 
R = M e  88% 
R = r B u  84% 

Pd( OH )z * P h q c o 2 R  
H2, CHzCI, Me NH2 

(2R, 3R)-108 
R = M e  97% 
R = f B u  88% 

Rodriguez and co-workers examined additions of Grignard reagents to 2’-methylspiro- 
[cyclohexan- 1,3’-3’H-indole] derivatives 109 (Scheme 25).3’ Allylmagnesium iodide gave the 
expected addition product 111-ally], and benzylmagnesium chloride gave the normal addition product 
Ill-Bn in toluene and ether as solvents. However, the insertion product 112-Bn dominated in THF. 
With methylmagnesium iodide only the single and the double insertion products 112-Me and 113-Me 
were observed. The authors proposed a radical mechanism with 110 as intermediate. Stabilized radi- 
cals such as benzyl and ally1 would simply combine, giving 111 (alternatively, an ionic mechanism 
could operate). Methyl radicals, however, would abstract a hydrogen atom from the methyl group at 
C-2 of the indole to give an exocyclic double bond. Another methyl radical from MeMgI added then 
to this double bond, giving the insertion product 112-Me. EPR spectra from the reaction with MeMgI 
were in accord with a radical on the C-2’ atom in 110. 

r 7 

109 &+*+* H R  R R 

I l l -R  112-R 113-R 

Grignard solvent product yield(%) 

AllylMgI ethedtoluene 1:3 Ill-ally1 91 
BiiMgCl toluene I l l - B n  75 

THF 112-Bn 17 
MeMgl ethermHF 1.5 112-Me 79 

etherholuene 2: 1 113-Me 47 

Scheme 25 
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STEINIG AND SPERO 

Sainsbury et al. and a group at Astra Hassle reported additions to the annelated spiro-3H- 
indoles 114 (Scheme 26)!2 A variety of organolithium reagents could be employed successfully, but 
tBuLi led only to deprotonation at C-7. In all cases, the nucleophile added selectively from the less 
hindered bottom face of the imine. The adducts 115 act as antioxidants. Some of these compounds 
show very selective binding to low density lipoprotein (LDL) particles in human plasma and are thus 
of interest as potential drugs to control atherosclerosis. 

A related series of compounds 119 was prepared via the addition of 2-methylallyllithium 
(117) to ketimine 116 followed by cyclization of the ally1 moiety onto the phenyl ring and alkylation 
of the piperidine nitrogen (Scheme 27). 

R R 

pentane/THF HN 
3: I 

Boc 
R' Boc 

116 
R = Me, OMe 
R' = alkyl 

118 

Scheme 27 

119 

Surprisingly, with rerr-butyllithium the related 3H-indole 120 gave not only the expected 
addition product 122 but mainly 123 and a trace of 124 (Scheme 28).43 Similar observations were 

123 (26%) 124 (0.5%) 
Scheme 28 
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AMINES v ia  NUCLEOPHIIJC l&ADDITION TO KETIMINES. A REVIEW 

made with 6.7-dimethyl-3-phenyI-2H- 1 ,Cbenzoxazine. The authors concluded that in these cases 
radical mechanisms operated with 121 or the corresponding I ,4-benzoxazine as intermediates. In 
contrast, phenyllithium gave with both substrates only the expected addition products. 

Reissig and co-workers reported the addition of lithiated methoxyallene (126) to the pyrroli- 
dine 125 (Scheme 29).& The primary addition product 127 was cyclized to the 2,3,5,7a-tetrahydro- 
1 H-pyrrolizine 128 with substochiometric amounts of silver nitrate. 

Me0 
A g W  Ph OMf? *a5 (27 mot%) 

acetone, rt 
SS% 

(two steps) 128 

F- 
Li 126 

THF 

127 

aPh 
125 

Scheme 29 
Chemla ef  al. could add 3-chloro-1 -trimethylsilyl zincioallene (129), generated from TMS- 

propargyl chloride by deprotonation with LDA and transmetallation with ZnBr,, to the ketimine 130, 
giving the propargylic spiroaziridine 131 in 40% yield (Scheme 30)."s Additions to aromatic and 
aliphatic aldimines proceeded in 1347% yield with anrilsyn ratios of 798:2. 

SiMe3 

NBn THF,O"C - fl 
Scheme 30 

40% 

131 
CI ZnSr +o" 

129 130 

Corbett et al, reported the additions of lithium acetylides 133 in the presence of boron triflu- 
oride etherate to the 2,2-dioxide- 1 -H-2,1,3-benzothiadiazines 132 yielding 4,4-disubstituted 2,2- 
dioxide-1,3-H-2,1,3-benzothiadiazines 134 in moderate yields (Scheme 31).& The compounds 134 are 
non-nucleoside reverse transcriptase inhibitors ("RTIs), with the most potent compound (Hal = 6- 
CI, R = cPr, R '  = ipr) having an ICw = 180 nM in a whole cell assay. 

H 6 a g r  BF3aOEt2 LI+R 133 (0.5 eq.) H a d R ' '  - 
/ p 2  THF / /so2 

H H -78°C + rt, 2 h 
20-5610 

132 134 

Hal = 6-CI: Hal = 5.6-diF: 
R = CF3: R' = cPr R = iPr. ck, R = Et, iPr, cPr, Ph, 2-Pyridyl 

Scheme 31 

Kibayashi et a[. reported the nucleophilic alkylation of the bridgehead iminium ions 136 
generated in siru from tricyclic N,O-acetals 135 (Scheme 32)."' Activation of 135 with Et,AlCI was 
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STEINIG AND SPERO 

required for additions of Grignard reagents, while Et,AI reacted directly. Hydrogenation using Pd/C 
cleaved the benzylic C-N bond in 137b. From the adduct of 137b with the Grignard reagent from 2- 
bromoethyl-l,3-dioxolane, the tricycle 138 was thus obtained. 138 constitutes the core structure of the 
novel immunosuppressant FR90 1483 

A 

135a-c 

fN +4 
(0-u- '$$ RMgX 

136a-c 

R = Et, allyl, Bn 

B: EtzAICI, THF, -15°C. then + RMgX. 0°C + rt 
A: EtiAI, CHC13,O"C + rt 

73.92% - 
'OH 

137a-c 

139a 139b 139c 138 

Scheme 32 

In the course of their total synthesis of the marine alkaloid halichlorine (144), Danishefsky 
and Trauner used the allylation of the bicyclic lactam 140 with allyltrimethylsilane (88) in the pres- 
ence of titanium tetrachloride to establish the configuration at C-9 (Scheme 33).4x The efficiency of 
this reaction (99% yield, single isomer) was ascribed to the high reactivity of the strained bicyclic N- 
acyliminium ion intermediate 141. The auxiliary was removed under reductive conditions, yielding 
lactam 143. 

HO 

140 

Na. NH3 

THF, EtOH 

92%~ 

c 

-78°C 

141 

143 

,-,,SIMe3 / 88 p h g  9 . 0 
-78°C 4 rt 

99% 
1 3  

142 

144 
Scheme 33 
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AMINES V ~ U  NUCLEOPHILIC I92-ADDITI0N TO KETIMINES. A REVIEW 

A related reaction was reported by Kibayashi er al. (Scheme 34).49 Harsher reaction condi- 
tions were required, however, to allylate the lactams 146 with allyltrimethylsilane (88) and group IV 
metal tetrachlorides. The adducts 147 could be transformed into the alkaloid (+)-adahnine (148). With 
the chiral aminophenol 139e, the allylated product 147e was obtained with a d.r. of (6N6S) = 16: 1 .  

The adducts 147 could be transformed into the alkaloid adalinine (148). The optical rotation of 148 
prepared from 147e was in agreement with that for the natural product, thus establishing its absolute 
configuration as (R) .  

e S I M e 3  

88 
C6% x)(...t CH2C12. r~. 18-96 h . 

146b: TiCId, 92% 

M e :  TiCId, 76% 
(50°C) 

146d: HfC14.72'70; 
ZrCI4, 70% O Nuo Cz + 0 C c O z H  8 reflux I -99% c 

139b,d,e 145 146b,d,e a 
O L . .  

147b: 4 btcps. 3 3 8  

147e. 4 steps, 40% 
147d: 3 steps, 32% c oq 

(+)-I48 from 147b,d 
(R)-(-)-l48 from 147e 

147b,d,e 
(6R):(6S)-147e = 16: I 

l39b 139d 139e 

Scheme 34 
The dissociation of the oxygen to form an iminium ion analogous to 141 is facilitated by the 

much higher acidity of phenols compared to alcohols. This might explain why the reaction with the 
corresponding lactams from 3-aminopropanol and 2-(aminomethyl)benzyl alcohol gave poorer yields. 

In the reactions discussed so far the iminium species was generated from 1,3-oxazolidines 
and -0xazines. This can also be done from acyclic N.0-acetals by ionization of a hydroxy group 
(instead of alkoxy that is part of a ring), as shown in the following examples (Schemes 35-37). 

Rutjes, Hiemstra et al. could allylate the hydroxypyrrolidinone 149 with allyltrimethylsilane 
(88) in the presence of tin(IWch1oride (Scheme 35).5" The bicycle 151 was obtained in 58% yield as a 

- b  -SiMe, SnCIJ / 

(1 .Seq . )  88 

(10 eq.) 
58% 

0 0 

~ CHlCI? * 
0 

I49 I50 cis/tmn.r 1 : I 
151 

Scheme 35 
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STEINIG AND SPERO 

1: 1 ris/trans mixture. Interestingly, six-membered ring homologs of 149 did not yield any allylation 
products. Under a variety of conditions only elimination of H,O to form enamides was observed. 

Langlois and Choudhury reported the allylation of the related hydroxypyrrolidinone 152 
with the same reagents (Scheme 36).s' The allylated product 154 (which might again serve as 
precursor for an N-acyliminium ion at the aminoacetal center) was isolated as single stereoisomer in 
50% yield together with an undisclosed amount of starting material. 

SnCI, 
( I  .S eq.) 

c 

$ 5 0  - CH?CI;! 
0 Ph 

152 

[i9] 153 

,--.,-,SIMe3 
/ 

88 

SO% 
* 

0 'Ph 

154 

Scheme 36 

The intramolecular addition to N-acyliminium ions generated from the hydroxy- 
pyrrolidinones 155a,b was reported by Martin and Bur (Scheme 33.'' The only Lewis acids that 
effected ionization and cyclization were solutions of LiClO, (2-2.5 M) in ether. Under these condi- 
tions, 155a gave a 20: 1 mixture of the six-membered 156a and 157a in 58% yield, whereas yield and 
selectivity were lower (2: 1,32%) for the seven-membered 156b/157b. 

TIPSO 
I "-.a 0 

0 

e h 0 

155a: n = I 156a+157a: 58% 156a 20: 1 157a 
155b: n = 2 156b+157b: 32% 1561) 2: 1 157b 

Scheme 37 

11. ADDITION TO KETOXIME ETHERS 
I .  General 

While ketoxime ethers are usually formed as mixtures of isomers, their separation by 
column chromatography is possible due to the high barrier to E-2 isomerization (>39 kcal.mol-I)' 
and their higher stability towards hydrolysis, as opposed to imines. With alkyVaryl and especially with 
electron-withdrawing substituents on the oxime oxygen, the Beckmann rearrangement and aziridine 
formation (via a 2H-azirine intermediate) can occur as side reactions. The 0-mesyl and 0-tosyl deriv- 
atives of s.ym-trifluoromethyl-substituted benzophenone oximes, however, neither reacted with Grig- 
nard reagents by addition to the C=N bond nor underwent Beckmann rearrangement. Instead, the 
sulfonate was displaced to give N-alkyVaryl imines, which were then hydrolyzed to yield primary 
amines.'' 
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AMINES via NUCLEOPHILIC 192-ADDITION TO KETNINES. A REVIEW 

Radical additions to aldoxime ethers have been used in a number of total syntheses of 
natural products.54 Hatem et al. reported the tin-mediated radical cyclization of a number of P-allenyl- 
benzoylketoximes.55 The addition of alkyl radicals to phenylsulfonyl ketoxime benzyl ethers was 
reported by Kim and co-workers.'6 The initial addition products, however, lose the phenylsulfonyl 
group giving ketoxime benzyl ethers and therefore no amines are isolated. 

2. Addition to Open-chain Oxime Ethers 

Marco, Carda et al. reported the addition of organolithium reagents (Me, nBu, tBu, Ph, allyl) 
to erythrulose-derived oxime benzyl ethers 159 to afford a-substituted serines 162-R (Scheme 38)." 
The oxime ethers were formed as 1 : l  (EIZ) mixtures and then were separated by chromatography. 
High selectivity was observed with the (E)  oxime ethers, the ( z )  isomers gave the opposite stereoiso- 
mers (except with PhLi) with much lower selectivity and yield. Only the oxime ether (E)-159a gave 
adducts with tBuLi. 

N,+OBfl 

159a P = CMc2 
15% P = Bn 

J 
158 

.50-95% -78 or 0°C 

tor 
16la-Mc. uBu, Ph 

- Ho+H 

1 
R NHOBn 

p.o+op 

0 8 W2lX 
17% yield OP' 

dc SO - >90% 
16la.b-R 

162-Me. nBu. Ph 

GBn 1 

160 

R, NHOBn 

po+op 

OP' 

de 0 - 74%) 
163a,b-R 

K = Me. nBu. tBu. Ph. allyl 
P = tBu(Ph)?Si, Trityl 

Scheme 38 
The authors explained these observations by the formation of a five-membered chelate 158 

involving the lithium, nitrogen and the C-3 oxygen in the ( E )  isomers, followed by an internal lithium- 
to-carbon 1,3-transfer within the chelate. Computational studies supported this mechanism. In the (Z) 
isomers, however, the C-l oxygen is too hindered for coordination; therefore, they react through a 

non-cyclic Felkin-Anh transition state 160 that leads predominantly to the other diastereoisomer. The 
acetonides 161a-R with R = Me, nBu, Ph were transformed into the a-substituted serines 162-R in 8 
steps (17% yield). 

Moody et al. reported the reaction of nBuLi with the (R)-0-(  1 -phenylbutyl)hydroxylamine 
oximes 166 of benzylidene acetone (Scheme 39).58 The addition to the (E) and the ( z )  isomer at -100" 
in toluene in the presence of BF,.OEt, gave the diastereomers (R)- and (S)-167 in 53 and 36% yield 
with 82 and 76% de, respectively. ( 0 1 6 7  was then converted to the amino acid 168 (45% yield over 
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STEINIG AND SPERO 

164 

3 steps). Addition of nBuLi and other organolithium reagents, except tBuLi, to aldoximes derived 
from this auxiliary occurred in considerably higher yields (7695%) and better selectivities (90-93% 
de). 

165 

+ H~N-Aux' 
Aux' 

(E)-166 (2)-166 

S3% A I 36% A I 
H 

4% Bu Me M Z  Bu 
t H02CxNHCbz P h q N x A u x '  

3 steps H 
Ph / 9 \Aux* 

B i  Me 
82% de 168 7S% de 
( R ) -  167 (S)-167 

p 
I -  

Aux*= ,'\ A A: rtBuLi. BF?*OEt2. toluene, -IOO"C 
0 Ph 

Scheme 39 

3. Addition to Cyclic Oxime Ethers 

No examples for additions to this substrate type have been reported (see IV.3.). 

111. ADDITION TO KETOHYDRAZONES 
1. General 

The barrier to E-Z isomerization in N-alkyllaryl hydrazones is around AG+ = 20 kcal.mol I 

(similar to imines)" so that in most cases the isomers cannot be separated at ambient temperatures. As 
expected, the sterically less crowded isomer usually predominates. 

Ketone arenesulfonylhydrazones generally afford alkenyllithiums on treatment with two or 
more equivalents of RLi (Shapiro reaction).s9 Only in a few cases was addition to the C=N double 
bond observed, also followed by loss of arenesulfinate and dinitrogen. 

Kim and co-workers reported the addition of alkynylborane reagents to N-aziridinyl- 
ketimines" and anionic cyclizations of bis- and trisaziridinylimines triggered by addition of Grignard 
or organolithium reagents."' Because the initial addition products lose styrene and dinitrogen, and 
therefore no amines are isolated, we will not discuss them further. 

2. Addition to Open-chain Hydrazones 
a) With N-Alkyl or N-Aryl Substituents 

J. Gore et al. reported the addition of lithiated methoxyallene (126) to the acetophenone 
SAMP hydrazone 169 in only 8% isolated yield (Scheme 40).62 The primary addition product 170 was 
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AMINES via NUCLEOPHTIJC 12-ADDITION TO KETIMINES. A REVIEW 

not isolated; the reaction afforded directly the cyclized 171, as opposed to Reissig's observation in 
additions of the same nucleophile to N-tosyl, N-aryl and N-alkyl imines (Scheme 29).44 In comparison, 
additions to the SAMP hydrazones of aromatic aldehydes gave the pyrrolines corresponding to 171 in 
7688% yield. 

M e O K  Li 

&OMe 126 H 
.. 
I . 

THF 
8% 

Ph 99% de 

169 
- 

170 

Scheme 40 

ph+ 
MeO' 

171 

b) With Electron-withdrawing Group on Imino Nitrogen 
The only example of this class is the Sc(OTf),-catalyzed allylation of acetone benzoyl- 

hydrazone 172 with tetraallyltin (173) to give 174 in 85436% yield, reported by Kobayashi ef al. 
(Scheme 41).61 The additions to benzoylhydrazones from a variety of aliphatic and aromatic aldehydes 
under these conditions occurred in 81-98% yield. 

,NHBz Sc(OTQ3 ( I  or 5 mol7o) HN 
I - NINHBZ 

II 

172 173 
x5 

Scheme 41 

3. Addition to Cyclic Hydrazones 

No examples for additions to this substrate type have been reported. 

IV. ADDITION TO KETONITRONES 
1. General 

The isomer in which the nitrone oxygen and the larger substituent on carbon are cis to each 
other usually predominates (Fig. 2).M 

R,+,O- RL, and 0 cis: 
(Z) isomer if priorities are 0 > R and R f ~  > Rs Rs /L RL 

175 
Fig. 2 
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STEINIG AND SPERO 

Murahashi et al. showed that generating N-acyloxyiminium species in situ from nitrones and 
acyl halides could increase the reactivity of nitrones towards soft nucleophiles such as enolates.6s All 
of the reported examples, however, involve aldonitrones only. 

2. Addition to Open-chain Ketonitrones 

No examples for additions to this substrate type have been reported. 

3. Addition to Cyclic Ketonitrones 

Marco, Carda et al. reported the addition of organolithium and Grignard reagents to the 
nitrone 178 (Scheme 42)!6 It was obtained together with the dioxazine 177 from erythmlose acetonide 
176 by reaction with hydroxylamine, acetone, and 2,2-dimethoxypropane. Whereas 177 proved unre- 
active towards a number of organometallic reagents, 178 reacted with a variety of organolithium and 
Grignard reagents (alkynyl, aryl, alkenyl and alkyl, but not tert-butyl) to give the adducts 180 (major 
isomer shown) in 5040% yields with 40->90% de. The observed selectivity can be explained by 
chelation of the metal with the nitrone oxygen and the proximal oxygen of the acetonide 179. 
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Murahashi et al. reported that the addition of allylmagnesium bromide to the P-sulfinyl 
ketonitrone 181 in the presence of AlC1, afforded a mixture of (2s)- and (2N-182 in 54% and 6% 
yield, respectively (Scheme 43.6’ The (2s) diastereomer was transformed to the homotropane alkaloid 
(+)-euphococcinine (183). 
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Einhorn et al. prepared the C,-symmetric nitroxide 188 and the corresponding amine 189 by 
two successive oxidation-nucleophilic addition sequences (Scheme 44).68 Each stereocenter of the 
pyrrolidine 184 was alternately destroyed upon oxidation to a nitrone. The remaining stereocenter 
then directed the addition of phenylmagnesium bromide to this nitrone to the less hindered face with 
high selectivity (93% ee for 188 starting from 184 with 96% ee). however, the ee was much lower 
with other Grignard reagents (4-tBu-PhMgBr, 79% ee; BnMgBr, 7% ee). 
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Scheme 44 

V. CONCLUSION 

The carbon-carbon bond formation by nucleophilic 1,2-addition to ketone-derived imino 
compounds has emerged in recent years as a viable synthetic route to mines. Impressive progress has 
been made, and methods are now available to create nitrogen-substituted quaternary carbon stereocen- 
ters with high stereoselectivity, using internal chirality of the substrates. No longer are these reactions 
restricted to non-enolizable imino compounds or allylic nucleophiles. Additions to ketimines seem to 
be more promising in terms of yield, stereoselectivity and generality, compared to ketoxime ethers, 
ketohydrazones, and ketonitrones. Applications to the syntheses of natural products and biologically 
active compounds have begun to appear. Nevertheless, much remains to be done to achieve the same 
level of sophistication as for additions to ketones. For example, the asymmetric synthesis of nitrogen- 
substituted quaternary carbon stereocenters using chiral catalysts still remains to be developed.6y 

REFERENCES 

t Current Address: OSI Pharmaceuticals, 777 Old Saw Mill River Road, Tarrytown, NY 1059 1 - 
6705. 

1. For recent general reviews about nucleophilic alkylation of the C=N bond, see: a) R. Bloch, 
Chem. Rev., 98, 1407 (1998); b) D. Enders and U. Reinhold, Tetrahedron: Asymmetry, 8, 1895 
(1997); c) L. N. Pridgen, Adv. Asym. Synth., 2 ,55  (1997); (d) N. Risch and M. Arend, In: 
“Methods of Organic Chemistry (Houben- Weyl): Stereoselective Synthesis”; G .  Helmchen, R. W. 
Hoffinann, J .  Mulzer and E. Schaumann, Eds.; Vol. E 21b, p.1833, Georg Thieme Verlag, 
Stuttgart, 1995; e) R. A. Volkmann, In: “Comprehensive Organic Synthesis”; B. M. Trost, Ed.; 

229 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
0
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



2. 

3. 

4. 

5.  

6. 

7. 

8. 

9. 

10. 

1 1 .  

12. 

13. 

14. 

Vol. 1, p.355, Pergamon, New York, NY, 1991 ; f) E. F. Kleinmann and R. A. Volkmann, In: 
“Comprehensive Organic Synthesis”; B. M. Trost, Ed.; Vol. 2, p.975, Pergamon, New York, NY, 
199 I ; g) J. P. Adams, J. Chem. SOC., Perkin Trans. I ,  125 (2000). 

STEINIG AND SPERO 

230 

G. Stork and S. R. Dowd, J. Am. Chem. Soc., 85,2178 (1963). 

For a recent review of radical cyclizations to C=N acceptors see: A. G. Fallis and I. M. Brinza, 
Tetrahedron, 53, 17543 (1997). For a review of Pictet-Spengler reaction see: E. D. Cox and J. M. 
Cook, Chem. Rev., 95, 1797 (1995). For a review of imino ene reaction see: R. M. Borzilleri and 
S. M. Weinreb, Synthesis, 347 (1995). For an enantioselective catalytic Strecker reaction with 
ketimines see: P. Vachal and E. N. Jacobsen, Org. Lett., 2,867 (2000). 

The equilibrium is highly dependent on solvent polarity, with the hydroxyimine being favored by 
polar solvents. For a recent example see: a) L. Carillo, D. Badia, E. Dominguez and I. Tellitu, J.  
Org. Chem., 62,6716 (1997), footnote 8. For a more general discussion and for the influence of 
electronic properties on the equilibrium, see: a) M. E. A. Astudillo, N. C. J. Chokotho, T. C. 
Jarvis, C. D. Johnson, C. C. Lewis and P. D. McDonnell, Tetrahedron, 41,5919 (1985); b) F. 
Fulop, G. Bernath, J. Mattinen and K. Pihlaja, Tetrahedron, 45,4317 (1989). 

They seem to react through the 0-deprotonated hydroxyimine because the diastereomeric ratio of 
these 1,3-oxazolidines does not affect the stereochemical outcome of the reaction. See ref.“ for a 
detailed discussion. 

Enolates, allyltributylstannane, TMSCN: S. Kobayashi and S. Nagayama, J. Am. Chem. Soc., 
119, 10049 ( 1997). 

Allyltriethylgermane: T. Aluyama and J. Iwai, Synlett, 273 (1998). 

Allylstannanes: H. Nakamura, H. Iwama and Y. Yamamoto, J. Am. Chem. Soc., 118,6641 
(1996). 

a) T. Akiyama, J. Takaya and H. Kagoshima, Synlert, 1045 (1999); b) ibid., Synlett, 1426 (1999); 
c) ibid., Chem. Lett., 947 (1999). 

The selective reduction of the imine group of an aromatic N-aryl 1 ,2-iminoketone was achieved 
with a Bu,SnClH/HMPA system: I. Shibata, T. Moriuchi-Kawakami, D. Tanizawa, T. Suwa, E. 
Sugiyama, H. Matsuda and A. Baba, J.  Org. Chem., 63,383 (1998). 

E. L. Eliel and S. H. Wilen, “Stereochemistry of organic compounds”, p.550, Wiley, New York, 
NY, 1993. 

F. A. Davis and E. W. Kluger, J.  Am. Chem. Soc., 98,302 (1976). 

D. M. Spero and S. Kapadia, J. Org. Chem., 62,5537 (1997). 

A. G. Steinig and D. M. Spero, J. Org. Chem., 64,2406 (1 999). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
0
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



AMINES via NUCLEOPHILJC 1.2-ADDITION TO KETIMINES. A REVIEW 

15. This may be due to the lower basicity of RMgBr compared to RMgCI. In Et,O the Schlenk equi- 
librium is moved away from the more basic R,Mg. A similar shift in the equilibrium may also 
occur with the added MgBr,. See: a) C. Chevrbt, J. Folest, M. Troupe1 and J. Perichon, Bull. Soc. 
Chim. Fr., 1388 (1976); b) W. Kosar, In: “Handbook of Crignard Reagents”; G. S .  Silverman 
and P. E. Rakita, Eds.; p. 441, Marcel Dekker, New York, NY, 1996; c) K. C. Cannon and G. R. 
Krow, In: “Handbook ofcrignard Reagents”; G. S .  Silverman and P. E. Rakita, Eds.; p. 27 1, 
Marcel Dekker, New York, NY, 1996. 

16. A. G. Steinig and D. M. Spero, unpublished results. 

17. A. Ishii, F. Miyamoto, K. Higashiyama and K. Mikami, Tetrahedron Lett., 39, 1199 (1998). 

18. G. A. Stark and J. A. Gladysz, Znorg. Chim. Acta, 269, 167 (1998). 

19. For a recent example for (E-Z) isomerization on coordination of a Lewis acid to an aldimine, see: 
K. G. Rasmussen, R. G. Hazel1 and K. A. Jorgensen, Chem. Commun., 1103 (1997). The (E-Z) 
isomerization has been proposed earlier to explain the different stereoselectivities in addition of 
trichloroallylstannane and allyl-BBN to aldimines: G. Alvaro, C. Boga, D. Savoia and A. Umani- 
Ronchi, J. Chem. Soc., Perkiri Trans. I, 875 (1996). 

20. 0. V. Zvolinskii, L. 1. Kryvenko, N. D. Sergeeva, A. T. Soldatenkov and N. S .  Prostakov, Chem. 
Heterocycl. Comp. ( N .  Y.) ,  33,86 ( 1  997); Chem. Abstr., 128,34376 (1 997). 

2 1. P. Jones and P. Knochel, J.  Org. Chem., 64, 186 ( 1999). 

22. P. G. Andersson, D. Guijarro and D. Tanner, J.  Org. Chem., 62,7364 (1997). 

23. J. Wang, Y. Zhang and W. Bao, Svnth. Commun., 26,2413 (1996). 

24. B. Berthe, F. Outurquin and C. Paulmier, Tetrahedron Lett., 38, 1393 ( 1  997). 

25. a) N. A. Petasis and I. A. Zavialov, J.  Am. Chem. Soc., 119,445 (1997); b) N. A. Petasis, WO 
98/00398 Al;  Chem. Absrr., 128, 141018 (1998). 

26. a) D. H. Hua, S. W. Miao, J. S. Chen and S .  Iguchi, J.  Org. Chem., 56,4 (1991); b) D. H. Hua, N. 
Lagneau, H. Wang and J. Chen, Tetrahedron: Asymmetty, 6,349 (1  995). 

27. a) D. A. Cogan and J .  A. Ellman, J.  Am. Chem. Soc., 121,268 (1999); b) D. A. Cogan, G. Liu 
and J. A. Ellman, Tetrahedron, 55,8883 (1999). 

28. T. P. Tang and J .  A. Ellman, J. Org. Chem., 64, 12 (1999). 

29. F. A. Davis, T. R. Reddy and R. E. Reddy, J.  Org. Chem., 57,6387 (1992). 

30. F. A. Davis, H. Liu, P. Zhou, T. Fang, G. V. Reddy and Y. Zhang, J.  Org. Chem., 64,7559 
( I  999). 

31. P. Bravo, M. Crucianelli, B. Vergani and M. Zanda, Tetrahedron Lett., 39,7771 (1998). 

23 I 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
0
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



STEINIG AND SPERO 

32. P. Bravo, S. Fustero, M. Guidetti, A. Volonterio and M. Zanda, J. Org. Chem., 64,8731 (1999); 
After completion of the manuscript, Zanda et al. reported the addition of lithiated (R)-ethyl 
p-tolylsulfoxide to the methyl ester corresponding to 66: M. Crucianelli, P. Bravo, A. h o n e ,  E. 
Corradi, S. V. Meille and M. Zanda, J. Org. Chem., 65, 2965 (2000) 

33. S. N. Osipov, A. S. Golubev, N. Sewald and K. Burger, Tetrahedron Lerr., 38,5965 (1997). 

34. M. Aidene, F. Barbot and L. Miginiac. J. Organornet. Chem., 534, 117 (1997). 

35. F. Barbot, M. Aidene and L. Miginiac, Synrh. Commun., 28,3279 (1998). 

36. Y .  Masuyama, J. Tosa and Y. Kurusu, Chem. Commun., 1075 (1999). 

37. A. B. Charette and C. Mellon, Tetruhedron, 54, 10525 (1998). 

38. a) A. B. Charette, A. Gagnon, M. Janes and C. Mellon, Tetrahedron Lett., 39,5147 (1998); b) A. 
B. Charette and A. Gagnon, Tetrahedron: Asymmetry, 10,1961 (1999). 

39. F. Barbot and L. Miginiac, Synth. Commun., 27,2601 ( 1  997). 

40. F. A. Davis, C.-H. Liang and H. Liu, J. Org. Chem., 62,3796 (1997). 

41. J. G. Rodriguez, A. Urnitia, 1. E. de Diego, M. P. Martinez-Alcazar and I. Fonseca, J.  Org. 
Chem., 63,4332 (1998). 

42. a) D. W. Brown, M. F. Mahon, A. Ninan, M. Sainsbury, J. Chem. Soc., Perkin Trans. I ,  1699 
(1997); b) D. W. Brown, M. F. Mahon, A. Ninan, M. Sainsbury, J. Chem. Soc., Perkin Trans. I ,  
3,329 (1997). 

43. D. W. Brown, M. Lindquist, M. F. Mahon, B. Malm, G. N. Nilsson, A. Ninan, M. Sainsbury and 
C. Westerlund, J.  Chem. Soc., Perkin Trans. I, 2337 (1997). 

44. M. 0. Amombo, A. Hausherr and H.-U. Reissig, Synlett, 187 I (1999). 

45. F. Chemla, V. Hebbe and J. F. Normant, Tetrahedron Lett., 40,8093 (1999). 

46. a) J. W. Corbett, L. A. Gearhart, S. S. KO, J. D. Rodgers, B. C. Cordova, R. M. Klabe and S. K. 
Erickson-Viitanen, Bionrg. Mrd. Chem. Lett., 10, 193 (2000); b) J. W. Corbett, S. S. KO, J. D. 
Rodgers, L. A. Gearhart, N. A. Magnus, L. T. Bacheler, S. Diamond, S. Jeffrey, R. M. Klabe, B. 
C. Cordova, S. Garber, K. Logue, G. L. Trainor, P. S. Anderson and S. K. Erickson-Viitanen, J.  
Mrd. Chem., 43,2019 (2000) 

47. N. Yamazaki, H. Suzuki and C. Kibayashi, J. Org. Chem., 62,8280 (1997). 

48. a) D. Trauner and S. J. Danishefsky, Tetrahedron Lett., 40,6513 (1999); b) D. Trauner, J. B. 
Schwarz and S .  J. Danishefsky, Angew. Chem., 111, 3756 (1999); Angew. Chem. Int. Ed., 38, 
3542 ( 1999). 

232 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
0
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



AMINES via NUCLEOPHILIC 1.2-ADDITION TO KETIMINES. A REVIEW 

49. a) N. Yamazaki, T. Ito and C. Kibayashi, Synlett, 37 (1999); b) N. Yamazaki, T. Ito and C. 
Kibayashi, Tetrahedron Lett., 40,739 ( 1999). 

50. L. Ollero, G. Mentink, F. P. J. T. Rutjes, W. N. Speckamp and H. Hiemstra, Org. Lett., 1, 133 1 
(1 999). 

5 I .  N. Langlois and P. K. Choudhury, Tetrahedron Lett., 40,2525 ( 1  999). 

52. S. F. Martin and S. K. Bur, Tetrahedron Lett., 38,7641 (1997). 

53. a) H. Tsutsui, Y. Hayashi and K. Narasaka, Chem. Lett., 317 (1997); b) H. Tsutsui, Y. Hayashi 
and K. Narasaka, Bull. Chem. Soc. Jpn., 72, 1869 ( 1999). 

54. For recent total syntheses of natural products utilizing intramolecular radical cyclizations onto 
oxime ethers see: a) G. E. Keck, T. T. Wager and S. F. McHardy, J. Org. Chem., 63,9164 (1998) 
(7-deoxypancratistatin); b) G. E. Keck, S. F. McHardy and J. A. Muny, J.  Org. Chem., 64,4465 
(1999) (7-deoxypancratistatin); c) G. E. Keck, T. T. Wager and J. F. D. Rodriquez, J. Am. Chem. 
Soc., 121,5176 (1999) (lycoricidine, narciclasine); d) J. Marco-Contelles, P. Gallego, M. 
Rodriguez-Femfindez, N. Khiar, C. Destabel, M. BemabC, A. Martinez-Grau and J. L. Chiara, J. 
Org. Chem., 63,7397 (1998) (aminocyclitols); e) A Boiron, P. Zillig, D. Faber and B. Giese, J. 
Org. Chem., 63,5877 (1998) (trehazolin and trehazolamine); f) I. Storch de Gracia, H. Dietrich, 
S. Bobo and J. L. Chiara, J.  Org. Chem., 63,5883 (1998) (trehazolamine). 

55. M. Depature, J. Diewok, J. Grimaldi and J. Hatem, Eur. J.  Org. Chem., 275 (2000). 

56. See: I. Ryu, H. Kuriyama, S. Minakata, M. Komatsu, J.-Y. Yoon and S. IOm, J. Am. Chem. Soc., 
121, 12190 (1999) and references cited therein. 

57. a) J. A. Marco, M. Carda, J. Murga, F. Gonzfilez and E. Falomir, Tetrahedron Lett., 38, I84 1 
(1997); b) J. A. Marco, M. Carda, J. Murga, S .  Rodriguez, E. Falomir and M. Oliva, Tetrahe- 
dron: Asymmetry, 9, 1679 (1998); c) M. Carda, J. Murga, S. Rodriguez, F. Gonzfilez, E. Castillo 
and J. A. Marco, Tetrahedron: Asymmetp, 9, I703 ( 1  998). 

58. a) C. J. Moody, P. T. Gallagher, A. P. Lightfoot and A. M. Z. Slawin, J.  Org. Chem., 64,4419 
(1999); b) C. J. Moody, A. P. Lightfoot and P. T. Gallagher, Synletr, 659 (1997). 

59. Review: A. R. Chamberlin and S. H. Bloom, Org. React. (N.Y. ) ,  39, 1 (1990). 

60. S. Kim, C. M. Cho and J.-Y. Yoon, J. Org. Chem., 61,6018 (1996) 

61. S. Kim, D. H. Oh, J.-Y. Yoon and J. H. Cheong, J.  Am. Chem. Soc., 121,5330 (1999). 

62. V. Breuil-Desvergnes, P. Compain. J.-M. Vatble and J. Gori, Tetrahedron Lptt., 40, 5009 (1999). 

63. S. Kobayashi, K. Sugita and H. Oyamada, Svnlett, 138 (1999). 

64. See, for example: a) E. Hulsbos, J. Marcus, J. Brussee and A. van der Gen, Tetrahedron: Asym- 
metp,  8, 1061 (1997); b) S. Franco, F. L. Merchan, P. Merino and T. Tejero, Synth. Commun., 
25,2275 (1995). 

233 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
0
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



STEINIG AND SPERO 

65. a) T. Kawakami, H. Ohtake, H. Arakawa, T. Okachi, Y. Imada and S.-I. Murahashi, Chem. Lett., 
795 (1999); b) T. Kawakami, H. Ohtake, H. Arakawa, T. Okachi, Y. Imada and S.4. Murahashi, 
Org. Lett., 1, 107 (1 999). 

66. J. A. Marco, M. Carda, J. Murga, R. PortolCs and J. Lez., Tetrahedron Lett., 39,3237 (1998). 

67. S.4 .  Murahashi, J. Sun, H. Kurosawa and Y. Imada, Heterocycles, 52,557 (2000). 

68. J. Einhorn, C. Einhorn, F. Ratajczak, I. Gautier-Luneau and J.-L. Pierre, J. Org. Chem., 62,9385 
( I  997). 

69. For a general review on catalytic enantioselective construction of quaternary stereocenters, see: 
E. J. Corey and A. Guzman-Perez, Angew. Chem., Int. Ed. Engl., 37,388 (1998); Angew. Chem., 
110,402 (1998). For a review discussing catalytic enantioselective addition to aldimines, see: S .  
Kobayashi and H. Ishitani, Chern. Rev., 99, 1069 (1999). 

(Received February 16,2000; in final form April 7,2000) 

234 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
3
0
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1


