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Unexpected and intriguing reactivity of �-imino
esters and iminium salts*
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Abstract: An intriguing umpolung of the reactivity of imines possessing electron-withdraw-
ing groups was observed. For example, N-alkylation-coupling reaction of the imines derived
from glyoxylates was conducted with dialkylaluminum chloride in acetonitrile to give
N-monoalkylated 1,2-diamines in good yields. On treatment of various α-imino esters with
organoaluminum reagents and allyltributyltin in the presence of benzoyl peroxide (BPO), the
tandem reaction proceeded to give the N-alkylation/C-allylation products in good yields.
Diethyl 2-[N-(p-methoxyphenyl)imino]-malonate underwent amination reactions with alkyl
Grignard reagents to give N-alkylation products in good yields. The obtained N-alkylation
products were readily converted into N-alkyl-p-anisidines by the oxidative removal of the
malonate moiety. In order to enhance the reactivity of imines, an iminium salt was prepared
using the oxidation of amino ketene silyl acetal with 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ), and the subsequent nucleophilic addition to this iminium species proceeded
to afford α-amino esters in good yields.
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INTRODUCTION

Nucleophilic addition to the nitrogen atom of simple imines is, in principal, difficult due to the electron
negativity of the imino functionality. Only limited examples have been available for the nucleophilic ad-
dition to the nitrogen atom of α-imino esters [1]. We have focused on the reactivity of α-imino esters
and have revealed several interesting features. During these studies, we found that N-alkylation of the
imines derived from glyoxylate esters was conducted with dialkylaluminum chloride in acetonitrile to
give an N-monoalkylated intermediate, which in turn underwent a subsequent addition reaction with an-
other imine. When the N-monoalkylated intermediate was oxidized with benzoyl peroxide (BPO) in the
presence of allyltributyltin, N-alkylation/C-allylation products were obtained in good yields.

When an imine had two electron-withdrawing groups, i.e., 2-[N-(p-methoxyphenyl)imino]mal-
onate, this derivative served as an excellent N-alkylation reagent for Grignard reagents. Subsequent ox-
idative removal of the malonate and p-methoxyphenyl (PMP) moieties offered a new amination
methodology for carbanions.

As mentioned above, aluminum enolates were readily oxidized with BPO to give iminium
species, which were very reactive and attractive electrophiles in organic synthesis. We examined an easy
and convenient method for the generation of such species using the oxidation of amino ketene silyl ac-
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etals with certain oxidants. The iminium salts thus generated showed excellent reactivities as elec-
trophiles to give, after addition reaction with nucleophiles, α-amino esters in good to excellent yields.

N-ALKYLATION-COUPLING REACTION OF �-IMINO ESTERS 

1,2-Diamines are useful units for the synthesis of biologically active compounds [2] and/or widely used
as ligands in many transition-metal-mediated reactions [3], and, therefore, new synthetic methods of
1,2-diamines have been studied extensively [4]. A coupling reaction of the imines derived from ethyl
glyoxylate proceeded with alkylaluminum reagents to give 1,2-diamines in good yields (Table 1) [5].

Table 1 Coupling reaction using R1
2AlCl.

R1
2AlCl (equiv) Yield (%) anti:syn

Et2AlCl (5 equiv) 79 70:30
i-Bu2AlCl (5 equiv) 59 90:10
i-Bu2AlCl (7 equiv) 61 88:12
n-Oct2AlCl (5 equiv) 81 62:38
n-Oct2AlCl (7 equiv) 95 72:28

Diethylaluminum chloride effected the N-alkylation-coupling reaction, and the product 2a was
obtained, whereas the use of diisobutylaluminum chloride gave the coupling product 2b along with the
reduction product. In the case of dioctylaluminum chloride, the desired product 2c was obtained in high
yield. In each case, anti-selectivity was observed, in which a bulky ester group caused a good diastereo-
selectivity. When triethylaluminum or ethylaluminum dichloride was used, the coupling product 2 was
not formed, but C-ethylation product or a mixture of C- and N-ethylation products was obtained, re-
spectively. The amount of diethylaluminum chloride was also important. For example, the use of
3 equiv of diethylaluminum chloride decreased the formation of the desired coupling product in 33 %
yield along with the ethylation products. This may be due to the competing C-alkylation reaction caused
by the low aggregated alkylaluminum species, whereas the use of a large excess of the aluminum
reagent suppressed C-alkylation.

A possible mechanism of the present coupling reaction is shown in Scheme 1. Dialkylaluminum
chloride, which has a strong oxophilicity, initially coordinates with the ester carbonyl group (A), mak-
ing the electron density of the nitrogen atom decrease. Then, 1,4-addition of alkyl group of the alu-
minum reagent proceeds on the nitrogen atom to form the ester enolate (B), which has a five-membered
(Z)-conformation because of coordination of the aluminum with the nitrogen atom. This ester enolate
attacks another imine via a chair-like six-membered cyclic transition state (C) to give the anti-coupling
product. 
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TANDEM N-ALKYLATION/C-ALLYLATION REACTION OF �-IMINO ESTERS

On treatment of the imino ester 3a with Et2AlCl, EtAlCl2, and allyltributyltin in the presence of BPO,
N-alkylation/C-allylation product 4a was obtained. The reaction was carried out as follows: to a solu-
tion of BPO and the imino ester in propionitrile were added Et2AlCl, EtAlCl2, and allyltributyltin suc-
cessively at –20 °C. After the starting material disappeared on thin-layer chromatography (TLC), a
usual work-up followed by purification gave the N-ethylation/C-allylation product 4a–i. The aliphatic
as well as aromatic imino esters underwent the tandem N-ethylation/allylation to give the addition prod-
ucts in moderate to good yields (Table 2) [6].

Table 2 Tandem N-ethylation/C-allylation reaction with various
α-imino esters.

Entry R (3) Time (h) Product Yield (%)

1 Ph (3a) 7 4a 75
2 o-MeOC6H4 (3b) 8 4b 47
3 p-MeOC6H4 (3c) 7 4c 62
4 p-MeC6H4 (3d) 7 4d 63
5 p-ClC6H4 (3e) 7 4e 76
6 2-Thienyl (3f) 7 4f 34
7 Cyclopropyl (3g) 7 4g 50
8 Cyclohexyl (3h) 7 4h 39
9 H (3i) 8 4i 18

A tandem N-silylation/C-allylation reaction also proceeded with bis(trimethylsilyl)aluminum
chloride on heating the mixture to 50 °C to afford the homoallylamine 5a. The allylation did not pro-
ceed in the absence of BPO. Other α-imino esters could also be used for the present N-silylation/C-al-
lylation reaction to give the products in good to excellent yields.

Table 3 Tandem N-silylation/C-allylation reaction.

Entry R Time (h) Product Yield (%)

1 Ph (3a) 23 5a 93
2 Ph (3a) 25 5a 0a

3 p-MeOC6H4 (3c) 25 5c 84
4 p-MeC6H4 (3d) 24 5d 83
5 p-ClC6H4 (3e) 24 5e 73
6 2-Thienyl (3f) 28 5f 61
7 Cyclopropyl (3g) 23 5g 58

aIn the absence of BPO.
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Several reaction conditions were examined to clarify the reaction mechanism (Scheme 2). When
the imino ester 3a was treated with a mixture of diethylaluminum chloride and ethylaluminum dichlo-
ride, N-ethylation product 6a was obtained in 76 %. After the N-ethylation, BPO or 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) with allyltributyltin was added, which actually gave the desired al-
lylation product 4a. The tandem reaction was carried out in the presence of galvinoxyl or
1,4-cyclohexadiene as a radical scavenger. However, the yields did not decrease, indicating that an ionic
mechanism might be involved.

Based on these results, a possible mechanism of the present tandem reaction is shown in
Scheme 3. Firstly, 1,4-addition of the ethyl group proceeds at the nitrogen atom of the imino ester to
give an enolate species. The enolate (A) is subsequently oxidized with BPO (B) to form an iminium salt
(C), which is attacked by allyltributyltin to afford the C-allylation product.

The tandem reaction was also carried out using trimethylsilyl cyanide instead of allyltributyltin to
give the amino nitrile 7, Scheme 4. It is interesting to note that in the presence of BPO, diethylaluminum
cyanide acted as both ethylation and subsequent cyanation reagent to afford the amino nitrile 7.
Although diethylaluminum cyanide has been used as the cyanide source in Strecker reaction [7], its in-
triguing behavior as ethylating reagent is unknown.
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IMINOMALONATE AS AN ELECTROPHILIC AMINATION REAGENT

Electrophilic amination is a useful method for C–N bond formation, and several reagents including
azodicarboxylates have been developed for this purpose [8]. New reagents, such as oxaziridines [9],
oximes [10], and oxime O-sulfonates [11] have also been developed as electrophilic amination reagents.
However, because amination reactions using these reagents were not always readily carried out, the de-
velopment of a new electrophilic amination reagent has been highly desirable. On the other hand, some
N-alkylation reactions to α-imino esters have been known [1]. In particular, the Grignard reagent is one
of the most convenient N-alkylation reagents for α-imino esters. We have found that imines with two
electron-withdrawing substituents possess good abilities to react with nucleophiles on the nitrogen atom
in a regioselective manner. 2-[N-(p-Methoxyphenyl)imino]malonate is an efficient reagent for the elec-
trophilic amination of Grignard reagents to give N-alkylation products, and the subsequent oxidation of
the malonate moiety affords N-alkyl-p-anisidines in good yields. 

The following sequence shows the present strategy. The new electrophilic amination methodol-
ogy consists of two reactions: (1) a nucleophilic addition to the nitrogen atom, and (2) an oxidative re-
moval of the malonate moiety (Scheme 5). Among various imine derivatives possessing electron-with-
drawing groups, iminomalonate was chosen as an amination reagent. Several iminomalonates have
already been known and used for the synthesis of heterocycles. However, the nucleophilic addition of
organometals to this imine has not received much attention. Due to a ready removal from the nitrogen
atom after the addition of nucleophiles, the PMP group was chosen as a substituent at the nitrogen.

An amination reagent, diethyl 2-[N-(p-methoxyphenyl)imino]malonate (9) [12], was easily pre-
pared by the condensation of commercially available diethyl 2-oxomalonate (8) with p-anisidine in
93 % yield (Scheme 6). 

Electrophilic amination using primary alkyl Grignard reagents afforded the aminated products in
good to excellent yields. Subsequent oxidative cleavage of the N-alkylated products also proceeded
smoothly to give N-alkyl-p-anisidines (Table 4). In entry 4, N-alkylation reaction also proceeded with
Grignard reagent prepared from butyllithium and MgBr2. Various alkylations including secondary or
tertiary alkyl and aryl Grignard reagent could be carried out (entries 10~14). Isopropylation gave N-iso-
propyl-p-anisidine (11j) in low yield. This lower yield may be due to the inefficiency of addition caused
by the steric bulk of the Grignard reagent. When the reaction was carried out at –95 °C, the yield was
improved (entry 10). However, additives such as CuI, BF3⋅OEt2, CeCl3, and MgBr2 were not effective.
The N-methylation and tert-butylation of α-iminoacetate were reported to be highly difficult [13]. In
strong contrast to the previous observations, due to the introduction of two ester groups into the imino
carbon, the present amination tolerated wide range or Grignard reagents, and showed high regio-
selectivity onto the nitrogen atom for the nucleophilic addition [14].
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Table 4 Synthesis of N-alkyl-p-anisidine by electrophilic amination.

Entry R Products Yield (%) Yield (%)
of 10 of 11

1 Methyl 10b, 11b 98 63
2 Ethyl 10a, 11a 91 93
3 n-Propyl 10c, 11c 81 79
4 n-Butyl 10d, 11d 98 92
5 n-Decyl 10e, 11e 78 79
6 n-Dodecyl 10f, 11f 94 84
7 n-Tetradecyl 10g, 11g 79 71
8 n-Phenethyl 10h, 11h 86 89
9 Cyclohexylmethyl 10i, 11i 93 91

10 i-Propyl 10j, 11j 86 57
11 Cyclohexyl 10k, 11k 48 29
12 Benzyl 10l, 11l 80 64
13 Phenyl 10m, 11m 59 55
14 t-Butyl 10n, 11n 56 67

The PMP moiety of N-alkyl-p-anisidine was readily deprotected with ammonium cerium(IV) ni-
trate to give a primary amine (Scheme 7). N-Ethyl-p-anisidine (11a) was firstly converted into benzyl-
carbamate 12a with benzyl chloroformate. This carbamate was exposed to CAN in the usual manner to
give benzyl N-ethylcarbamate (13a). 

FORMATION OF ALKOXYCARBONYL IMINIUM SALTS

Iminium salts are very reactive and attractive species in organic synthesis, and therefore, the search for
an easy preparation method of these species has received considerable attention [15]. Reported exam-
ples using iminium species involve addition of organometallic reagents to the iminium salt for the syn-
thesis of β-amino acids [16], β-amino ketones, and 1,3-amino alcohols [17], and so on [18]. Use of acyl
iminium and related species has been also reported [19]. Control of the reactivity of formaldehyde was
successfully accomplished by the use of the Mannich reaction and the Eschenmoser’s salt, which have
been used extensively for the introduction of an aminomethyl functionality into enolate equivalents
[20].

The examination into the generation of the iminium salt was carried out using the reaction of
amino ketene silyl acetal 1 with oxidizing reagents followed by the reaction with diethylaluminum
cyanide (Table 5). BPO, N-chlorosuccinimide (NCS), and DDQ worked with comparable efficiency in
the cases with the methyl derivative 14a, whereas iodobenzene diacetate and its bis-trifluoroacetate ana-
log gave slightly decreased amounts of the desired product (entries 1~6). Better yields of the adduct 16
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were obtained using the ethyl derivative 14b, and among the oxidants DDQ recorded good to excellent
results (entries 7~10) (Scheme 8) [21]. 

Table 5 Oxidation–cyanation of amino ketene silyl acetal 14 under various
conditions.

Entry R Solvent Oxidant Temp (°C) Time (h) 4 (%)

1 Me Et2O BPO –78~rt 12.0 45
2 Me DME BPO –78~rt 11.0 36
3 Me DME DDQ –50~rt 11.0 44
4 Me DME NCS –50~rt 12.0 44
5 Me DME PhI(OAc)2 –78~rt 11.0 32
6 Me DME PhI(OTFA)2 –78~rt 11.0 35
7 Et Et2O BPO –78~rt 12.0 53
8 Et DME NCS –50~rt 17.5 58
9 Et DME DDQ –50~rt 11.5 71

10 Et DME DDQa –78~rt 17.5 80

aDDQ (0.7 equiv) was used.

Table 6 summarizes the addition of Grignard reagents to the iminium species. The aliphatic
Grignard reagents underwent addition reaction to the iminium salt to give the addition products 17 in
moderate to good yields (entries 1~6). The reaction was influenced by the steric bulk of the Grignard
reagents, and secondary Grignard reagents depressed the yields (entries 7 and 8). tert-BuMgBr did not
give the addition product, instead, the hydrolysis of the ketene silyl acetal occurred to give the parent
ester. Functionalized Grignard reagents could also be used for the present reaction. The aromatic
Grignard reagents bearing electron-donating and -withdrawing groups underwent the nucleophilic ad-
dition to give the addition products 17 in good yields (entries 11~13). Cyclopropylmagnesium bromide
and trimethylsilylmethylmagnesium chloride gave the addition products 17 in moderate to good yields
(entries 14 and 15). The Grignard reagents bearing an olefin or an ether group were also employable
(entries 16 and 17). Allylation was also successfully carried out. Table 7 summarizes the use of allyla-
tion reagents.
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Table 6 Oxidation–alkylation of amino ketene silyl acetal 14b.

Entry RMgX Product Yield (%)

1 MeMgBr 17a 51
2 EtMgBr 17b 66
3 EtMgBra 17b 69
4 n-PrMgBr 17c 67
5 PhCH2MgCl 17d 51
6 PhCH2CH2MgCl 17e 60
7 i-PrMgBr 17f 47
8 CyclohexylMgBr 17g 24
9 t-BuMgBr 17h 0

10 PhMgBr 17i 70
11 p-CH3C6H4MgBr 17j 75
12 p-ClC6H4MgBr 17k 60
13 p-CH3OC6H4MgBr 17l 68
14 CyclopropylMgBr 17m 41
15 TMSCH2MgCl 17n 60
16 CH2=CHCH2CH2MgBr 17o 73
17 p-CH3OC6H4O(CH2)6MgBr 17p 55

aEtMgBr prepared in DME was used.

Table 7 Oxidation–allylation of amino ketene silyl acetal 14.

Entry R1 Allyl metal (equiv) Lewis acid R2 Time (h) 18 (%)

1 TMS (Methallyl)4Sn(0.5) Et2AlCl Me 11.5 68
2 TBS (Methallyl)4Sn(0.5) Et2AlCl Me 18.0 72
3 TMS (Allyl)4Sn(0.5) Et2AlCl H 12.0 65
4 TMS AllylSn(nBu)3(1.0) Et2AlCl H 12.0 69
5 TBS AllylSn(nBu)3(1.0) Et2AlCl H 18.0 64
6 TBS AllylSiMe3(2.0) SnCl4 H 18.5 82

Tetraally- and tetramethallyltin reagents effected allylation reaction to give the adducts in mod-
erate yields (entries 1~3), while allyltributyltin could also be used with comparable efficiency under the
influence of diethylaluminum chloride as a Lewis acid (entries 4 and 5). Regarding the substituents at
the silicon atom, TMS and TBS derivatives gave essentially the same range of product yields. A better
result was obtained using allyltrimethylsilane, and in this case, the reaction of the TBS derivative in pro-
pionitrile in the presence of tin(IV) chloride proved to be superior (entry 6).

Close examination of the 1H and 13C NMR spectra of the reaction mixture revealed a possible
formation of the iminium species 15. Upon treatment of the ketene silyl acetal 14b with DDQ in
CD3CN at –40 °C and gradual warming-up of the mixture to room temperature during 12 h, new sig-
nals appeared at 9.27 and 193.6 ppm in the 1H and 13C NMR spectra, respectively, which actually in-
dicated the formation of the iminium species 15. The reaction was carried out in the presence of galvi-
noxyl or 1,4-cyclohexadiene as a radical scavenger. However, the yields did not considerably decrease,
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indicating that an ionic mechanism might be involved. On the basis of these results, a possible mecha-
nism of present iminium formation and nucleophilic addition reaction is shown in Scheme 9. First,
DDQ reacts with the ketene silyl acetal 14b to give the N,O-acetal 19, which collapses to the iminium
salt 15. The subsequent nucleophilic attack gives an addition product 16.

CONCLUSION

α-Imino esters behave as acceptors of nucleophiles at their nitrogen atoms in an “umpolung” manner,
when appropriate nucleophiles are used. For example, dialkylaluminum chlorides promote an N-alky-
lation-coupling reaction of α-iminoacetates in acetonitrile to give 1,2-diamines in good yields. Since
the reaction appears to be applicable to a series of dialkylaluminum chlorides, this reaction may be used
for the synthesis of 1,2-diamines of biological interests. The tandem N-alkylation/C-allylation and
N-alkylation/C-cyanation reaction of several α-imino esters with organoaluminums are carried out in
good to excellent yields, where two nucleophiles attack across the C=N double bond. The tandem re-
action consists of the following three sequences; nucleophilic addition to the nitrogen atom of the imino
ester, oxidation of the enolate with BPO, and allylation (or cyanation) to the resulting iminium salt.
Iminomalonate is an efficient electrophilic amination reagent for Grignard reagents. In particular, di-
ethyl 2-[N-(p-methoxyphenyl)imino]malonate is the most efficient amination reagent for primary alkyl
Grignard reagents to give N-alkyl-p-anisidines in excellent yields, although electrophillic amination of
secondary, tertiary-alkyl, and aryl Grignard reagents give slightly lower yields of the amination prod-
ucts. In view of preparing the iminomalonate and removing the PMP moiety, this method is a useful ad-
dition to the existing methodologies for electrophilic amination.

The alkoxycarbonyl iminium salt is easily prepared using the oxidation of amino ketene silyl ac-
etal with DDQ, and subsequent nucleophilic addition to this iminium species proceeds efficiently to af-
ford the amino esters in good yields. This methodology provides us with a new and easy entry into re-
active iminium salts, which are important synthetic intermediates for many nitrogen-containing
bioactive compounds.
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