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Intramolecular Ti-mediated alkene–amide couplings of a range of N-alk-3-enyl amides fitted with a sub-
stituent at the homoallylic position are described. CF3-substituted compounds are suitable substrates and
bicyclic aminocyclopropanes bearing a CF3 group can be prepared in this way. Good diastereoselectivities
can be observed depending on the substitution pattern, and best results are obtained in diethyl ether
rather than in THF.
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1. Introduction

The titanium-mediated cyclopropanation of carboxylic amides
(Kulinkovich-de Meijere reaction) has become the method of
choice for the preparation of aminocyclopropanes.1,2 The ligand ex-
change variation of this reaction, especially efficient when pro-
moted by an intermediate titanacyclopropane (e.g., A) generated
from Ti(Oi-Pr)4 [or ClTi(Oi-Pr)3] and a cyclic Grignard reagent such
as cyclo-pentylmagnesium chloride or cyclo-hexylmagnesium chlo-
ride, allows alkene–amide coupling (Scheme 1).3

This process has triggered the development of new applications.
In particular, it has opened a practical possibility to perform intra-
molecular Kulinkovich-de Meijere reactions starting from carbox-
ylic amides fitted with an alkene moiety (Scheme 2).3–10 Various
transformations of the resulting bicyclic aminocyclopropanes have
been developed recently,6 highlighting their potential as useful
intermediates for the construction of polycyclic nitrogen-contain-
ing systems.10b–d In the context of this previous work, we became
interested in the study of intramolecular Kulinkovich-de Meijere
reactions of N-alk-3-enyl amides containing a chiral centre at the
homoallylic position, a to the nitrogen atom. These raised an inter-
esting stereoselectivity issue: to the best of our knowledge, the
ll rights reserved.
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diastereoselectivities of similar intramolecular Kulinkovich-de
Meijere reactions have been little documented.8
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Scheme 2. Intramolecular Kulinkovich-de Meijere reactions.
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2. Results

Accordingly, a range of N-alk-3-enyl formamides and acetamides 1
fitted with a methyl, a trifluoromethyl or a phenyl group were prepared
by Barbier-type reactions of allyl bromide with the corresponding imi-
nes in the presence of Mg turnings or Zn coarse powder, followed by
Table 1
Intramolecular Kulinkovich-de Meijere reactions of N-alkenyl amides 1

R1N

R3 O

R2

1. Ti(Oi-Pr)4 
    c-C5H9Mg
    solvent, 20
2. H2O

1

Entry N-Alkenyl amide 1 Solvent Aminocyclopr

1
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MeO
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Ph
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N

CF3
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10 1d–Ph Et2O
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15 N

O

MeO
Ph

1f–Ph THF
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16 1f–Ph Et2O

a Only the major diastereoisomer is shown, when relevant. Unless otherwise stated, y
b The diastereoisomeric ratios of compounds 2 were measured in the crude products
c Yield estimated by 1H NMR spectroscopy of the crude product (see Supplementary
acylation.11 For comparison purposes, non-chiral compounds 1b–H,
1d–H and 1e–H were synthesised as well. The results of the transfor-
mations of these molecules under the conditions of Kulinkovich-de
Meijere alkene–amide coupling are presented in Table 1.12

In most cases, including with the CF3-substituted substrates, the
cyclisations proceeded efficiently, and the aminocyclopropane
NR1

R3

R2

(1.5 eq.)
Cl (4.0 eq.)
°C

2

*
*

opane 2a (yield) drb Other product (yield)

2a–Ph (80%)c 54:46

2b–H (42%) –
N

n-BuO

3b–H (32%)

2b–H (37%) –

2c–Ph (30%)c 52:48
N

MeO
Ph

3c–Ph (15%)c

2c–Ph (49%) 62:38

2d–H (75%) –

2d–Me (55%) 58:42

2d–CF3 (67%) 60:40

2d–Ph (54%) 74:26

2d–Ph (71%) 82:18

2e–H (�100%) –

2f–Me (71%)c 89:11

2f–CF3 (40%) 75:25

2f–CF3 (57%) 89:11

2f–Ph (77%) 88:12

2f–Ph (80%)c 90:10

ields are given for the isolated products.
by NMR spectroscopy (see Supplementary data).
data).
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products 2 were obtained in fair yields, even though they showed a
tendency to undergo partial decomposition during purification. For
instance, when the crude product of the experiment displayed in
entry 13 was purified by flash column chromatography on silica
gel, the oxidation product 4f–CF3 was isolated in significant
amounts.12 The mechanism leading to this type of peroxide has
been the subject of previous studies.10a,d

CF3MeO

N

O
O

4f-CF3

2D NOESY NMR experiments were performed on the major diaste-
reoisomers of aminocyclopropanes 2f–Me and 2f–CF3, evidencing
trans relative configurations (Fig. 1).13 Moreover, the signal of the
proton borne by the tertiary centre at the a-position relative to
the nitrogen atom has a chemical shift of 3.23 ppm in the case of
trans-2f–Me and of 3.94 ppm in the case of trans-2f–CF3, while they
lie around one ppm higher in the cases of the minor (cis)13 diaste-
reoisomers, with values of 4.33 and 4.79 ppm, respectively. This is
also consistent with the proposed stereochemical assignment: in
trans-2f–Me and trans-2f–CF3, a shielding effect might be exercised
by the cyclopropane ring on this proton.

The relative configurations of the major diastereoisomers of all
the other aminocyclopropane products 2 were also assigned as
trans by analogy with those of compounds 2f–Me and 2f–CF3.13

This is in full agreement with the chemical shifts of the protons
a to the R2 substituents that were found to be lower than those
of the minor diastereoisomers in every case (see Supplementary
data).

With respect to the influence of the substituents of the starting
alkenyl amides, all other parameters being equal, the diastereose-
lectivities of the reactions tended to be higher with N-aryl sub-
strates than with N-benzyl substrates (entry 13 vs entry 8, and
entry 15 vs entry 9; however, see entry 4 vs entry 1), and increased
with the nature of the R2 substituent at the homoallylic position in
the order Me < CF3 < Ph (entries 7–9, 13 vs 15, and to a minor
extent 12, 14 and 16). Substituent R3 has a dramatic effect on the
reaction: the diastereoselectivities of the cyclisations of forma-
mides 1a–Ph and 1c–Ph are much lower than those of the corre-
sponding acetamides 1d–Ph and 1f–Ph (entry 1 vs entry 9, entry
H
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Figure 1. Evidence for the relative configurations of the major diastereoisomers of
2f–Me and 2f–CF3.
4 vs entry 15, and entry 5 vs entry 16). Moreover, significant
amounts of unexpected compounds 3b–H and 3c–Ph are produced
from formamides 1b–H and 1c–Ph,14 while the acetamide ana-
logues 1e–H and 1f–Ph cyclise without complication (entry 2 vs
entry 11, and entry 4 vs entry 15). However, and interestingly,
by-products 3b–H and 3c–Ph are no longer observed when the
transformations of 1b–H and 1c–Ph are carried out in diethyl ether
rather than in THF (entries 3 and 5).

The influence of the solvent is further evidenced by the diaste-
reoselectivities of the cyclisations of the chiral substrates. Indeed,
these are consistently and notably higher in diethyl ether than in
THF (entries 4–5, 9–10, 13–14 and 15–16).

Other reactions mediated by XTi(Oi-Pr)3 and Grignard reagents
can be found in the literature that are significantly influenced by
the nature of the solvent used.15–18 Notably, examples of Kulinko-
vich reactions17 and transformations of cyanoesters18 have been
reported to be more diastereoselective in THF than in diethyl ether,
thereby exhibiting an opposite behaviour to the presently de-
scribed cyclisations.

Among the new bicyclic aminocyclopropanes synthesised, the
trifluoromethyl-substituted products are especially interesting.
The impact of the presence of the CF3 substituent on their reactiv-
ity is evidenced by the fact that compound trans-2f–CF3 is essen-
tially unaffected under conditions previously described for the
acetylation of structurally related substrates (Scheme 3).10b None-
theless, the isolation of peroxide 4f–CF3 shows that the CF3 group
does not preclude aerobic oxidation.19

3. Mechanistic rationale

The origin of the diastereoselectivities of the presently de-
scribed reactions can be analysed as follows. After ligand exchange
of complex A with substrate 1, two diastereoisomeric titanacyclo-
propanes trans-B and cis-B can be formed, where the titanium cen-
tre is coordinated by the carbonyl oxygen atom (Scheme 4). As far
as we are aware of, the mechanism of this transformation—irre-
versible in this case—has not been clearly elucidated, and it is
therefore uneasy to predict which diastereoisomer would be fa-
voured. Nonetheless, it appears reasonable to suppose that diaste-
reochemical differentiation does not operate significantly at this
stage, and there is probably little energy difference between trans-
and cis-B.

The next elementary step of the cyclisation process, the inser-
tion of the carbonyl group into a C–Ti bond, is thought to proceed
diastereospecifically following an SEi mechanism, giving the inter-
mediates trans- and cis-C via transition states trans-TS and cis-TS,
eventually yielding the corresponding aminocyclopropane diaste-
reoisomers 2, again diastereospecifically.

In cis-TS, the R2 group adopts an endo position relative to the
developing oxatitanacyclopentane ring, while it is exo and pseu-
do-equatorial in trans-TS.20 cis-TS is therefore probably lying at a
higher energy than trans-TS, and trans-B is expected to cyclise
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Scheme 3. The low reactivity of 2f–CF3 towards acylation.
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faster than cis-B. This being stated, the preferential formation of
trans-2 can be readily understood by invoking the possibility of ra-
pid interconversion between cis-B and trans-B. This process could
operate by internal rearrangement or by ligand exchange with
residual substrate 1. This explanation is analogous to that formu-
lated by Cha et al. to explain the diastereoselectivities of Kulinko-
vich reactions of homoallyl alcohols.21 Moreover, it can readily
account for the lower diastereoselectivities observed with forma-
mides. Indeed, the rates of formation of cis-C and trans-C should in-
crease importantly in the case of these compounds, with rates of
interconversion between cis-B and trans-B comparable to those
met with acetamides, and diastereoselectivity would hence be
eroded.

With respect to the solvent effect we observed, providing an
accurate explanation seems difficult at this stage, since it could
be caused by a number of factors.

4. Summary and conclusion

In summary, the N-alk-3-enyl amides investigated, that bear a
methyl, a trifluoromethyl or a phenyl group at the homoallylic posi-
tion, undergo intramolecular Kulinkovich-de Meijere cyclopropana-
tion in moderate to good yields with up to 90:10 diastereoselectivity.
The influence of the solvent is noteworthy, with the cyclisation reac-
tions being consistently more diastereoselective in diethyl ether
than in THF. The syntheses of other CF3-containing bicyclic aminocy-
clopropanes, their oxidations to endoperoxides and the in vitro
activities of the latter against Plasmodium falciparum are under pro-
gress and will be reported in due course.
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