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Abstract: A variety of N-alkyl-a,o-di-
chloroaldimines were vinylated by ter-
minal acetylenes in the presence of
Lewis acids such as In(OTf); or
BF;-OEt, and hexafluoroisopropanol
(HFIP) as an additive. The reaction
proceeds at ambient temperature and

to aliphatic imines and are restricted to
imines that contain an electron-with-
drawing nitrogen substituent. In the
present approach, terminal alkynes
were used as a source of the vinyl resi-
due, and the N-alkyl moiety of the
imine acts as a sacrificial hydrogen

donor. The additional advantage of this
methodology is the fact that no exter-
nal toxic or hazardous reducing agents
or molecular hydrogen has to be used.
This new methodology nicely combines
a C(sp)—C(sp) bond formation, hy-
dride transfer, and an unusual cleavage

leads to geometrically pure allylic {3,p3-
dichloroamines. This approach is com-
plementary to previously reported
transition-metal-catalyzed vinyl-trans-

tr
fer methods, which are not applicable y

Introduction

Allylic amines are highly appreciated precursors in modern
synthetic organic chemistry owing to their extensive use in
the synthesis of therapeutic agents and bioactive natural
products.! Moreover, their preparation as well as utilization
in enantiomerically enriched forms has gained considerable
awareness in recent years."?) Although the vinylation of al-
dehydes and ketones to produce the corresponding allylic al-
cohols has been thoroughly devised,®! the corresponding
imine vinylation acknowledges a supplementary demand in
organic synthesis.""*! In addition to the well-documented en-
tries based on transition-metal-catalyzed allylic substitution
by N-nucleophiles,”**>] a surrogate avenue to allylic
amines based on the influential development of Soai et al.[’!
relied on the catalytic enantioselective vinylation of
imines.">*7 The latter case generally involves the catalytic
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of an unactivated C—N bond, thereby
giving rise to functionalized primary al-
lylic amines. A detailed experimental
study supported by DFT calculations
of the mechanism has been done.

- amines -

enantioselective addition of vinylzinc reagents;* 27 these
can be introduced in two steps, which involves in situ alkyne
hydroboration and transmetalation of boron against zinc,
applying ZnMe, to the corresponding imines. To serve this
purpose, a broad range of enantioselective catalysts includ-
ing both early-transition-metal catalysts (Hf, Ti, Zr) and
late-transition-metal catalysts (Cu, Rh) have been employ-
ed.1 Apart from the drawbacks with regard to the in situ
generation of the corresponding vinylzinc reagents, it is
worth mentioning that the enantioselective addition of vinyl-
zinc to imines is restricted to the activated N-acyl- and N-
(diphenylphosphinoyl)imines.”! Further advances on the
synthesis of allylic amines, namely, the catalytic enantiose-
lective addition of organoboron,“!! organolithium, organotin,
and organotitanium reagents to imines, employ several
metal catalysts including rhodium catalysts.*¢" The develop-
ment of transition-metal-catalyzed reductive coupling be-
tween imines and alkynes could bypass the use of organo-
metallic reagents. Because these protocols need a terminal
reductant such as hydrosilanes, hydrostannanes, organozinc
reagents, organoboron reagents, or chromium(II) chloride,
the formation of equimolar amounts of hazardous byprod-
ucts is still a point of concern.[*®7]

In this respect, progress has been made by Krische et al.
by using molecular hydrogen as the cleanest and most cost-
effective reducing agent for the catalytic enantioselective re-
ductive alkyne-imine coupling.*) Because most of the pre-
viously reported methods rely on either organometallic re-
agents as the source of the vinylic moiety or on hazardous
reducing agents, the development of an efficient and mild
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DFT study supports the formation of allene type of intermediate

Scheme 1. Summary of reported work and this work.

protocol for the synthesis of allylic amines from alkynes and
imines remains a challenging mission (Scheme 1). Basically,
the envisioned conversion is characterized by an internal
redox isomerization. Mechanistically, this process involves a
[1,5]-hydride shift, catalyzed by Lewis or Brgnsted acids,
which have attracted much attention lately.”) Herein, we
would like to report on the synthesis of geometrically pure
allylic B,3-dichloroamines by using a Lewis acid promoted
reaction between a,a-dichloroaldimines and terminal al-
kynes. The reaction mechanism and feasibility of the vinyla-
tion process was supported by quantum mechanical calcula-
tions. In this method, reductive vinylation of the imine by al-
kynes is accomplished by hydrogen transfer from the N-
alkyl residue. In addition to the novelty of the described re-
action, this important class of electrophiles is not commonly
studied, so conceivably there is a certain novelty to these re-
actions."™ In this context special reference should be made
with regard to the chelation-controlled addition of in situ
generated vinylzinc reagents to a N-tosyl-a-chloroaldimi-
ne.®” To the best of our knowledge, there is no report of a
vinyl-transfer reaction that relies on a sacrificial N-alkyl res-
idue that is responsible for the selective intramolecular re-
duction of alkyne to the corresponding E alkene. In addi-
tion, vinyl-transfer reactions that use aliphatic aldimines
have not been studied (Scheme 1).

Results and Discussion

On the basis of our recent contribution™ on the synthesis
of a new class of polychlorinated propargylic amines by
using an indium(III)-catalyzed reaction between a,a-dichlor-
oaldimines and terminal alkynes, our interest shifted to
vinyl-transfer reactions, because the related polychlorinated
allylic amines are also rarely studied structural moieties in
modern organic synthesis. During the screening of the reac-
tion conditions for the alkynylation of N-(2,2-dichloro-1-pro-
pylidene)amine (1a) with phenylacetylene (2a) in the pres-
ence of 25 mol% FeCl; as catalyst and dichloromethane as
solvent, in addition to the formation of 4.4-dichloro-1-
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phenyl-N-propylpent-1-yn-3-amine (4a) in 16% yield, an
unknown, albeit vinylated compound was also observed in
20% yield (yield calculated by 'HNMR spectroscopy;
Table 1, entry 1). After careful flash chromatography and
structural elucidation, this compound was identified as (FE)-
4,4-dichloro-1-phenylpent-1-en-3-amine (3a).

Table 1. Preliminary screening of the reaction conditions for the synthe-
sis of 3a.l
In(OTf)3 (50 mol%)

¢l ¢l CH,Clp/HFIP (9:1) CI. Cl
)QKH o RT, 18h MPh
|  + H—=—ph A
N.ge 53-78% NHp H

1a 2a 3a
Entry Lewis acid/[mol %] T[°C] Yield® [%]
1 FeCly/25 50 20(
2 CuCl,/100 RT 37
3 Cu(OTE),/100 RT 36
4 AgOTI{/100 RT 29
5 In(OTf),/100 RT 7
6 Sc(OTE),/100 RT 56
7 InCl4/50 50 41
8 ZnCl,/50 50 16

[a] Unless otherwise mentioned, 0.5 mmol of 1a and 0.5 mmol of 2a were
reacted in a sealed vial. [b] Yields after acid-base workup. [c] Additional-
ly 4,4-dichloro-1-phenyl-N-propylpent-1-yn-3-amine (4a) was observed in
the "H NMR spectra.

Since it has been proven!"!! that fluorinated alcohols can
have magnificent effects on the efficiency, regioselectivity,
and stereoselectivity of several chemical transformations,
further screening of the reaction conditions in CH,Cl, was
performed using metal salts such as CuCl,, Cu(OTf),, and
AgOTTf in the presence of 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) as an additive. We were gratified to observe that the
yield of the desired product 3a was increased to 37 %
(Table 1, entries 2-4) without the identifiable formation of
any side products. Interestingly, the introduction of Lewis
acids such as In(OTf); and Sc(OTf); in the presence of
HFIP as an additive afforded (E)-4,4-dichloro-1-phenylpent-
1-en-3-amine (3a) in good to high yields (Table 1, entries 5
and 6). Although InCl; and ZnCl, as Lewis acids were also
able to accomplish the desired transformation, the yields of
the allylic amine 3a remained relatively low (Table 1, en-
tries 7 and 8).

Next, this transformation was studied in further detail to
find more optimal conditions (Table 2). Interestingly, it was
observed that by decreasing the amount of In(OTf); to
50 mol %, product 3a was isolated in 65% yield when the
reaction was conducted at ambient temperature, whereas
product 3a was formed in 53 % yield by performing the re-
action at 50°C (Table 2, entries 1 and 2). Notably, by substi-
tuting dichloromethane for toluene as a solvent, the yield of
3a dropped dramatically (Table 2, entries 3 and 4). Further
attempts using 25 and 10 mol% of In(OTf); (Table 2, en-
tries 5-7) and decreasing the reaction times (Table 2,
entry 8) as well as the amounts of HFIP (Table 2, entry 9)
only led to lower yields of 3a. Moreover, it was found that
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Table 2. Optimization of the reaction conditions for the synthesis of 3a.l"

Oy InOT;  Cl_ Cl
XW \ He— 18h )WPh
N~ NHz H
1a 2a 3a
Entry  In(OTf);  Solvent Additive T Yield™
[mol%]  (3.6mL) [l [%]
1 50 CH,Cl, HFIP (0.4 mL) 50 53
2 50 CH,Cl, HFIP (0.4 mL) RT 65
3 50 PhCH, HFIP (0.4 mL) RT 38
4 50 PhCH, HFIP (0.4 mL) 50 35
5 25 CH,Cl, HFIP (0.4 mL) RT 41
6 25 CH,CL, HFIP (0.4 mL) 50 33
7 10 CH,CL, HFIP (0.4 mL) 50 27
8 50 CH,Cl, HFIP (0.4 mL) RT 34l
9 50 CH,Cl, HFIP (1 mmol) RT 43
10 50 CH,Cl, BuOH (1 mmol)  RT 71
11 50 CH,CL, TFA (1 mmol) RT 0

[a] Unless otherwise mentioned, 0.5 mmol of 1a and 0.5 mmol of 2a were
reacted in a sealed vial. [b] Yields after acid—base workup. [c] Reaction
was carried out for 12 h. [d] Additionally, 4,4-dichloro-1-phenyl-N-propyl-
pent-1-yn-3-amine (4a) was observed in the '"H NMR spectra.

tBuOH as an additive was much less effective (Table 2,
entry 10) as only 7% of the vinylated product 3a was ob-
served in the '"H NMR spectra in addition to 69 % of 4,4-di-
chloro-1-phenyl-N-propylpent-1-yn-3-amine (4a). On the
other hand, the addition of 2 equivalents of trifluoroacetic
acid (TFA) completely inhibited this transformation
(Table 2, entry 11). Taking into account an acceptable yield
of 65% of 3a and considering the cost of In(OTf),, the opti-
mal reaction conditions for this conversion were established
when 0.5 mmol of 1a and 0.5 mmol of 2a were reacted in
the presence of 50 mol % of In(OTf); as catalyst in CH,Cl,/
HFIP (9:1) for 18h at ambient temperature (Table 2,
entry 2).

With the optimal conditions at hand, the scope of this
transformation was studied (Table 3). It was found that a
broad range of a,a-dichloroaldimines 1 that contain both

Table 3. In(OTf);-mediated synthesis of 3 using various a,o-dichloroaldi-
mines 1.1
In(OTf)3 (50 mol%)

Ci_cl " CH,CI/HFIP (9:1) CI. ClI
R1Xf + H—=—Ph AT. 181 R! N
N.ge 53-78% NH, H
1a—k 2a 3a-d
Entry 1 R! R? Product 3 Yield 3 [%]®!
1 a Me nPr a 65
2 b Me Et a 60
3 c Me iPr a 78
4 d Me allyl a 54
5 e Me Bn a 73
6 f Et Et b 53
7 g Et nPr b 59
8 h iPr allyl c 631
9 i CL,C nPr d 53
10 j cLC iPr d 58
11 k CL,C allyl d 65

[a] Unless otherwise mentioned, 0.5 mmol of 1a and 0.5 mmol of 2a were
reacted in a sealed vial. [b] Yields after acid-base workup. [c] GC yield.
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electron-donating (Table 3, entries 1-7) and electron-with-
drawing substituents (Table 3, entries 8-10) were tolerated
under the reaction conditions and produced the correspond-
ing product 3 in yields that ranged from 53 to 78%
(Table 3).

The scope of the arylacetylene was also evaluated. A
broad range of electron-donating groups such as methyl,
ethyl, fert-butyl, and methoxy groups, and an electron-with-
drawing group such as a fluoro group (in the presence of
methyl group) on the benzene ring survived under the reac-
tion conditions and produced 4,4-dichloro-1-arylpent-1-en-3-
amines 3 in yields that ranged from 53 to 66 % (Table 4).

Table 4. In(OTf);-mediated reaction between 1la and various arylacety-
lenes 2.1!
In(OTf)3 (50 mol%)

UNp CH,Clo/HFIP (9:1) ¢l CI
)S/ H RT, 18h Ar

| + H——Ar N

LNGZ N 53-66% NH, H
1a 2b-g 3e-j

Entry 2 Ar Product 3 Yield 3 [%]®

1 b 4-MeC¢H, e 65
2 c 4-EtC¢H, f 53
3 d 4-BuCH, g 66
4 e 3-MeOC¢H, h 62

5 f 4-BrC4H, i 551l
6 g 4-F-3-MeCgH, j 61

[a] Unless otherwise mentioned, 0.5 mmol of 1a and 0.5 mmol of 2a were
reacted in a sealed vial. [b] Yields after acid-base workup. [c] GC yield.

Further extensions of the substrate scope revealed that the
introduction of extra steric hindrance on the a,o-dichloroal-
dimines leads to both vinylation product and alkynylation
product in a 1.3/1 ratio (see the Supporting Information). It
was also found that the presence of strong electron-with-
drawing groups such as chloro and nitro groups in both the
ortho and para position of the arylacetylene completely hin-
dered the formation of the vinylated product and gave rise
to the 4,4-dichloro-1-aryl-N-propylpent-1-yn-3-amines 4 (see
the Supporting Information). Surprisingly, the reaction of 1a
with 4-bromophenylacetylene under the optimized condi-
tions afforded the corresponding allylic B,3-dichloroamine
3g (Table 4, entry 5). The simultaneous presence of a strong
electron-withdrawing fluoro group and an electron-donating
methyl group on the arylacetylene (Table 4, entry 6) or an
electron-donating alkyl group on the arylacetylene (Table 4,
entries 1-3) also promoted the selective formation of the
corresponding vinylated compounds 3.

In an attempt to avoid the formation of variable amounts
of alkynylated side products, In(OTf); was replaced by a
stronger Lewis acid (Table 5). To our delight, the reaction of
a,0-dichloroaldimine 1a and phenylacetylene in the pres-
ence of 1equivalent of BF;+OEt, in CH,CL/HFIP (9:1) for
5h under reflux conditions gave rise to 3a in 40% yield
without any trace of the propargylic amine 4a (Table 5,
entry 1). After a careful screening of the reaction conditions
by using BF;-OEt, as a Lewis acid (Table 5, entries 1-7), it
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Table 5. Optimization of the reaction conditions for the BF;OEt,-medi-
ated reaction between 1a and 2a.l"!

cl_ cl

)Q(H BF3OEt, (1 equiv) © ¢! Ph
| + H——+Ph————— N
N~ NH, H
1a 2a 3a

Solvent/Additive Yield 3a [%]"

1 CH,CL/HFIP (9:1) 40
2 CH,CL/HFIP (9:1) 32
3 RT,5h CH,CL/HFIP (9:1) 45
4 RT, 18 h CH,CL/HFIP (9:1) 62
5 RT,5h EtOH 0
6

7

[a

Entry Reaction conditions

reflux, 5h
reflux, 2 h

reflux, 5h CH,CL/TFE" (9:1) 23
reflux, 5h CH,CL,/PhOH (9:1) 30

] Unless otherwise mentioned, 0.5 mmol of 1a and 0.5 mmol of 2a were
reacted in a sealed vial. [b] Yields after acid-base workup. [c] 2,2,2-Tri-
fluoroethanol.

can be concluded that the reaction between 1la and 2a in
the presence of 1equiv of BF;:OEt, as Lewis acid in
CH,CL/HFIP (9:1) for 18 h at ambient temperature (meth-
od A) or under reflux conditions for 5 h (method B) afford-
ed the maximum yield of the product 3a (Table 5, entries 1
and 4). These reaction conditions were used to investigate
the scope of the various imines 1 and arylacetylenes 2
(Tables 6 and 7).

Table 6. BF;-OEt,-mediated reaction between 1 and 2a.l?!
method A
BF3*OEt, (1 equiv)

Cl_cl " CH,Cl/HFIP (9:1) CI. Ol
R><f + He——pp  OMAT R1>th
N\H2 method B NH, H
1a-e, g 2a BF3*OEt; (1 equiv) 3a,b
CH,Clp/HFIP (3:1)
reflux, 5 h
Entry 1 R! R? Product 3 Method/Yield 3 [% ]!
1 a Me nPr a Al62
B/40
2 b Me Et a A/53
B/44
3 c Me iPr a A/55
B/45
4 d Me allyl a A/51
B/30
5 e Me Bn a A/5T
B/49
6 g Et nPr b Al49

[a] Unless otherwise mentioned, 0.5 mmol of 1 and 0.5 mmol of 2a were
reacted in a sealed vial. [b] Yields after acid-base workup.

To elucidate the mechanistic aspects of this vinylation
process, several experiments were performed. The reaction
of N-tert-butyl-(2,2-dichloro-1-propylidene)amine and phe-
nylacetylene (2a) under reaction conditions B did not lead
to the expected vinylated product, which clearly indicates
that the presence of at least one hydrogen atom on the o'-
carbon atom of N-alkyl residue is mandatory. Moreover, the
formation of propanal as a side product was identified by
GC-MS by performing a reaction between 1 equivalent of
N-(2,2-dichloro-1-propylidene)propylamine (1a) and phe-
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Table 7. BF;-OEt,-mediated reaction between 1a and 2.1
method A
BF3*OEt, (1 equiv)

Cl_Cl CHClo/HFIP (9:1) ¢l Cl
><(H 18 h, RT Ar
| + H——=——Ar .
N~ method B NH, H
BF3*OEt, (1 equiv)
1a 2 CH,Clo/HFIP (9:1) 3
reflux, 5 h
Entry 2 Ar Product 3 Method/Yield 3 [%]"!
1 b 4-MeCH, e A/63
B/57
2 c 4-EtC,H, f A/41
B/23
3 e 3-MeOCH, h A/55
B/44
4 g 4-F-3-MeC4H, j A/53
B/36

[a] Unless otherwise mentioned, 0.5 mmol of 1a and 0.5 mmol of 2 were
reacted in a sealed vial. [b] Yields after acid-base workup.

nylacetylene (2a) in the presence of 1equivalent of
BF;-OEt, in CH,Cl, under reflux conditions for 5h
(Scheme 2). After alkaline extraction of the reaction mix-
ture using 0.5M NaOH, '"H NMR spectroscopic analysis of
the crude mixture showed the presence of 12 mol% of un-

Cl_ Cl 1) BF3*OEt, (1 equiv) g1 I
)S/ H CHoCly, reflux, 5 h Ph
| + H——Ph N
N\/\ 2) alkaline extraction No. H
1a 2a 7\5
acid-base AN Ph
extraction B detected on
T - + ~>CHo GC-MS
NH; H

3a

Scheme 2. Evidence for the formation of intermediate 5.

reacted starting imine 1a, 24 mol % of phenylacetylene (2a),
and 64 mol% of the 2-aza-1,4-diene N-(4,4-dichloropent-1-
en-3-yl)propylidenamine (5). The latter product is readily
hydrolyzed to (E)-4,4-dichloro-1-phenylpent-1-en-3-amine
(3a) after acid-base extraction of the crude reaction mixture
(Scheme 2). When the same reaction was carried out in
CH,Cl,, but now in the presence of the cosolvent HFIP
(9:1), alkaline extraction of the resulting crude mixture gave
rise to a very complicated '"H NMR spectrum. Again, acid-
base extraction afforded the corresponding product 3a.
Next, the addition of 1 equivalent of [D]phenylacetylene
(6) to N-(2,2-dichloro-1-propylidene)propylamine (1a) was
investigated in the presence of 1equivalent of BF;-OEt,
in CH,CL/HFIP (9:1) under reflux conditions for 5h
(Scheme 3). After acid—base extraction of the crude reaction

BF3*OEt; (1 equiv)

clCl CHClHFIP @:1) Cl. I D
X(H reflux, 5 h Ph
| + D——=—Ph ~
N 39% NH, H
1a 6 7

Scheme 3. BF;*OEt,-mediated synthesis of 7.

Chem. Eur. J. 0000, 00, 0-0
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mixture, the vinylated product 7 was obtained in 39 % yield.
Interestingly, the deuterium atom in product 7 was still re-
siding on its original carbon atom. This result clearly ex-
cludes the possibility of the deprotonation of phenylacety-
lene prior to the addition to 1a. On the other hand, when
the same reaction was performed in the presence of
50 mol % of In(OTf); in CH,CL/HFIP (9:1) at ambient tem-
perature for 18 h, to some extent (17%) the formation of
the nondeuterated 3a was observed in the "H NMR spec-
trum. This can be explained by the formation of phenylace-
tylene (2a) from in situ generated indiumacetylides, which
are reprotonated by HFIP during the course of the reaction.

An intramolecular kinetic isotope effect (KIE) study was
conducted with substrate 8. For this, monodeuterated N-
(2,2-dichloro-1-propylidene)propylamine 8 was treated with
phenylacetylene (2a) in the presence of 1equivalent of
BF;-OEt, in CH,CIl/HFIP (9:1) under reflux conditions for
5h (Scheme 4). After acid-base extraction, a mixture that

BFa+OEt, (1 equiv)

cl_ Cl CH,Cly/HFIP (9:1)
)Qr H reflux, 5 h
NI + H——=—Ph
B\D(\ 2a
Cl_ Cl Cl_ Cl
Ph Ph
on 'H NMR: 3a/9 = 56:44 N . N
ku/kp=1.3 NH, H NHy D
3a 9

Scheme 4. Determination of the intramolecular deuterium kinetic isotope
effect.

consisted of vinylated products 3a and 9 was obtained. The
formation of the deuterated (E)-[D]4,4-dichloro-1-phenyl-
pent-1-en-3-amine-1 (9) proves the migration of the deuteri-
um atom from the o’-carbon atom of the N-alkyl residue to
the C-2 of the phenylacetylene (2a).

Considering the formation of the nondeuterated and deu-
terated addition products 3a and 9 in a 1.3/1.0 ratio (ky/
kp=1.3), one can assume that the breaking of the carbon-
deuterium bond in the starting material 8 is subjected to a
kinetic isotope effect, regardless of mechanism.'"”! However,
this does not automatically indicate that the breaking of the
C—H(D) bond in 1a (8) is involved in the rate-determining
step.!12"!

The proposed stepwise mechanism for the vinylation proc-
ess with phenylacetylene is supported by density functional
theory calculations that involved N-(2,2-dichloroethylide-
ne)ethanamine as the model imine. The calculations were
performed at the B3LYP/TZ2P level of theory using Gaussi-
an 09.°! Corrections for the solvent, a mixture of dichloro-
methane and HFIP (9:1), were accounted for by using the
standard self-consistent reaction field (SCRF) model. The
equilibrium geometries for the reagents, the reaction prod-
uct, the intermediate, and the transition states involved, and
the reaction coordinates derived are shown schematically in
Figure 1. The Cartesian coordinates for the different geome-
tries, the maximum forces obtained during the geometry op-

Chem. Eur. J. 2013, 00, 0-0
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Figure 1. Reaction coordinate obtained for the vinylation process involv-
ing N-(2,2-dichloroethylidene)ethanamine and phenylacetylene. The cal-
culations were performed at the B3LYP/TZ2P level, using a self-consis-
tent reaction field (SCRF) model to correct for solvent stabilizations.
The energies for the transition states, the intermediate, and the reaction
products relative to that of the reagents are 88.3, 104.2, 84.6, and
—140.3 kJmol !, respectively.

timizations, and the lowest vibrational frequencies that
prove the nature of the stationary points are summarized in
the Supporting Information.

The stepwise mechanism (Scheme 5) starts with the coor-
dination of BF;+OEt, or another Lewis acid with the nitro-
gen atom of the a,a-dichlorinated imine 1, as described re-
cently in literature,'” thus making the imino-carbon atom
more electrophilic. The presence of at least two chloro

Cl_Cl

hydrolysis
e At A

— X
€]
N H(D
Fag' \W\( )
ki/kp=1.3
.

Scheme 5. Proposed stepwise mechanism for the BF;-OEt,-mediated syn-
thesis of 3a.

atoms in the o position of the imine function is also essential
to make the azomethine carbon atom in the BF; complex 10
even more electrophilic. In the stepwise mechanism
(Scheme 5), nucleophilic addition of phenylacetylene (2a)
to the activated imine 10 takes place, thereby resulting in
the formation of an allene-type intermediate 11, which

www.chemeurj.org
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expels a hydride ion by means of a (-hydride elimination
mechanism. Such a mechanism is also known for alkyllithi-
um compounds that contain a 3-hydrogen atom, and hence
act as hydride donors.™” Conceptually related [1,5]-hydride-
transfer reactions, from carbon atoms a to the nitrogen
atom to an electron acceptor, such as an activated vinyl
group, ! iminium bond,” imine,**™ or aldehyde!! have
been reported in the literature.

The calculated dipole moments of the transition states
and intermediate 11 are large and will be strongly stabilized
by the solvent (TS1=16.0debye, IM=18.8 debye, TS2=
15.96 debye). This probably explains why this reaction only
can proceed in the presence of HFIP. HFIP is a highly polar
solvent and has a bigger dielectric constant (EY=1.068, e=
16.6) than dichloromethane (EY=0.309, ¢=8.9).') The in-
termediate carbocation 11 finally undergoes a formal 1,5-hy-
dride shift to form azadiene 5, which after hydrolysis deliv-
ers the final product 3a (Scheme 5). This conversion resem-
bles the Crabbé homologation, which involves the one-pot
preparation of allenes by Cu'-catalyzed coupling of alkynes
with formaldehyde by using a sacrificial secondary amine as
a hydride donor."” In this process an in situ formed propar-
gylic amine undergoes a 1,5-sigmatropic rearrangement of
hydrogen, thereby giving rise to the allene and an imine. Al-
though similar, this mechanism is not applicable in our case,
since no intermediate propargylic amine is formed. In a con-
trol reaction of 4,4-dichloro-1-phenyl-N-propylpent-1-yn-3-
amine (4a)!® with 1 equivalent of BF;-OEt, in CH,Cl,/
HFIP (9:1) under reflux conditions for 5 h, no reaction was
observed.

To further rationalize the results derived for phenylacety-
lene, DFT calculations were also initiated for the reaction of
N-(2,2-dichloro-1-propylidene)propylamine (1a) with an ali-
phatic alkyne, such as propyne (2h). The equilibrium geo-
metries for the reagents, the reaction product, and the tran-
sition state involved, and the reaction coordinate that sug-
gests a concerted one-step mechanism are shown schemati-
cally in Figure 2. As before, the details for the geometries
obtained are given in the Supporting Information. The acti-
vation energy for the concerted process equals
129.0 kJmol™, which is much higher than the values of 88
(TS1) and 104 kImol™" (TS2) found for the same reaction of
1a with phenylacetylene. Of course, in the case of the reac-
tion of 1a with propyne, no stabilized allene type of inter-
mediate is formed, which explains the one-step character of
this conversion (Scheme 6).

On the basis of this prediction, we decided to investigate
the reaction of N-(2,2-dichloro-1-propylidene)propylamine
(1a) with 1-hexyne and cyclohexylacetylene in the presence
of BF;-OEt, in CH,CL/HFIP (9:1). No reaction was ob-
served at all when these reactions were performed at room
temperature. However, by heating the reaction mixture in
sealed vials at 50°C, the allylic B,-dichloroamines 31 and
3m were obtained in 61 and 75% yield, respectively
(Scheme 7).

The higher temperature required for the conversion of ali-
phatic alkynes is in accordance with the higher activation
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Scheme 6. Proposed concerted mechanism for the BF;OEt,-mediated
synthesis of 3k.

BF3°OEt; (1 equiv)

cl ¢l CH,CIHFIP (9:1) ¢I. CI
><(H 50°C, 18 h
N| + H—=—FR — N
~N R = nBu; 31, 61% NH, H
1a 2i,j R = cyclohexyl; 3m, 75% 3I,m

Scheme 7. BF;:OEt,-mediated reaction between la and alkylacetylenes
24,j.

energy calculated for the concerted process. It is worth men-
tioning that when the same reactions were carried out in the
presence of In(OTf); at room temperature or even at 50°C,
no vinylated products were formed. Instead, the correspond-
ing propargylic §,B-dichloroamines 41 and 4m were isolated
in 82 and 86 % yield, respectively (see the Supporting Infor-
mation).
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Conclusion

In conclusion, various N-alkyl-a,a-dichloroaldimines were
successfully vinylated by using a wide variety of terminal al-
kynes as the vinyl source in the presence of Lewis acids
such as In(OTf); and BF;OEt,. The allylic ,8-dichloroa-
mines, all with E configurations, formed in this conversion
could be easily isolated in pure form by simple acid-base ex-
traction. This transformation can only proceed in the pres-
ence of HFIP, and uses the N-alkyl residue of the imine as a
reducing equivalent, which ultimately leads to its removal
from the nitrogen atom of the allylic amine. The mechanism
of this unprecedented vinyl-transfer reaction was investigat-
ed by a detailed experimental study and is supported by
DFT calculations. For arylacetylenes a stepwise reaction
path is followed, whereas aliphatic terminal acetylenes react
in a concerted fashion. In both mechanisms a 1,5-hydride
shift from the N-alkyl moiety of the imine to the alkyne
holds a central place.
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Vinyl-Transfer Reaction

K broad scope

indium(lll) or boron(llly
cl Cl H HFI clL ¢l * with aliphatic aldimines
RT
1 —_ 3
R NI H + H=—R? — R N R K no premetallated reagents
18 examples NHz H
\er R! = alkyl; R? = alkyl, aryl yields up 1573% 2 K no hazardous by-products

R3 = alkyl, aryl

Vinylation records: A variety of N-
alkyl-a,0-dichloroaldimines can be
vinylated by terminal acetylenes in the
presence of Lewis acids such as In-
(OTY); or BF;OEt, and hexafluoroiso-
propanol (HFIP) as an additive. The

* no external reducing agent

reaction leads to geometrically pure
allylic f,p-dichloroamines (see
scheme). Terminal alkynes were used
as a source of vinyl residue, and the N-
alkyl moiety of the imine acts as a sac-
rificial hydrogen donor.
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