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Abstract : Disubstituted-o.-chloroenamines are useful synthetic intermediates which had earlier been

prepared by the reaction of tertiary amides with phosgene. The toxicity of the latter led us to

svstematically investioate new svnthetic routes towards or-chloro- and g-bromaoenamines Tha raantinne
Y CHUZAC NCW SYIRACUC TOUES 10WwarGs ¢-Cluore- and gi-oromocnamines. 11e reactions
of various halogenating agents (SOCly, diphosgene, triphosgene, OPCl3, OPBr3) with tertiary amides
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the mosi praciical. The generality of the method is iliusirated by the synihesis of fiftecen
o-chloroenamines and six o-bromoenamines. © 1998 Elsevier Science Ltd. All rights reserved.
Keywords : o-chloroenamines, o-bromoenamines, keteniminium salts, amides, chlorination,
bromination

Introduction

o-Haloenamines which can be regarded as enamines derived from acid halides hold a special place among

the various types of enamines and ketene acetals. They indeed behave as ambiphilic molecules which react as
nucleophilic reagents at the B-carbon atom of the enamine function but also exhibit electrophilic reactivity at the

o-carbon atom (Scheme 1).!
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It has been shown that fine tuning of the ambiphilicity of ci-haloenamines could be easily performed by
varying the nature of the halogen atom and of the amine substituents.1¢-{.2
The first representatives of the class of a-chloroenamines had been described by von Braun and Heymons

in 1929 but their products had not been fully purified and characterised.? It was only in the middle sixties that
the synthesis and the properties of a-haloenamines were systematically investigated in Viehe's laboratory# and

by our group.1.2,5:6 Since then, they have been used by many researchers in various synthetic applications.”-8
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and siored. T hey are very convenient sources of keteniminium saits which are unrivalled reagents for [2+2]
cycloadditions.®8 Also they are mild halogenating reagents of hydroxyl groups under neutral conditions.57f.7h

In 1969 we published a general method of synthesis of B-disubstituted-at-chloroenamines.32 It involved
the reaction of tertiary amides with phosgene followed by the dehydrochlorination of the intermediate amide
chlorides with triethylamine. The hazard associated with the use of large amounts of phosgene as well as the ban
on phosgene in many laboratories led us to re-examine the preparation of B-disubstituted-o-chloroenamines
which are also the starting material of the synthesis of the other o-haloenamines. The synthetic route is
conceptually the same as the previous one : it involves the reaction of a tertiary amide with a chlorinating agent
followed by the elimination of hydrochloric acid from the resulting o-chloroiminium salt (Scheme 2).
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Scheme 2

The reaction of tertiary amides with standard chlorinating agents is abundantly documented.? However its
application to the sequence of scheme 2 is not trivial since the a-chloroenamine generated in the second step can

't with almost any electrophilic species of the reaction mixture of the chlorination reaction. We had therefore
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to undertake a careful study of the sequence of scheme 2 using a variety of chlorinating agents. This paper
reports the most significant results of these studies which led to a general and practical synthesis of B-
disubstituted-o-chloro and o-bromoenamines

Results and discussion

1. Reactions with thionyl chloride
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N,N,2-trimethylpropanamide 1a into the corresponding iminium salt 2a upon treatment with thionyl chloride at
room temperature. Refiuxing the mixture in benzene led to a compiex mixture which did not contain 2a.
However reaction of 1a with thionyl chloride in the presence of 20% DMF at room temperature yielded a 4:1

ratio of 2a and protonated amide 3 (Scheme 3).
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Reagents and conditions : (a) SOCl, (5 equiv.); DMF (0.2 equiv.), 4 hrs X,Y = Cl or OSOC], crude ;
(b) removal of excess SOCl, , EisN
Scheme 3

The formation of 5 can be explained by the intramolecular rearrangement of the N,O-keteneacetal 6
resulting from the deprotonation of 2a (X=0SOCI). This interpretation is supported by an independent
synthesis of 5 by dissolving 4a in liquid SO (Scheme 4).
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Scheme 4

These results clearly demonstrated that thionyl chloride is not a suitable chlorinating agent for the

conversion of tertiary amides into @-chioroenamines.

2. Reactions with di- and triphosgene
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The best results were obtained with 2 equivalents of diphosgene at room temperature (yields : 75%) or 3
equivalents of triphosgene in refluxing dichloromethane (yields : 65%). In both cases the formation of 2a was
accompanied by that of a minor product which was assigned structure 7. Hydrolysis of the crude mixture of 2a
and 7 led to the quantitative recovery of 1a.

3. Reactions with phosphorous oxychloride

The reaction of tertiary amides with phosphorous oxychloride has been amply documented. NMR studies
by Martin ez al have convincingly demonstrated that the reaction generated o-chloroiminium salts.10 The reaction
can be catalysed by a small amount of DMF; in this case the chlorinating agent has been shown to be the o-
chloroiminium salt derived from a fast reaction between DMF and OPCl5.11

We have studied the reaction of a series of tertiary amides with OPCl3 in the presence of a catalytic amount
of DMF. The crude reaction mixtures were analysed by !H-NMR then treated with triethylamine to yield the

corresponding o-chloroenamines 4 (Scheme 6, Table 1).

N T
|
R? R
2
Cl
O Cl , I "
E,N R -
| 4 DMF R]\')\ _R* 3 \I/\N
R N} +opCl, ——= N b
R R 4 4
1
X =CI or OPCl;
Dl - D3
N A 11\
\FCW( -
8



L. Ghosez et al. / Tetrahedron 54 (1998) 92079222

9211

Table 1 : Synthesis of a-chloroenamines 4
it step 2d step
Amide 1 OPCl3 DMF T(C)*  products Ei3N o-chloroenamine 4 Yield of 4
(equiv.)  (equiv.) (ratio) (equiv.) (%)
Me,CHCONMe, 1.6 0.02 20 2a 1.6 MeyC=C(Cl)NMe> 80-90
/\ /\
Me,CHCON \J 2.0 0.02 20 2b 1.6 Me 2C=C(C1)N\/' 83
o o
Me ,CHCON 0 2.0 0.05 20 2c:d¢ 2.0 Me,C=C(CHN o} 85
—/ (5.6:1) \_/
Me)CHCONMePh 2.5 0.05 80 2d:4d 1.1 MerC=C(C1)NMePh 83
(1:1.7)
Me,CHCONIPry 1.6 0.10 60 2e + 8e 1.1 MeC=C(CHNiPr; 80
Me,; CHCON 2.0 0.02 20 2f 2.0 Me, C=C(CI)N 62
“~ocoBu 'BuCcoo-*"
%“OMe -;*OMe
MezCHCONﬁ 2.5 0.20 50 2g 1.5 MezC=C<C‘>N\/j 66
LM@ OMe
7 /
<0 40
! 4.0 0.04 60 2h +4h 3.0 78
O -/ ‘<— Cl N/ N
/ /
/_\—-CONMcz i1 0.02 20 2 3.0 /_\;C@)NM.ez 76
_/ \_/
PhoCHCONMe, 5.0 0.23 60 2j 2.5 PhyC=C(CI)NMe, 40
Me Cl
MeCH =( L1 0.02 20 2k 3.0 =L‘)=( 80
CONMe, /" NMe,
MeCH a — 1.1 0.02 20 21:41 1.1 o 75
e . . . . ——
=<c<} N o (1:2.6) / N —
S/ {
—o0
Me Cl
MeCH=( 20 004 20 2mdm | 20 T 88
CONMePh (1:2.6) /" NMePh
0 cl
\)L NMe 1.1 0.02 20 2n 9.5 \\)\ NMe 46
\_J/ /
(0] Ci
i . |
BM" L1 0.02 20 20 2.0 \C;Me 81
Temperature of the bath. All reactions were performed in CH2Cla.
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In the nr 1 1 nou of DMF. the chlorination was much faster In most caces a 90%
p mall amounts of DMF, the chlorination was much faster. In most cases a 90%
conversion was obtained in less that 12 hours. Less reactive amide (entries d, g, h, j) requested higher

Amides 1c¢, 1d, 1h, 11, Im gave less stabilised iminium salts which underwent partial deprotonation
under the reaction conditions. Interestingly, the reaction mixture derived from le contained the corresponding
o-chloroiminium salt contaminated by keteniminium salt 8¢ (Dc=c=N+ 2020 cm!). The formation of 8e can be
explained by the ionisation of the corresponding o-chloroenamine 4e boosted by the polarity of the medium and
the steric relief in going from a trigonal to a dihedral carbon atom (Scheme 7).
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|
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P ' /
4e Se
Scheme 7

The mixture was then treated with an excess of triethylamine and the r riethylamine hydrochloride

was precipitated off by addition of petroleum ether. In some cases (e.g. entries h and j) it was necessary to
remove the excess of OPCl3 before adding the base.

Except for 4h and 4j which are crystalline solids, all a-chloroenamines are thermally stable liquids which
were purified by distillation. Their structures were confirmed by their spectral properties. A detailed discussion
of their mass spectra has been recently published.!2

This method is suitable for the preparation of large amounts of a-chloroenamines (e.g. : 4e : 400 g, 4a :
100 g).

4. Reactions with phosphorous oxybromide

The successful results obtained with OPCl3 led us to examine the possibility of preparing the
corresponding o-bromoenamines by using OPBr3 as brominating reagent (Scheme 8, Tabie 2).
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The bromination reactions took place more rapidly than the corresponding chlorinations and, in general,
n

less amounts of the halngenahng agent were used. Addition of tri ethylamine yielded th

118 2 2 § 15 epviit wil L 1€ correspondt
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10U . DYILRCH> Uf U~oremocnumnminey F
15t step 29 step
Amide 1 OPBr3 DMF T (°C)* products Et3N o-bromoenamine 9 Yield of 9
(equiv.)  (equiv.) (crude) (equiv.) (%)
a MesCHCONMe, 1.2 0.02 20 10a 14 MeC=C(Br)NMe;> 93
7~ I~
b Me,CHCON ‘] 1.2 0.02 0 10b 2.5 Me,C=C(Br)N_ 61
N~ N
c Me CHCON O 1.2 0.02 20 10¢ 2.0 MeLC=C(Br)N 6] 74
—/ /
d MeyCHCONPr) 1.6 0.10 40 10a** 22 MeC=C(Br)NiPr, 72
e <:>—CONMc2 1.1 0.02 20 10e 4.0 <:>=C(Br)NMe,_, 62
m— Br
f Mec;{:( 1.1 0.02 0 10f 1.8 ?:.( 24
CONMe, 4 NMe,

* Temperature of the bath. All reactions were performed in CH2Cl3. ** Accompanied by small amounts of the corresponding

keteniminium bromide.

Conclusions
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yle]ds. This method will probably supersede that using phosgene as chlorinating agent because of the toxicity of
the latter. We have also succeeded in preparing the corresponding ¢o-bromoenamines which, up to now, were

only available by halide exchange.lc-d

ecorded on Perkin-Elmer 297 or 681 spectrophotometers. IH NMR spectra were obtained on Varian XL-200
or VXR-200 spectrometers (8 in ppm relative to internal TMS, CDCI3, J in Hertz). [13C NMR spectra were recorded at 50 MHz on
Varian XL-200 or VXR-200 (8 in ppm relative to internal TMS, CDCI3, J in Hertz). Multiplicities were reported as s (singlet), d
(double), t (triplet), q (quadruplet), sept (septuplet), m (multiplet or massif). Mass spectra were measured on Varian MAT-44 or
Finnigan MAT-TSQ70 spectrometers (electronic impact 70 eV or chemical 1onisation with N20O-CH4 as 1onising gas). Upucal
activitics (jou]) were measured on PERKIN-ELMER 241 MC polarimeter (concentrations in g/100 m1). Distillations were performed
using a 10 cm Vigreux column or a Biichi Kugelrohr GKR-50 apparatus. All dry solvents were distilled under argon or under reduced
ssure. Dimethoxyethane was distilled from sodium/benzophenonc ketyl. Dichloromethane, cyclohexane, petroleum ether,

N,N-dimethylformamide and amines werc distilled from calcium hydride. Acid chlorides were distilled immediately before use. All

IR snectra
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reactions requiring anhydrous or inert conditions were carried out under a dry argon atmosphere in under reduced pressure flame-dried
glassware.

Non commercial acid chlorides have been obtained according to known procedures. Most amides had been previously prepared
but s of thcm spectral properties had not been reported. We have therefore included them in the experimental part. ai-Chloro and

s aré very sensitive i0 moisiure. No eamracmry mlcmanalyses could be obiained. However their plll’lty can be

Synthesis of amides

General procedure

The amine and dry dichloromethane were introduced in a three-necked, round-bottomed flask equipped with a magnetic stirring bar, a

pressure-equalising dropping funnel and a reflux condenser. After cooling the solution in an ice-walter bath, the acid chloride was

dropwise added via the dropping funnel. The resulting mixture was then stirred overnight at room temperature. The precipitate formed

was filtered and washed with dichloromethane. The filtrate was successively washed with 3% sodium bicarhonate solution and water,

dried over magnesium sulfate and concentrated under reduced pressure. The residue was purified either by distillation or by

recrystaliisation.

N,N,2-trimethylpropionamide (l1a)

226 mi (90 g, 2 mois, 2 eq.) of a 40% w/w solution of dimethylamine in water (the flask were not dried!), 50
£1

(106.5 g, 1 mol) of 2-methylpropanoyl chloride; distillation; yield: 98 g (85%); CeHi3NO (115.

mi
7) L\RT
21678-37-5; colourless liquid; Bp. 62°C (10 torr); IR (CH2Cl3): 1645 (NC=0); IH NMR10: 3.04 (s, 3H, NCH3); 2.94 (s, 3H,
NCH3); 2.81 (sept, J = 6.8, 1H, CH); 1.12 (d, J = 6.8, 6H, CH(CH3)2); 13C NMR: 176.6 (S, C=0); 36.6 (Qgq.J =137, 34,

NCH3); 35.1 (Qq, J = 138, 3.4, NCH3); 29.7 (Dsept, J = 127, 4.4, CH); 18.7 (Qqd, J = 127, 5.4, 4.4, CH(CHz)p).

1-isobutyrylpyrrolidine (1b)

167 ml (142.3 g, 2 mols, 2 eq.) of pyrrolidine, 200 ml of dichloromethane, 105 ml (106.5 g, 1 mol) of isobutyryl chloride;
distillation; yield: 110 g (78%); CgH5NO (141.21); RN 33931-47-4; colourless liquid; Bp. 116°C (12 torr); IR (CH2Cl3): 1630
(NC=0); 'H NMR: 3.4-3.5 (m, 4H, NCH3); 2.64 (sept, J = 6.8, 1H, CH); 1.75-2.05 (m, 4H, NCH2(CH3)3); 1.13 (d, J = 6.8, 6H,
CH3); 13C NMR: 174.5 (S, C=0); 45.3 (T, J = 142, NCHj); 44.7 (T, J = 143, NCHj); 31.4 (Dsept, J = 128, 4.0, CH(CH3));
25.3 (Tquint, J = 133, 3.5, NCH;CHy); 23.4 (Tquint, J = 133, 3.5, NCHyCHy); 18.1 (Qdqg, J = 128, 5.5, 5.0, CH(CH3)7).
4-isobutyrylmorpholine (1c)

174 ml (174.2 g, 2 mols, 2 eq.) of morpholine, 100 ml of dichloromethane, 105 ml (107 g, 1 mol) of isobutyryl chloride;
distillation; yield 136.6 g (87%); CgH|5NO7 (157.21); RN 18071-39-1; colourless liquid; Bp. 120°C (15 torr); IR (CH2Cl3):
1635 (NC=0); 'H NMR: 3.54-3.68 (m, 8H, NCH,CH40); 2.79 (sept, J = 6.8, 1H, CH(CH3)2); 1.15 (d, / = 6.8, 6H, CH(CH3)2);
13C NMR: 174.8 (S, C=0 3 (T,J = 144, OCHj); 45.3 (T, J = 139, NCH3); 414 (T, J = 140, NCHy); 29.2 (D, J = 125,

), 66
CH(CHn)2); 18.7 (0, J = 128, CH(CH

..... 32/ 18,

N,2-dimethyl-N-phenylpropionamide (1d)

433 ml (430 g, 4 mols, 2 eq.) of methylaniline, 200 mi of dichioromethane, 210 mi (213 g, Z mois) of isobutyryi chioride; yieid:
144 g (81%); C11H{5NO (177.24); RN 55577-65-6; white solid (recrystallised from benzene/cyclohexane 2:5); IR (CH2C12)73:
1650 (NC=0); 'H NMR72; 7,18-7.47 (m, SH, Ph); 3.26 (s, 3H, NCH3); 2.52 (sept, J = 6.6, |H, CH(CH3)7); 1.04 (d, J = 6.6,
6 H, CH(CH3)3); 13C NMR: 177.6 (S, C=0); 144.6 (S br., C(CsHs)); 130.1 (Dd, J = 161, 7.6, Cortho); 128 (D1, J = 162, 1.5,
Cpara); 127.6 (Ddd, J = 161, 7.2, 6.4, Creta); 37.5 (Q, J = 139, NCH3); 30.4 (Dsept, J = 130, 4.1, CH(CH3)2); 19.7 (Qdq, J =
128, 4.6, 5.2, CH(CH3)7).

2-methyl-N,N-diisopropylpropionamide (le)

280 ml (202.4 g, 2 mols, 2 eq.) of diisopropylamine, 200 ml of dichloromethane, 105 m] (106.5 g, 1 mol) of isobutyry!l chloride;
yield: 162 g (95%); C1oH2NO (171.28); RN 682-98-0; white solid (recrystallised from ethyl acetate); IR (neat): 1630 (NC=0); Iy
NMR: 4.01 (sept, J = 6.7, 1H, NCH); 3.58 (m, 1H, NCH); 2.71 (sept,./ 6.7, 1H, CHCH3); 1.35 (d, J = 6.8, 6H, NCHCH3);

SR PN T L D ATETY AE"!

1.23 (d,J = 6.8, 6H, NCHCH3); 1.11 (d, J = 6.7, 6H, CCH(CH3)2); 13¢ NMR: 173.3 (S, C=0); 47.3 (D, J = 136, NCH); 4
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(Dsept, J = 134, 4.0, NCH); 31.5 (D, J = 127, CCH(CH1),); 21.1 (Qdg, 17 = 127, 2.
127, 4.4, 4.4, NCH(CH3)y); 19.4 (Qdq, J = 128, 5.4, 4.2, CCH(CH;;)Z).
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-(tert- butoxycarbonylmethyl) 1-isobutyrylpyrrolidine (1f)

-2-{hydroxymethyl)-i-isobutyrylpyrrolidine

i1.3 mi (11.6 g, 115 mmois) of L-2-pyrrolidinemethanol and 230 mi of dichloromethane were introduced in a three-necked, round-
bottomed flask equiped with a magnetic stirring bar, a pressure-equalising dropping funnel and a reflux condenser. The resulting

solution was cooled to -4()0(‘ and 19.2 ml flq [*] g, 140 mmnlc 1.2 ea) of drv tricthvlamine were added. A solution of 12 14 m!
co 12,417 13.Y moils 4., 01 GIy HiCiny:aminc were atGeaG. A soiulion o1 12.14 h

(12.3 g, 115 mmols) of 2-methylpropanoyl chloride in 230 ml of dichloromethane was dropwise added (during the addition, the
internal temperature was maintained at -40°C). The reaction mixture was then allowed to warm up to 0°C. The formation of the
amide was confirmed by IR and IH NMR. IR (CH,Cl): 1620 (C=0); 'H NMR: 4.17 (m, 1H, N-CH); 3.70-3.40 (m, 4H, N-CH»
and CH;OH) 2.70 (sept, J = 6.8, 1H, CH(CH3)2); 2.15-1.80 (m, 4H, N-CH2-(CH?2)2-); 1.75 (d, J = 6.8, 3H, CHCH3); 1.25 (d, J

(8)-2-(tert-butoxycarbonylmethyl)- 1-isobutyrylpyrrolidine (1f)

To the crude reaction mixture obtained above and cooled to -30°C was added 19.2 ml (13.9 g, 140 mmols, 1.2 eq.) of dry
tricthylamine. 9.4 ml (13.8 g, 110 mmols) of pivaloyl chloride were then slowly added (over a period of 30 min.; the internal
temperature was maintained at -30°C during the addition). The reaction mixture was aliowed to warm up siowly to room temperature
{over a neriod of 4 h) and refluxed for 12 hours. The

o colvent wac ramaved nndar reducad nracenira and e Tamina hudenchlarida
) ang réhnuxea Ior 12 nNOUrs. 1n¢ sy

ent was removed under reduced pressure and triethylamine hydrochloride
was precipitated by addition of ether. The precipitate was filtered off and washed with ether. The filtrate was extracted with a solution
of 3% NaHCOj3. The organic phase was dried over magnesium sulfate and concentrated under reduced pressure. The crude product was
purified by flash-chromatography (cyclohexane/ethyl acetate 3:2); yield: 15.5 g (53%); C14H5NO3 (255.35); RN 149554-71-2;
white solid; [0} = -56.7° (c=0.86, CHCl3); IR (CHyClp): 1725 (OC=0); 1635 (NC=0); 'H NMR (2 rotamers): 4.42-4.32 (m,
1H, NCH); 4.18 (4, J = 6.1, 2H, OCH2); 3.53 (1, J = 6.0, 2H, NCHy); 2.83 (sept, J = 6.8, CH(CH3) minor); 2.65 (sept, J = 6.8,
1H, CH(CH3)7 major); 2.1-1.8 (m, 4H, NCH2(CH>)); 1.22 (s, C(CH3)3 minor); 1.19 (s, 9H, C(CH3)3 major); 1.12 (d, J = 6.8,
6H, CH(CH3)7); 13C NMR: 178 (S, OC=0); 175.9 (§, NC=0); 63.5 (T, J = 150, OCH3); 55.1 (D, J = 145, NCH); 466 (T, J =
142, NCH?); 38.3 (S, C(CH3)3); 32.1 (Dsept, J = 128, 4.0, CH(CH?3)7); 26.7 (Qsept, J = 127, 5.0, C(CH3)3); 23.8 (T, J = 134,
NCH,(CHp)7); 19.0 (Q, J = 127, CHCH3); 18.1 (Q, J = 127, CHCH3).

(2R,5R)-2,5-bis(methoxymethyl)-1-isobutyrylpyrrolidine (1g)

This amide was nrenared according to the general nrnr‘pdnrrx with the followine modifications: after cooli ing the solution of 2 5-
S preparec ng c ge ng moeci 1s: atter cooling the soluty o 2,2

bis(methoxymethyl)pyrrolidine hydrochloride in dichloromethane by an ice-water bath, triethylamine was a dded before the acid
chloride. For the work-up, triethylamine hydrochloride was precipitated by addition of petroleum ether. 5.33 g (27 mmols) of 2,5-
bis(methoxymethyl)pyrrolidine hydrochloride'3 150 ml of dichloromethane, 11.4 ml (8.3 g, 82 mmols, 3 eq.) of triethylamine,
3.53 ml (3.5 g, 33 mmols, 1.2 eq.) of methylpropanoyl chloride; distillation; yield: 5.98 g (96%); RN 149554-72-3; Bp. 80°C

(0.03 torr); o ]%0 = +09.04 (c=1.09, CHCI3); IR (CH;Clp): 1634 (NC=0); TH NMR: 4.2 (m, 1H, NCH); 3.98 (m, 1H, NCH);
FEE /AT T O 20N 1LY NI, 228 /. 2L NI, 2 20 7 QLT NI\ 2 A 21 (. T C_NC. O ILINer i ) I8
D00 \au,J = J.4, 3.V, I, ULIIn), J5.32 \3y, 211, ULrij), 3.52 », Jon, U\.,rlj) D000\, FEL, AT I3 T LI HL R ), 2.0
(sept. J= 6.8, 1H, CH(CHa)); 2.1-1.8 (m, 4H, NCH(CH2)2); 1.13 (4, J = 6.8, 3H, CHCH>); 1.11 (4, ] = 6.8, 3H, CHCH>); 13C
Wy WelTy AARy RSRANNTRA[T LTy S 2 LR Yy bt A LILTY A My v 27 A=y D277

NMR: 177.1 (S, C=0); 74.7 (T, J = 141, OCHy); 71.37 (T, J = 142, OCHo) 59.2 (Qr, J = 141, 2.8, OCH3); 58.9 (Qt, J =141,

3.4, OCH3), 57.3 (D, J =143, NCH); 56.4 (D, J =143, NCH); 32.7 (Dsept, J = 129, 4,0, CH(CH3)2); 27.1 (T, J = 136,
NCHCH,); 25.2 (T, J = 133, NCHCH>); 20.7 (0, J = 128, CHCH3); 18.8 (Q,J = 127, CHCH3); MS (IE, C;2H23NO3
(229.31)): m/z = 230 ((M+HJ**); 229 (M*"); 184 ([M-CHOMe]*); 115 ([184-MeyCHCO+H]*); 71 ([MeCHCO]*); Anal. calc. for
C12H23NO3 : H 10.1, C 62.85, N 6.1; found: H 9.79, C 62.65, N 5.98.

N,N'-diisobutyrylpiperazine (1h)

300 ml (293.4 g, 3.7 mols, 9 eq.) of pyridine and 35 g (0.4 mol) of piperazine were introduced in a three-necked, round-bottomed
flask equiped with a magnetic stirring bar, a pressure-equalising dropping funnel and a reflux condenser. To the resulting suspension
was added (over at least a period of 1 hour) 84 ml (85 g, 0.8 mol, 2 eq.) of 1sobutyry1 chloride. After the addition, 150 ml of benzene

PP . ael Fnee 18 Aftne ~nnmly
dacuon l“a\lul > wWas ICAIUACU or 12 llllllULCB L£ALLCL VUULLLE

g to
idine hvdrnr‘hlm‘!de\ was washed with 50 ml of ben

ac) v R0,
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concentrated under reduced pressure were taken up in 60 ml of hot dichloromethane. After cooling to room temperature, the amide
crystallised and was filtered. The filtrate was concentrated and the operation repeated; yield: 59 g (65%); C12H22N202 (226.31); RN
18940-58-4; white solid; Mp. 136-137°C; IR (CH3Cly): 1640 (NC=0); !H NMR: 3.67-3.50 (m, 8H, NCHjy); 2.81 (sept, J = 6.8,
ZH, CH); 1.15 (d, J = 6.8, 12H, CH3); 13C NMR: 174.9 (S, C=0); 44.6 (T, J = 140, NCH3); 41.2 (T, J = 146, NCH2); 30.0 (D,

r—1 AV 1
J = hzi, UKij, 17,

N,N-dimethylcyclohexanecarboxamide (1i)

226 ml (90 g, 2 mols, 2 eq.) of a 40% w/w solution of dimethylamine in water (the flask were not dried!), 50 ml of

dichloromethane, 146.5 g (1 mol) of cyclohexanecarbonyl chloride; distillation; yield: 125 g (81%); CgH{7NO (155.24); RN
17566-51-7: colour!

PIJUUSI LT 1, VUIUUL

2.93 (s, 3H, NCH3);

it 0, . .
liquid; Bp. 39°C (0.05 torr); IR : 2854 (C-H); 2829 (C-H); 1640 (NC=0); IH NMR: 3.04 (s, 3H, NCH3);

2.50 (11, J = 11.1, 3.3, 1H, CH); 1.85-1.15 (m, 10H, (CH»)s); 13C NMR: 175.0 (S, C=0); 39.7 (D, J =

ac
(o}
);

123, CH); 36.1 (Qq,J = 136.8, 3.6, NCH3); 34.5 (Qq,J = 137.6, 3.6, NCH3); 28.2 (7, J = 128, CHCHy); 25.1 (T, J = 126,
CHj).

N.N-dimethvlticlamide (1k)

FIILT NERERANSART SVApmASsARAsRen \ &g

68 ml (27 g, 0.6 mol, 2 eq.) of a 40% w/w solution of dimethylamine in water (the flask were not dried!), 25 ml of

dichloromethane, 35 4 g (0.3 mol) of 2-methylbut-2-enoyl chloride!4; distillation; yield: 33.5 g (88%); C7H|3NO (127.18); RN
32223-06-6; colourless liquid; Bp. 85°C (12 torr); IR (CHClp): 1660 (C=C); 1620 (NC=0); !H NMR: 5.65 (g, J = 5.9, IH, CH);
2.99 (s, 6H, N(CH3)7); 1.84 (s, 3H, CCH3); 1.71 (d, J = 5.9, 3H, CHCH3); 13C NMR: 172.9 (S, C=0); 131.6 (S, CCH3); 124.7

(Dq, J =154, 5.8, CHCH3); 38.8 (Q, NCH3); 37.0 (Q, NCH3); 13.1 (Qd, J = 128, 8.3, CCH3); 12.3 (Qd, J = 127, 4.0, CHCH3).
4-(2-methylbut-2-enoyl)morpholine (11)

This amide was prepared according to the general procedure with the following modifications: 1) A mixture of morpholine and
triethylamine was dropwise added to a -10°C cooled solution of the acid chloride in dichloromethane. 2) Triethylamine hydrochloride
was precipitated by addition of low boiling petroleum ether. 95 g (0.8 mol) of 2-methyl-2-butenoyl chloride{4, 200 mi of

- - ~n &

dichioromethane, 76.7 mi (76.7 g, 0.88 mol, 1.1 eq.) of morpholine, 122.5 mi (8% g, 0.88 mol, i.1 eq.) of triethylamine;
distillation; yield: 98 g (78%); CgH5NO, (169.22); colourless liquid; Bp. 73°C (0.1 torr); IR (CH2Clp): 1660 (C=C); 1620
(NC=0); 'H NMR: 5.65 (gq, J = 6.8, 1.6, 1H, HC=C); 3.70-3.62 (m, 4H, NCH3); 3.62-3.53 (m, 4H, OCH>); 1.83 (sdg, J = 1.6,
1.2, 3H, CCH3); 1.7 (dg, J = 6.8, 1.2, 3H, CHCH3); 13C NMR: 171.8 (S, C=0); 131.0 (S, CCH3); 125.5 (Dqq, J = 154, 5.6,
6.9, CHCH3); 66.3 (T, J = 144, OCHj); 44.1 (T, NCH3); 13.5 (Qd, J = 128, 8.2, CCH3); 12.5 (Qd, J = 127, 3.7, CHCH3).

N,2-dimethyl-N-phenylbut-2-enamide (1m)

The procedure described for amide (11) was applied with the following amounts: 29 g (0.25 mol) of 2-methyl-2-butenoyl chloride 14
70 ml of dichloromethane, 31.6 g (0.29 mol, 1.2 eq.) of aniline and 35.3 ml (25 g, 0.25 mol) of triethylamine; distillation; yield:
43 g (90%); C12H1sNO (189.25); RN 135578-96-0, 143726-38-9; colourless liquid; Bp. 85°C (0.2 torr); IR (CH2Clp): 1630
(NC=0); 'H NMR: 7.30 (dd, J = ~8, 2H, Hmera); 7.21 (dd, J = ~7, 1H, Hpara); 7.06 (d, J = ~7, 2H, Hortho): 5.74 (¢. J = 6.8, IH,
CH); 333 (s, 3H, NCH3); 1.57 (s 3H, CCH3); 1.47 (d,J = 6.8, 3H, CHCH3); 13C NMR: 1726 (5, C=0); 144.4 (S,

n.d I_‘ltli Q 178 Q 710N
L/G,J = 101, O, \,Onm),, 1£3.6 \u, \,men;, Si.1 \¥,

ml (50.6 g, 0.5 mol) of diisopropylamine and 250 ml of tetrahydrofuran were introduced in a three-necked, round-bottomed
ooled to 0°C and

SRS lar and n nraconra_asia liging Aranming fuiinna 1 Tha raculting calutinn wae rn
ad CUUIT

1
ask cqu pLu with a uldguEl'\, blllllng Gar ana a plcaaulc-cquaumus unuyymﬁ Tunnel. ine resuiting sciution w
200 m! (0.5 mol) of a 2.5 M solution of butyllithium in hexane were added dropwise. After 15 minutes at 0°C, the flask was cooled

noH oL a L2 viso el added Ul

to -78°C and 48 ml (49.6 g, 0.5 mol) of N—methyl-2 pyrrolidone were slowly added via a syringe. The temperature was maintained at
-78°C for 30 minutes. 34.3 ml (78.1 g, 0.55 mol, 1.1 eq.) of methyl iodide were then added at once. The reaction mixture was stirred
at -30°C for 3 hours and then allowed to warm up to room temperature. The lower phase containing the desired product was separated
by decantation. Water was added and the amide was extracted with chloroform. Organic layer was dried over magnesium sulfate,
concentrated and distilled under reduced pressure; yield: 39.6 g (70%); CeH11NO (113.15); RN 19597-07-0; colourless liquid; Bp.
90-95°C (20 torr); IR (CH2Cls): 1663 (NC=0); 'H NMR (2 isomers): 3.4 (dd, NCH; minor); 3.31 (dd,J =84, J =53, 2H,
NCH»); 3.0 (s, NCH3 minor); 2.85 (s, 34, NCH3a); 245 (¢, J = 7.9, 1H, CHCH3); 2.27 (m, 1H, NCH2CHH); 2.05 (dud,

NCHCHH minor); 1.63 (dtd, J = 12.4, 8.6, 8.4, 1H, NCHCHH); 1.2 (d, J = 7.0, 3H, CHCH3); 13C NMR: 176.8 (S, C=0);
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174.5 (S, C=0 minor); 48.9 (T, J = 141, NCH3 minor); 46,9 (T, J = 141, , NCH»); 35.9 (D, J = 130, CHCH3); 34 0 (D

CH minor); 29.2 (Q., J =138, NCH3); 29.0 (Q, J = 138, NCH3 minor); 26.5 (Tdd, J = 133, 4.9, 1.6, NCH;CHy); 17.1 (Q,
CHCH3 minor); 15.9 (Qdr, J = 127, ~4, ~1.7, CHCH3).

'I'hm amide was prepared according to the procedure described for (In); 70.1 ml (50.6 g, 0.5 mol) of diisopropylamine, 250 ml of

tetrahydrofuran, 200 ml (0.5 mol) of a 2.5 M solution of butyllithium in hexane, 64.2 ml (63.6 g, 0.5 mol) of N-
methylcaprolactam and 34.3 ml (78.1 g, 0.55 mol, 1.1 eq ) of methyl iodide; yield 48 g (68%) CgH15NO (141.21); RN 55917-05-

[}
Ei
o
i
j:EZ
~
@)
—

Q 2
3, 5

= 6. H, CHCH3) A 6.8 (S, C=O); 49.9 (z,./ = 136, ‘IC 2J; ’%7.4 (D,J = 144, L.n); 35.2 (Qt, J = 138, 4.0,
NCHz3); 31.9 (T, J = 126, CHp); 28.8 (T, J = 125, CHp); 26.6 (T, J = 124, CHCH3); 17.9 (Qr, J = 127, 4.3, CHCH3)

Synthesis of a-chloroenamines

General procedure

Freshly distilled phosphorus oxychloride, N,N-dimethylformamide and dry dichloromethane were introduced in a three-necked, round-
bottomed flask equiped with a magnetic stirring bar, a pressure-equalising dropping funnel and a reflux condenser. A solution of the
amide in dry dichloromethane was then dropwise added. The resuliing mixture was siirred overnight at room temperature (the reaction
was monitored by 'H NMR). After cooling the flask in an ice-water bath, triethylamine was slowly added (the reaction was
monitored by TH NMR). The cooling bath was removed and the mixture was allowed to warm up to room temperature. Low boiling
petroleum ether was then added and the mixture was vigorously stirred for 3 hours. After cooling overnight to 4 °C, the precipitate of
tricthylamine hydrochloride was removed by filtration under argon. The precipitate was washed with petroleum ether. The solvents

were removed under reduced pressure and the residue was purified by distillation.
N-(1-chloro-2-methylprop-1-enyl)-N,N-dimethylamine (4a)

162.4 ml (267.2 g, 1.74 mols, 2 eq.) of phosphorus oxychloride, 1.35 ml (1.28 g, 18 mmols, 0.02 eq.) of N,N-dimethylformamide,
300 ml of dichloromethane, 100 g (0.87 mol) of N,N,2-trimethylpropionamide 1a, 8 hours at room temperature, then 132.8 ml
(96.7 g, 0.96 mol, i.1 eq.) of triethyilamine; yieid: 93 g (80%); RN 26189-59-3; Bp. 57°C (50 torr); colouriess iiquid; IR
(CHClp): 1673 (C=CCl); 'H NMR: 2.39 (s, 6H, N(CH3)7); 1.77 (s, 6H, C(CH3)2); 13C NMR: 140.4 (S, CCl); 123.8 (8,
C(CH3z)72); 42.3 (Q, J = 136, N(CH3)2); 19.8 (Q, J = 128, C(CH3)2); MS (EI, CgH2CIN (133.62): m/z = 133 (90%, M**); 128
(15%, [M-Me]*); 98 (100%, [M-CI]*).

1-(1-chloro-2-methylprop-1-enyl)pyrrolidine (4b)

meinyl ,

13 ml (140 mmols, 2 eq.) of phosphorus oxychloride, 100 pl (1.3 mmols, 0.02 eq.) of N,N-dimethylformamide, 15 ml of
dichloromethane, 10 g (70 mmols) of l-isobutyrylpyrrolidine 1b, 3 hours at room temperature, then 15.6 ml (110 mmols, 1.6 eq.)
of triethylamine; yield: 9.3 g (83%); RN 87443-04-7; colourless liquid; Bp. 60-70°C (15 torr); IR (CHCI3): 1645 (C=CCl); 'H
NMR: 2.85 (m, 4H, NCHp); 1.84-1.78 (m, 4H, NCH,CH3); 1.78 (s, 6H, C(CH3)2); 13C NMR : 138.2 (S, CCl); 126.1 (S,
C(CH3)2); 51.3 (T, J = 141, NCHy); 25.8 (T, J = 131, NCH2CH)3); 21.1 (Q, J = 125, C(CH3)2); MS (EIL, CgH4CIN (159.65)):
m/z = 159 (45%, M**); 144 (9%, [M-Mel™*); 131 (9%, [M-CoHy4l*); 130 (4%, [M-CoHs51%); 124 (100%, [M-CI1t).

4-(1-chloro-2-methylprop-1-enyl)morpholine (4c)
13 ml (140 mmols, 2 eq.) of phosphorus oxychloride, 250 pl (3.5 mmols, 0.05 eq.) of N,N-dimethylformamide, 15 ml of
dichloromethane, 11 g (70 mmols) of 4-isobutyrylmorpholine ¢, 15 hours at room temperature, then 20 ml (140 mmols, 2 eq.) of

R T Ty D= PO » PR, Ly [oF o RV o U I - Ifal 5 PN ol PN N ro—ceny. 1 M.
-0U-0, WHILWC S0IId, DpP. 37 L (V.10 [{Uyy N ll\ [\.,ﬂz\_,lz IUIU =0Ty, I INIVIRN.
374 (rlrl J=-~4, I Au ﬂ(‘”a\ 268 (dd J = -—3‘8’ 4

,,,,,,, 68 (dd, J tH, NCH»); 1.89 (s CCH3); 1.77 (s, 3H, CCH3); 13C NMR: 137.6 (S,

CClI); 125.2 (S, CCHR); 66.3 (T, J = 143, OCH»); 50 (T, J = 136, NCH»); 2 (Qgq. J 127, 4.1, CCH3); 19.7 (Qq. J = 127, 4.1,
CCH3); MS (EI, CgH | 4CINO (175.65)): m/z = 175 (56%, M**); 174 (7%, [M-H|*); 160 (8%, [M-Me]*); 140 (100%, [M-CI]*).

f el tal 3. 1N A /QZ07 . DA £Q01272 QI &

lrlclﬂyldl[llﬂ(‘:, Yi€id: 10.4 g (0070); RKIN JD0Y5

LJ
.A-)
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N-(1-chlero-2-methylprop-1-enyl)-N-methyl-N-phenylamine (4d)
16.4 ml (175 mmols, 2.5 eq.) of phosphorus oxychloride, 250 pl (3.5 mmols, 0.05 eq.) of N,N-dimethylformamide, 25 ml of

dichloromethane, 12.1 g (70 mmols) of N,2-dimethyl-N-phenylpropionamide 1d; reflux for 14h, then 14 ml (100 mmols, 1.4 eq.)
of tricthylamine; yield: 11.4 g (83%); colourless liquid; Bp. 55°C (0.1 torr); IR (CH,Clp): 1675 (C=CCl); 'H NMR72: 7.26 (dd, J

- KR 72 I-_-_’IQ TH H AR (s T -7 TH I SAT7Q /A4 T 272 YT AN fo LT NIOCLT-Y- 1 £ ALY LN
Cedy & Uy LRk, ume{ah VU {6y ¥ = /.Uy L1k, zlpara} NPT Gy, d = 0.0, L1a, 1‘01'”10)? J.UuU \§, 5n, INC113 ), 1.7U 3, 281, LLrji),
1.73 (s, 3H, CCH3); 13C NMR: 146.0 (8, CCl); 131.5 (S, NC) 130.0 (<: pt, 2J = 6, CCH3); 129.1 (D, J = 159, Creta): 119.2

(D, J =161, Cpara); 113.7 (D, J = 155, Corno); 37.0 (Q, J = 137, NCH3); 20.6 (Qq. J = 138, 4, CCH3); 19.6 (Qq. J = 138, 4,

CCH3); MS (EIL C11H14CIN (195.69)): m/z = 195 (94%, M**); 180 (4%, [M Mel*); 160 (93%, [M-C)*); 159 (7%, iM- CH*.

N-fl- loro-2-methvinron-l.env-N N.diiconronvlamine (4e¢)

TeERRRSR - ERRERMSERgREYESVE O OVERg R/ OATIEY OWERRSUPL VL J SISRARRAR A
5.24 ml (56 mmols, 1.6 eq.) of phosphorus oxychloride, 250 ul (3.5 mmols, 0.1 eq.) of N,N-dimethylformamide, 10 ml of
dlbthrOII]elhdl’lc 6 g (35 mmols) of 2-methyl-N,N-diisopropylpropionamide 1e; reflux for 10h, then 5.4 ml (39 mmols, 1.1 eq.) of

triethylamine; yield: 5.25 g (80%).
Example of a large scale preparation:

5442 ml (895.2 g, 5.84 mols, 2 eq.) of freshly distilled phosphorus oxychloride, 4.5 ml (4.3 g, 0.059 mol, 0.02 eq.) of
dimethylformamide and | L of dry dichloromethane were introduced in a 4 L three-necked, round-bottomed flask equiped with a
mechanical stirrer, a pressure-equalising dropping funnel and a reflux condenser. A solution of 500 g (2.92 mols) of N,N-
diisopropylisobutyramide 1le in 400 mL of dry dichloromcthane was then added dropwise. The resulting mixture was stirred

overnight at room temperature. After cooling the flask in an ice-water bath, 446 mL (325 gr, 3.2 mois 1.1 eq) of tricthylamine were
laly addad Tha ~~nall th o ramavad and tha maiy wran allawwad 4 wrarmy 110 f4 A fanamanat SN sxnl ~AF T~ hmiling
DlUle aaded. ine LUUIIHE Udlll Was removea anda ll 1 llll)\lulC wWas auowed 10 waii uy W 1uuULil lCllllJCld.lulC JUu iili O1 1I0W UUlLlllé
petroleumn ether were then added and the mixture was vigorously stirred for 3 hours. After cooling to 4 °C overnight, the liquid phase
was separated from the triethylamine hydrochloride precipitate via a cannula (the precipitate of triethylamine hydrochloride might
also be removed by filtration under argon). The precipitate was washed with 3x300 mL of petroleum ether. The solvents were
removed under reduced pressure and the residue was purified by distillation (89-90°C/15 mmHg) to give 400 g (72%) of the title
compound as a reddish oil; RN 65785-45-7; IR (CH,Cl3): 1670 (C=CCl); 'H NMR: 3.30 (sept, J = 6.5, 2H, NCH); 1.80 (s, 6H,

C(CH3)2); 1.09 (d, J = 6.5, 12H, CH(CH3)3); 13C NMR: 135.7 (S, CCl); 128.8 (S, C(CH3),); 48.8 (D, J = 136, CH); 21.5 (Qg,
120

T — 197 A /LY 0N ")nA (NA~ T — 104 2 <1 (‘IJ[{' AYaYe \KC 41 B ,-\LIM-J'I I 7190 7N en/fz - 190 FALCL ll+'\ I'IA {ACL
g - lLl, "f, b\bllj}z} Favy \E (1,.1 —_— L &Uy Ty el l\ l’ll/’ 1¥iy \L4l \_ll , l( \Jll‘ \I()/.ll..}}. HyL — (3] \’T\IIU ) = \"'/‘l/,
M-Melty 154 (100%. IM-CITH): 146 (61% . IM-1Pr1H)
IM-Me]™); 154 (100%, [M-C1}™) 6 (61%, (M-Pri™)

(S)-1-(1-chloro-2-methylprop-1-enyl)-2-(tert-butoxycarbonylmethyl)pyrrolidine (4f)
3.6 ml (39 mmols, 2 eq.) of phosphorus oxychloride, 30 ul (0.39 mmol 0.02 eq.) of N,N-dimethylformamide, 4.5 ml of

Alidina 1 18h at rnam tamnaratmira

Ainhlacnmiathama & o £1Q € mmale) oF Q) _hutavucarhanclma 1. tyrylpyi tha
unmuiuiIciiane, J s LET.0 HHINJDD ) UL \\)}“‘\lbl I. llulUl\!\aﬂl ll\'ll] llllUlll)l, l‘\ll ] yll l\lllulll\« AL, fJ11 AL IVULL WATIERE QiU vy \-ll\vll
5.5 ml (39 n-n'n()lsi 2 eq.) of trie.t_h lamine; vield: 5.25 g (80%); RN 149554-68- 7; pale yellow viscous lig uid; Bp. 100°C (0.03

NCH>); 1.79 (s, 3H, CCH3), 177 (s, 3H, CCH3); 1.65-2.00 (m, 4H, NCH;-((,Hz)z), 120 (s, 91-1, L(CH3)3), l3c NMR: 1784
(S, C=0); 135.6 (S, CCI); 127.5 (Ssept 2/ =65, CCHa); 65.7 (T J =146, OCHZ)- 589 (D, J = 139, NCH); 51.9 (T, ] = 144,

PaVa: i ~ . ~ ¥ EYa R avait YR Vivws v i al Y FUIRTA M O . AT N AAEON. ALZQ fao o T ~14\. N0 /1L
CCH3); 20.3 (Q, J = ~130, CCH3); MS (El, C14H24CING, (273.8)): m/z = 273 (5%, M™7); 258 (irace, [M-Me]™); 238 (16%, (M-
CTHY- 180 (120, TM_CO: Rul: 171 /50, Mo RuCOOHTHY. 115 (100% [M-CHACOnr Bul+)

Cll*y; 189 (13%, [M-CO:r-Bul); 171 (5%, [M--BuCOOH]™); 115 (100%, IM-CH2CO2: Bul™)

(2R,5R)-1-(1-chloro-2-methylprop-1-enyl)-2,5-bis(methoxymethyl)pyrrolidine (4g)
3.05 ml (33 mmols, 2.5 eq.) of phosphorus oxychloride, 180 pl (2.6 mmols, 0.2 eq.) of N,N-dimethylformamide, 4.5 mi of

W% £ AT PR I AN Froe TA 1

dichioromethane, 3.07 g (13.4 mmols) of (2R,5R)-2,5-bis(methoxymethy})-1-isobutyrylpyrrolidine 1g, reilux for 18h, then 2.74 mi
(19.7 mmols, 1.5 eq.) of triethylamine; yield: 2.2 g (66%); RN 149554-69-8; colourless liquid; Bp. 80°C (0.05 torr); IR (CH2Clp):

1665 (C=CCl); 'H NMR: 3.62-3.48 (m, 2H, NCH); 3.42-3.35 (m, 2H, OCH3); 3.32 (s, 6H, OCH3); 3.19 (dd, 2H,J =9, 8,
0CH3); 2.10-1.65 (m, 4H, CHCH3); 1.78 (s, 6H, C(CH3)2); 13C NMR: 132.9 (S, CCl); 126.4 (Ssept, J = 6.4, C(CH3)2); 74.1
(T,J = 134, OCH»):; 59.2 (Qt,J = 141, 2.9, OCH3); 57.5 (D, NCH); 27.2 (T, J = 132, CH2CH»); 20.6 (Qq, J = 128, 3.9,
C(CH3)2); MS (EI, C12H22CINO; (247.76)): miz = 247 (9%, M*"); 232 (trace, [M-Me]*); 212 (49%, [M-C1]*); 202 (100%, [M-
CoHs01%).



L. Ghosez et al. / Tetrahedron 54 (1998) 9207-9222 9219

N,N'-bis(1-chloro-2-methylprop-1-enyl)piperazine (4h)

26.8 ml (290 mmols, 16 eq.) of phosphorus oxychloride, 190 pl (2.5 mmols, 0.14 eq.) of N,N-dimethylformamide, 20 ml of
dichloromethane, 8 g (36 mmols, 2 eq.) of N,N'-diisobutyrylpiperazine 1h, reflux for 30h, removal of exces of OPCl3 by
distillation, then 7.5 ml (54 mmols, 3 eq.) of triethylamine; yield: 7.2 g (78%); RN 60180-60-1; white solid (recrystallised from

dichioromethane/petroleum ether 1:6); IR (CH2Cly): 1670 (C=CCl); {H NMR: 2.76 (s br, 8H, NCHy); 1.84 (s, 6H, CCH3); 1.76

(o LI OO 130 NRMD. 1200 1€ £y, 1080 (Conns 1T £ € AOIT N AGQ T 7 138. NCH

5, oo, LUnjy L INMIRD 130U (0, L) 120.0 (O§epr, v = 0.5, CUH3); 498 (7,4 = 138, N 2), 20.3 (Qq,.l = i27, 4,
CCH2): 202 (0a. J=127. 4 CCHa)Y: MS (EI CiaHan"1aNA (762 21 m/7z = 260 (G000, NM+"\. 207 (TNCL TAM_114)

TANARRS sy SR NNy v Ade sy Wy SONcARG gy ATARS \Rudy S | LRAZUNALAN L \SUT AL ) MU L Tl \VZ /Uy VR Jy ke d \I\F70, |IVETNCA] ).

c;x{“‘uTx"thanc, 10.9 g (70 mmols) of N.i‘v-mmét'ﬁyiCyc'loncxanecarnoxamlae 1i, 2 hours at room temperature, then 29 3mi(2i0
mmoh. 3 eq .) of triethylamine; y__k_l 9.2 g (76%\ colourless Immd Rn 100°C (15 torr); IR ((‘Hq(‘ln\ 1665 (C=CCI); |ﬂ NMR:

42.9 (Qq, J = 135, 4‘3, NCH3). 30.6 (T,J 128, CCHz), 273 (T, J = 127, CCHZCH2), 26.6 (Tqmnt,.l = 127, 4.2,
C(CH2)2CHy); MS (EI, CoH ,CIN (173.68)): m/z = 173 (60%, M**); 158 (23%, [M-Me]*); 138 (100%, [M-C1]*+).

N-(1-chloro-2,2-diphenylvinyl)-N,N-dimethylamine (4j)

8.4 ml (91 mmols, 5 eq.) of phosphorus oxychloride, 310 ul (4 mmols, 0.23 eq.) of N,N-dimethylformamide, 10 ml of
dichloromethane, 4.2 g (18 mmols) of N,N-dimethyl-2,2-diphenylpropionamide 1j (commercial), reflux for 20h, removal of exces of
OPCl3 by distillation, then 2.5 ml (18 mmols) of triethylamine; yield: 1.9 g (40%); white solid (recrystallised from petroleum
ether; Bp. 130°C (0.1 torr); IR (CH2Clp): 1646 (C=CCl); 1H NMR: 7.4-7.2 (m, 10H, CgHs); 2.55 (s, 6H, N(CH3)); 13C NMR:
143.9 (S, CCl); 141.0 (S, C=CC); 129.6 (D, J = 160, Crera); 129.4 (D, J = 160, Cortho); 128.0 (S, CPhy); 127.0 (D, J = 160,

' Ne AV A (D T — 12K A T\Yl'f’un Y~a)- NC (BT (7, AOIN IRT TEN: malr — ")E"l 1NNor \l+'\ VYAY ftrana [AA_NALTHY. 999
Lpara); FLT LG, 5 = 100, 4, IN(LI13)2)0 VIS (L, \,”)11”-,\ 1N (237.40)) TWZ = 237 (1w, | )y &44 (Uace, (vVi-vil ' ), ces

(65%, M-C11H)

L0270, (V-2 i)

N-(1-chloro-Z-methyibuta-1,3-dienyl)-N,N-dimethylamine (4k)
7.2 ml (77 mmols, 1.1 eq.) of phosphorus oxychloride, 100 pl (1.3 mmols, 0.02 eq.) of N,N-dimethylformamide, 10 ml of

T0 mmale) af NN N_dimathvyltiglamida o tamnaratura than 720 2 ml1 10 mmale 2 oa Y of
v M08y O1 N y=CHACWY U g1aliniGd room temperature, inén 22.5 mi (210 mmaois, 5 4.} O

3 s 2
tricthylamine; vield: g (80%) (mixturc of E and Z isomers); RN (E) 72184-21-9; (Z) 72184-22-6; colourless liguid; Bp. 55°C
(15 torr); IR (CHzCl 15. 1820 (H,C=CH); 1630 (C=CCl); 1000 (H,C=CH); 980 (H,C=CH); 920 (H,C=CH); 'H NMR!3
(Major): 7.03 (dd, J = 17.8, 109, 1H, CH); 5.2 (ddd, J = 17.8, 1.4, 0.6, 1H, CHH); 5.05 (dd, J = 10.9, 1.4, 1H, CHH); 2.44 (s,
6H, N(CH3)3); 1.86 (s, 3H, CCH3); Minor: 6.92 (dd, J = 17.5, 10.9, 1H, CH); 5.26 (ddd, J = 17.5, 1.5, 0.6, 1H, CHH); 5.16 (dd,

=107, 1.5, 1H, CHH) 2.45 (s, 6H, N(CH3)2), 1.91 (s, 3H, CCH3); 3¢ NMR (Major): 146.2 (S CCl); 134.3 (Dqd, J = 159,

Paal & SRR IET, S
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4-(1-CHIOr0-4&-metn ulcu]l}luul punoiine (4

6.5 ml (70 mmols) of nhosphorus oxychloride, 100 1l (1.3 mmols, 0.02 ea.) of N N-dimethvlformamide. & m! of dic hlr\rnmﬁﬂv}nﬂ
G.> Mi (/V MIMOiS) 01 pnospnorus OXyCmoriae, 1VU pi (1.5 MMOG:S, V.V4 €4, O IN,IN-GIMCLYI0IMamice, s mu O GIinoromeinan
5.92 g (70 mmols) of 4-(2-methylbut-2-enoyl)morpholine 11, 8 hours at room temperature, then 10 ml (72 mmols, 1.02 eq.) of

triethylamine; yield: 4.8 g (73%) (mixture of E and Z isomers); Bp. 33°C (0.03 torr); IR (CH2Cly): 1825 (HoC=CH); 1625
(C=CCl); 990 (H,C=CH); 920 (HpC=CH); I NMR (Major): 7.10 (dd, J = 17.8, 10.9, 1H, =CH); 5.25 (dd, J = 17.8, 1.2, 1H,
HCH=); 5.11 (dd,J = 109, 1.2, 1H, HCH=); 3.79 (dd J = 8.0, 4H, OCH»); 2.82-2.70 (m 4H, NCHjy); 1.90 (s 3 H, CH3)'
Minor: 6.94 (dd, J = 17.4, 10.9, 1H, CH); 5.33 (dd, J = 3, 1H, HCH=); 5.24 (dd,J

, L.
o n ATTY NT ~N O NI S ATY NIAET N, ¥V YT /o o] I'e a ‘qf‘l ARIRATY RA.. .. A
0.U, 411, Ubuz), L.04-4.70 (M, 41, INL12), 1.7 {§, 5 \,n3). SO INIVIR Uvmjun) 143.

h 15Q :2_"
3.7, =CH); 127.2 (S, CCH3); 114.0 (DD, J = 159, 155, HoC=); 66.4 (T, J = 143, OCHp); 50.5 (

.7\

=CH); CCH (DD, C=), T,J = 143, OC} ,J = 136, NCHy); 14.2 (Qd, J =
128, 4.5, CH3); Minor: 140.9 (S, CCl); 135.1 (Dqd, J = 157, 3.6, 3.6, CH=); 125.5 (S, CCH3); 116.5 (DD, J = 160, 155, HyC=);
66.4 (T, J = 143, OCHa); 50.2 (T, J = 135, NCHy); 14.1 (Qd,J = 128, 4.5, CH3); MS (EL, CoH4CINO (187.66)): m/z = 187
(100%, M**); 172 (35%. [M-Me]*); 152 (86%, [M-CII*); 143 (3%, [M-CoH401*"); 142 (9%, [M-C2H50]*).
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N-(1-chloro-2-methylbuta-1,3-dienyl)-N-methyl-N-phenylamine (4m)

13 ml (140 mmols, 2 eq.) of phosphorus oxychloride, 200 pul (2.6 mmols, 0.04 eq.) of N,N-dimethylformamide, 10 ml of
dichloromethane, 13.23 g (70 mmols) of N,2-dimethyl-N-phenylbut-2-enamide 1m, 12 hours at room temperature, then 19.5 ml
(140 mmols, 2 eq.) of triethylamine; yield: 11 4 g (82%) (mixture of E and Z isomers); pale yellow liquid; Bp. 70°C (0.2 torr); IR

P W et ] 3 rey ,-.-...

(CH2Clg): 1825 (HoC=CH); 1630 (C=CCl); 'H NMR (Major): 7.24 (dd, J = 8.7, 7.3, 2H, Hpeta); 6.89 (¢, J = 7.3, 1H, Hpara);
£TO A T — Q"I !JU s Y B LKA (A T 1TEL 1NQ 1 _ I €AY s dd T 17 £ NQE 1Y IINIT_N\, N AA 7 ATY RYATT N A
U.i7 (&, = 0. 411, Ngrthol)y VU0 GG, v = 17.9, 1U.7, i1, &I, J.59< (4G, 4 = 1/.0, 0.9, 10, =), 3.UZ (s, o1, NLIj3), £.Ul
(s, 3H, C.C.Hﬂ- Minor: 724 (dd, J =87,73,2H, H..); 701 {dd, J =174 109, 1H =CH): 689 (s, /=73 1H

AES 3 a7 14 nicias» WA \siey v 47Ty ATy Ahy TRoadyy VUT (6, v {edy LABy A.Lpara;, Vi
(d,J = H, Hortho)s 540 (dd, J = 17.4, 1.2, 1H, HCH=); 5.31 (dd, ] = 10.9, 1.2, 1H, HCH=); 3.03 (s, 3H, NCH3); 1.82 (s,

3H, CCH3) 13¢ NMR (mixture of E/Z isomers): 146.1 and 145.7 (S, CCl); 137.0 (S, NCCsHs); 134.7 and 133.3 (Dgd, J = 158,
3.5, 3.5, HC=CHjy); 131.5 and 129.9 (S, CCH3); 129.05 and 129.01 (D, J = 159, Cpeta); 119.8 and 119.6 (D, J = 163, Cpara);
117.5 and 115.9 (T, J = 160, CHp); 114.3 and 114.1 (D, J = 156, Cyrtho); 37.6 and 37.1 (@, J = 138, NCH3); 14.4 and 13.6 (Qd, J
= 128, 4.5, CCH3); MS (EI, C2H14CIN (207.7)): m/z = 207 (100%, M*"); 192 (51%, [M-Me]*); 172 (71%, [M-C11*).
5-chloro-1,4-dimethyl-2,3-dihydro-1H-pyrrole (4n)

3.26 ml (35 mmols) of phosphorus oxychloride, 50 pul (0.7 mmol, 0.02 eq.) of N,N-dimethylformamide, 7 ml of dichloromethane,
3.96 g (35 mmols) of 1,3-dimethyl-2-pyrrolidone 1n, 12 hours at room temperature, then the solution of a-chloromethylene-
iminium was added to 44.6 ml (320 mmols, 9 eq.) of triethylamine; yield: 1.46 g (60%) (the product was contaminated with 5% of
triethylamine); colourless liquid; Bp. 45°C (15 torr); IR (CHCly): 1681 (C=CCl); IH NMR: 3.07 (1, J = 8.7, 2H, NCHj); 2.52 (s,
3H, NCH3): 2.37 (1, J = 8.7, 2H, NCHCH3); 1.69 (¢, J = 1.2, 3H, CCHa); 13C NMR: 133.8 (S, CCl); 107.8 (S, CCH3); 54.2
(Tgt,J =139, 4.8, 2.4, NCH3); 39.5 (Q,J = 136, NCH3); 32.4 (Tg, J = 132, 3.5, NCH2CH3); 12.9 (Q, J = 127, CH3C); MS (EI,
CgHoCIN (131.6)): m/z = 131 (60%, M™**); 130 (100%, [M-H}*); 116 (32%, [M-Me]*); 96 (6%, [M-C11%); 95 (18%, [M-HCI}**).
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i I
at room tempemmre then 19.5 ml (14() mmols, 3

LAY Q38,

D
N
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N
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™

dic hane y
eq.) of lnelhylamme yield: 6.1 g (81%); colourless liquid; Bp.
= 5.8, 2H, NCHpy); 2.64 (s, 3H, NCH3); 2.14 (dd, J = 5.7, 5.7, 2H, CMeCHz), 1.74 (s, 3H, CCH3), 1.68—1.59 (m, 2H, CH2),
1.51-1.42 (m, 2H, CHy); 13C NMR: 137.8 (S, CCl); 119.1 (Ssept, J = 6.4, CCH3); 53.6 (Tg, J = 135, 3.3, NCHy); 38.4 (01, J =
135, 3.3, NCH3); 33.4 (Tsept, J = 126, 4, 4, McCCH3»); 27.7 (Tm, J = 127, NCHCH3y); 23.3 (Tquint, J = 127, 4.8,

T T ey P Anor woade crmar emom o E AL - Ty cenor

MCLLHQL H2) MS U::l L8H14L1N (139 03)) m/z = i59 (lUU‘/o, M™7); i44 (DL"YO. IM-Me]7); 131 (‘J% [M—L2H4J""), 130 (3 3%,
[M-C2H51%); 124 (91%, [M-CI1%); 116 (32%, [M-C2H5N]-+).
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Synthesis o-bromoenamines

General procedure

Phosphorus oxybromide, N,N-dimethylformamide and dry dichloromethane were introduced in a three-necked, round-bottomed flask
equiped with a magnetic stirring bar, a pressure-equalising dropping funnel and a reflux condenser. After cooling the flask in an ice-
water bath, a solution of the amide in dry dichloromethane was dropwise added. The resulting mixture was stirred overnight at room
temperature (the reaction was monitored by !H NMR). The flask was again cooled at 0°C and triethylamine was slowly added. The
cooling hath was removed and the mixture was vigorously stirred for 3 hours at room temperature (the reaction was monitored by g
NMR). Low boiling petroleum ether was then added and the mixture was allowed to stand overnight at 4°C. The precipitate of
triethylamine hydrochloride was removed by filtration under argon. The precipitate was washed with petroleum ether. The solvents

were removed under reduced pressure and the residue was purified by distillation,

N-(1-bromo-2-methylprop-1-enyl)-N,N-dimethylamine (9a)
100 g (350 mmols, 1.2 eq.) of phosphorus oxybromide, 450 pl (5.81 mmols, 0.02 eq.) of N,N-dimethylformamide, 100 ml of
dichloromethane, 37.5 ml (33.5 g, 290 mmols) of N,N,2-trimethylpropionamide 1a, overnight at room temperature, then 48.5 ml

(350 mmols, 1.2 eq.) of triethylamine; yield: 42.5 g (82%); RN 73630-93-0; colourless liquid; Bp. 35°C (15 torr); IR (CH)Clp):

1698 (OB L NMBR. 9 21 fc 61 N/COHAYAY ] 80 /c 6H, F((‘I-h\.\ 13¢ NMR: 1404 I(‘vanr J=67, PR ;126 (Ss ept J=
1073 (L=UDi), " VIR 2.0 10 (3, U, n\\,xx_g 2)s 1. L1328 o INAVAIRD wsepl! 120 W s o
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6.5, C(CH3)2); 43.7 (Qq, J = 136, 4.4, N(CH3)2); 21.6 (Qg, J = 128, 4.0, C(CH3)3); MS (EL, CgH 12BN (178.07)): m/z = 177
(22%, M**); 162 (trace, [M-Me]*); 98 (100%, [M-Br]*).

1-(1-bromo-2-methylprop-1-enyl)pyrrolidine (9b)
25 g (87 mmols, 1.25 eq.) of phosphorus oxybromide, 100 pl (1.3 mmols, 0.02 eq.) of N,N-dimethylformamide, 20 ml of
dichloromethane, 10 g (47 mmols) of 1-isobutyrylpyrrolidinc 1b, 1 hour at 0°C, then 24 ml (173 mmols, 2.5 eq.) of triethylamine;

yieid: 8.7 g (6i%); colouriess liquid; Bp. 42°C (0.3 torr); IR (CH,Cl): 1675 (C=CBr); IH NMR: 2.77 (m, 4H, NCHj); 1.87-1.82
(me AL NOU 1790 PRt B alta > SRS K V2!
\fi, 4o, n\,u‘gbuz;, 1.70 \a O, LiLa3)); o NMR: 135.5 {S, bDr). 127.2 \osept, J =64, L(Ll‘l3)2), 51.7 U, J = 140,

NCHy); 24.7 (T, J = 132, NCH)CHy); 21.8 (Qq, J = 124, 4, C(CH3)2); MS (EI, CgH4BrN (204.1)): m/z = 203 (16%, M*"); 202
(5%, [M-H1Y); 124 (100%, [M-Br]*).

»
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N,N-dimethyliformamide, 30 ml of
dichloromethane, 11 g (70 mmols) of 4-isobutyrylmorpholine 1c, 12 hours at room temperature, then 20 ml (143 mmols, 2 eq.) of
triethylamine; yield: 11.3 g (74%); pale yellow liquid; Bp. 43°C (15 torr); IR (CHClp): 1676 (C=CBr); 'H NMR: 3.8-3.7 (m, 4H,
NCHy); 2.62-2.52 (m, 4H, OCHy); 1.82 (s, 6H, C(CH3)7); 13C NMR: 135.6 (S, CBr); 127.6 (Ssept, J = 6.4, C(CH3)3); 65.8 (T,
J =129, OCHy): 51.1 (T, J = 136, NCH3); 21.7 (Q, J = 127, C(CH3)2); MS (EI, CgH14BrNO (220.1)): m/z = 219 (10%, M**);
218 (8%, [M-H]*); 140 (100%, [M-Br]*).

N-(1-bromo-2-methylprop-1-enyl)-N,N-diisopropylamine (9d)
25 g (87.2 mmols, 1.6 eq.) of phosphorus oxybromide, 420 pl (5.4 mmols, 0.1 eq.) of N,N-dimethylformamide, 30 ml of

dichloromethane, 9.32 g (54.4 mmols) of 2-methyl-N,N-diisopropylpropionamide 1e, reflux 3 h, then 16.7 ml (120 mmols, 2.2
eq.) of triethylamine; yield: 9.4 g (74%) ; colourless liquid; Bp. 45°C (0.7 torr); IR (CH,Clp): 2020 (C=C=N*); 1655 (C=CBr); 'H

Ry £ = ATT ATITIN 1 7 7o £LIT rarfal i SR U 1 NL 77 14 -4 1YY ral AT FTY T Y -4 BV AN Pk 5 PN
NMR: 3.32 (sepr, J/ = 6.5, 2H, NCH); 1.72 {5, 6H, C(CH3z)3); 1.06 (d, / = 6.5, 12H, CH{CH3)2); *°C NMR: 135.2 (8, CBr);
1303 (8. C{CH2)1): 502 (D. J = 145. CH(CH2)1): 232 (0. J = 128 C(CHNA) 202 (O J = 130. CH(CH-)4): MS (EI
..... (5, C(CH1a)); 0.2 (D, J 145, CH(CH3)2); 23.2 (Q, J 128, C(CHsj)2): 20.2 (2, J 130, CH(CH3)2) MS (EL
C1oH20BIN (234.17)): m/z = 233 (13%, M**); 232 (7%, [M-H1*); 218 (IM-Mel™); 154 (100%, [M-Br]*).

A, Y [N R R

25 g (87.2 mmols, i.1 eq.) of phosphorus
dichloromethane, 11.9 g (79 mmols) of N,N-dimet ide
mmols, 4 eq.) of triethylamine; yield: 10.7 g (62%); pale yellow liquid; Bp. 41°C (0. 05 torr), IR (CH:;C]?) 1666 (C-CBr)
NMR: 2.3 (5, 6H, N(CH3)2); 2.35-2.25 (m, 4H, CCHp); 1.70-1.45 (m, 6H, CCH2(CH3)3); 13C NMR: 138.1 (Ssept, J = 6.5,
CBr); 132.7 (S, CCH»y); 41.8 (Qq, J = 135, 4.2, N(CH3)p); 32.2 (T, J = 125, CCHy); 27.2 (T, J = 127, CCH7CH3); 26.5 (Tquint,

J =127, 4.7, C(CH2)2CHy); MS (EI, CoH¢BrN (218.13)): m/z = 217 (20%, M**); 138 (100%, [M-Br]*).

0.
r|'mnth\!lr‘\rr‘lnhpvnnnr‘nrhnvnm;d
(411 i 101N H amiga

N-(1-bromo-2-methylbuta-1,3-dienyl)-N,N-dimethylamine (9f)

12.5 g (43.6 mmols, 1.1 eq.) of phosphorus oxybromide, 55 pl (0.7 mmol, 0.02 eq.) of N,N-dimethylformamide, 15 ml of
dichloromethane, 5 g (39.4 mmols) of N,N-dimethyltiglamide 1k, 2 hours at 0°C, then 10 ml (72 mmols, 1.8 eq.) of triethylamine;
yield: 1.8 g (24%); pale orange liquid; Bp. 30°C (0.1 torr); IR (CH3Clp): 1825 (H2C=C); 1630 (C=CBr); IH NMR: 7.15 (dd, J =

inG 1T e 1 ~rT 530 (dd. J = 17.6. 3.1. 1H. HCH=CH): 5.15 ( 1AG 11T UL LN, » 2 (e £1T N1l
10.9, 17.6, 1H, CHp=CH); 5.29 (dd, J = 17.6, 3.1, 1H, HCH=CH); 5.15 (d, J = 10.9, iH, HCH=CH); 2.36 (s, 6H, N(CH3)2);
100 (¢ A OO A l3r" NMR: 1481 (C (R 1240 (D T = 150 HAC=CHY 1974 (S CCH2Y 1146 (DD T = 155 157
.7\ \J, LR, \,\_,lls INIYEEN. 1*rs.1 \u, \4”]}, LI .7 \LI,J — 1Jd 7, 114\/—\411}, L& d T ANy \J\dllj}. 1177V L7, v LWy LTSy
H,C=CH); 43.5 (Qq, =136, 4.4, N(CH3)p); 15.6 (Qd, J = 128, 4.4, CCH3); MS (EI, C7H2BrN (190.08)): m/z = 189 (68%,

M*%y; 174 (32%, [M-Mel*); 110 (100%, [M-Br]*).
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