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Multistep nueleophilie substitution of the halogen atom in 2-halo-2-alkenals 
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ipso-Substitution of the halogen atom in 2-halo-2-alkenals under the action of secondary 
amines proceeds via three consecutive steps: addition, nucleophilic substitution, and 13-elimi- 
nation (the AdN--SN--E mechanism). The main intermediates arising in the reactions of 
2-chloropropenal and 2-chloro-2-butenal with piperidine were detected by NMR spectros- 
copy. A general scheme of the reaction is proposed. 
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For  nucleophi l ic  vinylic substi tution in olefins in 
which the leaving group is located in the [3-position with 
respect to the activating group, 1-3 about 30 variants of  
the mechanism have been suggested. 4 React ions of  the 
SNvin type in haloolefins in which the activating and 
leaving groups are at tached to the same C atom have 
been substantial ly less studied (see Refs. 5 and 6). The 
most reactive substrates incorporat ing a formyl group in 
the gem-position with respect to the halogen atom, 
namely,  R " ( R ' ) C = C X i C H O ,  have been studied only 
by French researchers 7-9 and by us. 5,10,11 It has been 
suggested that  replacement  of  the halogen in c,-halocro- 
tonaldehydes  occurs by an A d N i S N - - E  mechanism and 
yields derivatives of  a -aminocro tona ldehyde .  !1 Taking 
into account  recently published data, 12,13 we studied in 
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detail the reactions of  2-chloro-2-butenal  and 2-chloro-  
propenal  with piperidine; the results obtained were ex- 
tended to the whole class of  2-halo-2-alkenals .  

Previously we reported 5,1°A2 that 2-ha lo-2-a lkenals  
1 react with secondary amines, giving, along with the 
products of  ipso-substitution of the halogen atom, a 
number  of  side products resulting from anhydroconden-  
sation and fragmentation (Scheme 1). 

The diversity of  the reaction products that were in 
most cases isolated in a pure state indicates that the 
ipso-substitution of the halogen atom in 2-halo-2-alkenals  
is a rather complex process. One may assume a priori 
that the primary attack by the amine on 2-chloro-  and 
2-bromo-2-alkenals  1 (X = CI or Br) is directed at 
either of  the two electrophilic centers of  the substrate, 
viz., the 13-C(sp 2) atom (Scheme 2, pathway a) or the C 
atom of  the carbonyl group (Scheme 2, pathway b). In 
the case of 2-f luoro-2-alkenals  1 (X = F) the at tack 
may be directed at the carbon atom of  the carbonyl 
group (pathway b) or the olefinic C atom, bound to the 
leaving group (Scheme 2, pathway c). 13 
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The high reactivity of  the formyl group determines 
the characteristic features of  the formation of unsatur- 
ated aminoaldehydes 2 and makes it possible to explain 
the diversity of  the side products, which have not been 
observed with c~,13-unsaturated ketones, esters, or nitriles 
of carboxylic acids. 

By means of  N M R  monitoring we detected several 
main intermediates arising in the reactions of  2-chloro- 
propenal la  (X = CI) and 2-chloro-2-butenal lb (X = 
CI) with piperidine. Combination of  the results of  the 
present and previous studies allowed as to assume a 
general scheme of  nucleophilic substitution of  the halo- 
gen atom in 2-halo-2-alkenals 1. A complete interpreta- 
tion of the reaction mechanism is hampered due to the 
absence of  kinetic data; however, the sequence" of trans- 
formations is quite obvious. It includes conjugated addi- 
tion of the amine to the C = C - - C = O  system of multiple 
bonds (Scheme 3, a), replacement of  the halogen at the 
C(sp 3) atom of  the adduct arising in the first step 
(Scheme 3, b), and elimination of  amine (Scheme 3, c) 
giving the product of  ipso-substitution 2. 

The first intermediate of  the reaction of  compound 
lb (X = C1) with piperidine that we were able to detect 
at 5 °C is semiaminal 7b (X = CI, N R  2 = N(CH2)5). 
Its structure is evidenced by the fact that the doublet 
corresponding to the methyl group and the quartet of  
the methine proton are retained in the I H N M R  spectra 
and that these signals are substantially shifted upfield 
(1.04 and 2.82 ppm in semiaminal 7b and 1.44 and 
5.88 ppm in the starting aldehyde lb, respectively), as 
well as by disappearance of  the signal of  the aldehyde 

proton and simultaneous appearance of  a doublet asso- 
ciated with the proton of  the semiaminal group (6 4.45). 
The semiaminal 7b readily undergoes nucleophilic sub- 
stitution of  the CI atom affording the diamino-substi- 
tuted analog 8b (NR 2 = N(CH2)5). When the tempera- 
ture is increased to 25 °C, the latter participates in 
several parallel reactions, among which the removal of  
the semiaminal protection with regeneration of  the alde- 
hyde group predominates. The 2,3-dipiperidinobutanal 
9b (NR 2 = N(CH2)5) thus formed exists as a mixture of  
two diastereomers 9A and 9B, due to the presence of  
two chiral centers, ill the molecule. The chemical shifts 
of the protons of  the aldehyde, methyl, and cc-methine 
groups in the IH N M R  spectra of  isomers 9A and 9B 
differ by 0.03--0.42 ppm. The substantial difference 
between the chemical shifts of  the ~-methine protons of 
the isomers (-1 ppm) can be explained by anisotropic 
effect of  the aldehyde group. Previously we observed an 
equally essential difference between the chemical shifts 
of the [3-methine protons in the case of  E- and Z-isomers 
of  2-chloro- 3-piperidino- 1-trimethylsiloxy- l-bntene.  14 
By the subsequent B-elimination of  the amine molecule 
diaminoaldehyde 9b is converted into the final product, 
2-piperidino-2-butenal 2b (NR 2 = N(CH2)5). The fact 
that anti-elimination is preferred, makes it possible to 
suggest that diastereomer 9A yields aminoaldehyde Z-2b, 
and 9B gives E-2b. 

The dynamics of  variations and the character of  sig- 
nals in the IH N M R  spectra indicate that the reaction of 
2-chloropropenal la  (X = CI) with piperidine includes a 
similar sequence of  transformations. However in the lat- 
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ter case, unlike the reaction of 2-chloro-2-butenal lb 
(X = C1), the initially formed semiaminal 7a (X = C1) is 
predominantly dehydrated to give 2-chloro-l ,3-di-  
piperidinopropene 5a (X = C1, NR 2 = N(CH2)5). The 
formation of c~-piperidinoacrolein 2a (NR 2 = N(CH2)5) 
by nucleophilic substitution of the CI atom followed by 
amine elimination proves to be a minor process. 

In neither of these cases we could elucidate the 
nature of the product of addition of one equivalent of 
amine to 2-halo-2-alkenal 1, because semiaminal 7 is 
produced almost instantaneously. Nevertheless, some 
facts indirectly attest to the primary 1,4-addition of the 
nucleophile. First, when the N-trimethylsilyl derivative 
of secondary amine 10 is used as the nucleophile in the 
reaction with 2-halo-2-alkenals 1, the process can be 
stopped in the stage where the 1,4-adduct, trimethylsilyl 
ether 11, is formed (the yields are quantitative). 14,15 

R'--CH~CX--CHO + Me3SiNR 2 
1 10 

R 'C H ( N R 2 ) - - C X = C H - - O S i M e  3 

11 

R" = H, Me, Ph; X = CI, Br; NR 2 = N(CH2) 5, N(CH2CH2)20 

Second, in the case of the primary attack by the 
amine on the carbonyl group, the activity of the double 
bond should dramatically decrease; accordingly, the sub- 
sequent addition of the second equivalent of the amine 
would be hampered. Special experiments have shown 
that 2-halo-2-alkenal acetals are only slightly reactive 
toward secondary amines. For example, acetal of 
c~-bromoacrolein CH2=CBr--CH(OEt) 2 does not react 
with a fivefold excess of diethylamine in benzene even 
on prolonged heating in a sealed ampule (130 °C, 20 h). 5 
The low mobility of the halogen atom in acetals of 

~x-halo-cq[3-unsaturated aldehydes is also indicated by 
other data. 1~ 

Third, the inertness ofl3,13-diphenyl-c~-chloroacrolein 
with respect to piperidine is easily explained by steric 
factors: the two phenyl groups hamper the attack by the 
nucleophile on the 13-C atom of the double bond. This 
conclusion is in good agreement with the reported 15 
regiospecific 1,2-addition of N-trimethylsilylpiperidine 

- 10 (NR 2 = N(CH2)5) to c~-chloro-13,13-diphenylacrolein 
I f  (X = El). 

Some facts that we have found in a study of the 
reaction of 2-halo-2-alkenals with secondary amines 
can be accounted for in the framework of the scheme 
suggested. 12 In all probability, the key intermediates of 
these reactions are semiaminals of c~-halo-13-avnino- and 
a,~-diaminoaldehydes 7 and 8, whose further transfor- 
mations depend on both the nature of the 13-substituents 
in the substrate and the type of nucleophile. 

Along with the recovery of the aldehyde group from 
semiaminal 8, nucleophilic attack on the C(3) and C(I) 
centers bearing partial positive charges is also possible. It 
yields fragmentation products: either substituted 
1,2-diaminoethene 4 and the corresponding carbonyl 
compound 3 or formamide 6 (the nature of the second 
product of this fragmentation reaction is unknown). It is 
natural to expect that in the case where two methyl 
groups are present in the 13-position, steric hindrance 
would lead to a change in the ratio between the two 
fragmentation reactions toward the formation of for- 
mamide 6 (see Scheme 1). This assumption was con- 
firmed experimentally: on going from 2-chloro-2-butenal 
lb (X = CI) to its 13-methyl-substituted homolog ld 
(X = C1), the yield of formamide 6 increases by a factor 
of 15.12 

The sequence of transtbrmations suggested makes it 
possible to interpret the specific behavior of pyrrolidine, 
which reacts with compounds la (X = CI) and lb (X = 
C1) exclusively by a pathway of 1,4-anhydrocondensation 
yielding 2-chloro-l,3-dipyrrolidinopropene 5a (X = 
CI, NR 2 = N(CH2) 4) and 2-chloro-l,3-dipyrrolidino- 
1-butene 5b (X = Cl, NR 2 = N(CH2)4), respectively. 5,1° 
Being the most basic and the least sterically hindered 
among all of the amines used, pyrrolidine acts as an 
efficient acceptor of the proton from the C atom of 
semiaminal 7 bound to chlorine. The subsequent elimi- 
nation of the hydroxyl group gives olefin 5. 

In terms of this scheme, the increase in the yield of 
c~-morpholinocrotonaldehyde 2b (NR 2 = N(CH2CH2)2 O) 
with the appreciably more basic triethylamine being used 
as the HCI acceptor is readily explained.17 

Thus, the interaction of 2-halo-2-alkenals 1 with 
secondary amines is not merely nucleophilic substitu- 
tion. This is experimentally confirmed by the formation 
of various reaction products, which is readily explained 
in terms of the general scheme of transformations sug- 
gested by us, which includes the three main steps: 
AdN--SN--E. 
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Exper imenta l  

The N MR monitoring of tile reaction of 2-chloro- 2-butenal 
with piperidine was carried out using a Varian VXR-500S 
spectrometer (500 MHz). The reaction was carried out with 
equimolar quantities of  the reactants in C6D 6. The same 
reaction carried out with a twofold amount of piperidine (in 
THF-d8) and the reaction of 2-chloropropenal with piperidine 
(ill C6D 6 and at a 1 : 2 ratio between the reactants) were 
monitored on a Bruker WP-200SY instrument (200 MHz). 
HMDS was used as the internal standard. Signals of the 
intermediates were assigned using 2D-NMR methods: COSY, 
RELAY, and TOCSY. 

2-Chioropropenal ( la ,  X = CI) and 2-chloro-2-butenal 
(lb, X = CI) were prepared by chlorination of the correspond- 
ing ~,]3-unsattlrated aldehydes with subsequent dehydrochlori- 
nation (see Ref. 18). 

2-Chloro-2-butenal ( lb,  X = CI). IH NMR, 5:1 .44 (d, 
Me, J =6 .8  Hz); 5.88 (q, C H = , J  =6 .8  Hz); 8.82 (s, CHO). 

2-Chloro-l-hydroxy-l ,3-dipiperidinobutane (7b, NR z = 
N(CH2)5, X = CI). tH NMR, 5:1.04 (d, Me, J = 5.6 Hz); 
2.82 (dq, MeCH, JH(2).H(3) = 3.7 Hz, JH(3),H(4) = 5.6 Hz) 
4.05 (dd, CHCI, JHp H(3) = 3.7 Hz, JH(I).H(2) 7.3 Hz); 
4.45 (d, CH(OI-I)N(~2z~?)5, J = 7.3 Hz). 

I-Hydroxy-1,2,3-tripiperidinobutane (8b, NR 2 = N(CH2)5). 
tH NMR,  6 : 0 . 9 8  (d, J =  6.6 Hz); 2.60 (dq, MeCH, 
Jta~*~m3~ = 6.9 Hz, JH~3~H<4) = 6.6 Hz); 3.70 (dd, 
CH'N'(CH2)5,  JH{1)H(2) = 8.7'Hz, JH(2)H(3) = 6.9 Hz); 4.48 
(d, CH(OH)N(CH2) 5, J = 8.7 Hz). ' 

2,3-Dipiperidinobutanal (9b, NR 1 = N(CH2)5). I H NMR, 
6: the first diastereomer: 0.89 (d, CH 3, J = 6.6 Hz); 2.95 (dq, 
MeCH JH'3" 1-1{4) = 6.6 Hz); 2.58 (dd, CHCHO,  JH{I},H{?) = 

-- '  t. t d 5.4 Hz) 9.6~ ( , CHO, J = 5.4 Hz)i the second diastereo- 
mer; IBI (d, Me, J = 6.6 Hz); 3.98 (dq, MeCH, JHt3),H(4) = 
6.6 Hz, JH~3~ H ~  = 8.7 Hz); 2.6l (dd, CHCHO,  JN~n a ~  = 

i " . . . . .  = . : . , - ,  = . L 

(THF-ds), 8: E-isomer: 1.59 (m, [3-, 'f-CH2): 1.99 (d, Me, J = 
7.0 Hz); 3.01 (m, a-CH2): 6.17 (q, CH =, J = 7.0 Hz); 9.30 
(s, CHO); Z-isomer: 1.59 (m, [3-, 7-CH2); 2.05 (d, Me, J = 
7.8 Hz); 2.75 (m, ct-CH?); 5.60 (q, CH =, J = 7.8 Hz); 9.85 
(s, CHO). 

2-Chloropropenal ( ta ,  X = CI). IH NMR, 8:5.46 (dd, 
CH, =, 2J = 2.0 Hz, 3j = 18 Hz); 8.68 (s, CHO). 

2-Chloro-l-hydroxy-l,3-dipiperidinopropane (7a, NR 2 = 
N(CHz) 5, X --- CI). IH NMR,  8:2.96 (t, CH 2, J = 5.9 Hz); 
3.90 (dt, CHCI, JH(2).H(3) = 5.9 Hz, J I ~ = 8.8 Hz); 
4.37 (d, CH__(OH)N(CH2) s, J = 8.8 Hz). H(),H(,) 

2-Chloro-l,3-dipiperidinopropene (5a, NR 2 = N(CH2)5).  
IH NMR, 8:2.96 (s, CH2); 5.74 (s, CH=).  

T h e  work  was carr ied out  with f inancial  suppor t  o f  
the In te rna t iona l  Sc ience  F o u n d a t i o n  ( G r a n t  R L F  000). 

References 

1. Z. Rappoport, Adv. Phys. Org. Chem., 1969, 7, 1. 
2. G. Modena, Acc. Chem. Res., 1971, 4, 73. 
3. B. A. Shainyan, Usp. Khim., 1986, 55, 942 [Russ. Chem. 

Rev., 1986, 55 (Engl. Transl.)]. 
4. Z. Rappoport, Rec. Trav. Chim. Pays-Bas, 1985, 104, 309. 
5. A. Yu. Ruler, Ph. D. Thesis (Chem.), Irkutsk State Uni- 

versity, Irkutsk, 1988 (in Russian). 
6. B. A. Shainyan, J. Phys. Org. Chem., 1993, 6, 59. 
7. J. L. Klein and J. C. Combret, Bull. Soc. Chim. Fr., 

1983, Part 2, 28. 
8. L. Wartski, Bull. Soc. Chim. Fr., 1975, 1663. 
9. Y. Gelas-Miathe, R. Hierle, and R. Vessi~re, J. Heterocycl. 

Chem., 1974, 11, 347. 
N. A. Keiko, A. Yu. Rulev, I. D. Kalikhman, and M. G. 
Voronkov, Synthesis, 1989, 446. 

11. N. A. Keiko, A. Yu. Rulev, I. D. Kalikhman, and M. G. 
Voronkov, lzv. Akad. Nauk SSSR, Ser. l<him., 1987, 1801 
[Bull. Acad. Sci. USSR, Div. Chem. Sci., 1987, 36, 1668 
(Engl. Transl.)]. 

12. A. Yu. Rulev, N. A. Keiko, and M. G. Voronkov, Izv. 
Akad. Nauk, Set. Khim., 1996, 135 [Russ. Chem. Bull., 
1996, 45, 125 (Engl. Transl.)]. 

13. A. Yu. Rulev, A. S. Mokov, L. B. Krivdin, N. A. Keiko, 
and M. G. Voronkov, Zh. Org. Khim., 1995, 31 [J. Org. 
Chem., 1995, 31 (Engl. Transl.)]. 

14. A. Yu. Rulev, T. A. Kuznetsova, A. S. Mokov, L. V. 
Sherstjannikova, N. A. Keiko, and M. G. Voronkov, Tetra- 
hedron, 1995, in press. 

15. M. G. Voronkov, N. A. Keiko, T. A. Kuznetsova, I. D. 
Kalikhman, and A. Yu. Rulev, Metalloorg. Khim., 1989, 2, 
306 [Organomet. Chem. USSR, 1989, 2, 142 (Engl. Transl.)]. 

16. M. Naftali, Bull Soc. Chim. Fr., 1937, 4, 333. 
17. Tablitsy konstant skorosti i ravnovesiya geteroliticheskikh 

organicheskikh reaktsii [Tables of Rate and Equilibrium Con- 
stants of Heterolytic Organic Reactions], Ed. V. A. Pal 'm,  
2(1), Moscow, 1976 (in Russian). 

18. I. V. Andreeva, M. M. Koton, A. N. Akopova, and N. V. 
Kukarkina, Zh. Org. Khim., 1975, 11, 954 [J. Org. Chem. 
USSR, 1975, 11 (Engl. Transl.)]. 

10. 

Received April 4, 1995 


