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Thermal Reactions of MAcyl Phenylcyclobutylimines 
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Hash vacuum thermolysis ofthe parent and phenyl substituted N-acyl cyclobutylimines 3 was under in- 
vestigation. At 500 "C and 0.01 tom, 3d with phenyl group on C- 1 and 3e with phenyl group on C-2 of cy- 
clobutane ring underwent ring expansion processes to produce N-acyl 1,2,3,4-retrahydropyridines 8d and 
8e. Meanwhile the parent N-acyl cyclobutylimines 3a together with the phenyl group on C-3 (3c) and imine 
carbon (3b) proceeded a hydrogen shift reaction to afford N-acylaminomethylenecyc~obutanes $a-c. In  ad- 
dition, cycloreversion competed with ring expansion or hydrogen shift in all cases. 

INTRODUCTION 

The thermal ring expansion of vinylcyclobutancs 
yielded cydohexenes. Moreover, cycloreversion to alkenes 
competed with this remangement."1° The free energy of 
activation energies (AG*, 286 "C) for the ring expansion 
(46.6 kcallmol) and for cycloreversion (46.1 kcallmol) were 
comparable. At high reaction temperature, the population 
of cycloreversion products would be raised due to substan- 
tial increase of the entropy factor. Not only the temperature 
but also the solvent and the structure of the vinylcyclobu- 
tanes affected the ratio of ring expansion and cyclorever- 
sion. 

Six-membered-nitrogen containing heterocycles are 
unportant intermediates in alkaloid synthesis. They can bc 
synthesized by the Diels-Alder reaction of N-acyl I-azadi- 
enes and alkene"-'3 as well as dienes andimine~. '~ ' '~  In con- 
nection with our earlier work on the ring expansion of N- 
acyl cyclopropylimines I to 2-pyrrolines 2,16 the andogous 
reaction of the N-acyl cyclobutylimine 3a as a synthetic 
route to I ,2,3,4-tetrahydropyridine 4 is now investigatcd 
(Scheme I). The acyl group on the imine nitrogen serves to 
lower rbe activatioii energy of the process due to the forma- 

tion of the arnide functionality in the product and to stabilize 
the enamine derivative because endocyclic enamine without 
substituents on the double bond are extremely reactive." 
We describe herein the thermal reaction of N-acy1 cy- 
clobutylimines and the substituent effect of the phenyl 
group. 

RESULTS AND rmcussm 

N-acyl cyclobutylimines 3 were generated via flash 
vacuum thermolysis (FVT) of N, 0-bis(methoxycw- 
bonyl)cyclobutylhydroxylamJnes 7 by the thermal elimina- 
tion of methanol and carbon dioxide. This FVT technique 
would be used to both prepare the reactive N-acyl imines 
and to induce the subsequently thermal reaclions (Scheme 
111). The diacylated hydroxylamines 7, were accessible 
from corresponding cyclobutanecarboxaldehydes Sa, 5c-e 
or ketone 5b. Treatment of the aldehydes or ketone 5 with 
hydroxylamine gave the oximes 6. Reduction with borane- 
pyridine complex followed by acylation with methyl chloro- 
formate afforded the desired cyclobutylimine precursors 7. 
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Then, the Parent molecule 7a was sent to FVT tube at 
500 "C and 0.01 tom. According to GC-Ms analysis, none of 
the ring expansion product was formed, instead, an 
enamide, (N-methoxycarbony1amino)methylenecyclobu- 
tane @a), was isolated in 43% yield. Compound 8a is the 
product of hydrogen shift from the position a to the imine. 
Similar results were obtained for 7b, phenyl substituent on 
imine carbon, and 7c, phenyl substituent on C-3 of the cy- 
clobutane ring. The FVT of 7h and 7c afforded enamides 8b 
and 8c  in 38% and 10% yield, respectively. 
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The hydrogen shift reaction of the N-acyl imines 3a-c 
to more stable enamides 8a-c occurs in the gas phase uni- 
molecularly. Although this isomerization is a known trans- 
formati0n,l8 the actual mechanism is obscure. The ther- 
mally forbidden suprafacial 1,3-hydrogerr shift pathway" 
can be avoided by using the orbital involved with nitrogen 
lone pair electrons (Scheme IV, Path 1). Alternatively, a 
1,S-hydrogen shift involving the carbonyl TC bond could oc- 
cur to give, initially, the imide 10 followed hy tautomeriza- 
tion to the enamide 8 (Scheme IV, Path 2). This kind of re- 
action is not found in the rearrangement of vinylcyclobu- 
m e ,  suggesting that nitrogen or acyl substitution plays an 
important role in the hydrogen shift reaction. 

In addition, styrene, one of the cycloreversion prod- 
ucts, was also isolated in 44% yield for the FVT of 7c. 
However, we have not been able to identify unequivocally 
Ihe second fragment, N-acyl 1 -azadiene 9, of fhe cyclorever- 
sion process. The azadiene 9 which belongs to the unstable 
N-acyl imine, probably decomposed or polymerized into un- 
purified compounds under high temperature. Therefore, the 
phenyl group on C-3 of the cyclobutane ring caused the ther- 
mal cycloreversion prior to the hydrogen shift. Even though 
ethene was not detected either because of the volatility, we 
believe the cycloreversion reaction in the FVT of 7a and 7b 
still took place. Based on the above results, we conclude 
that ring expansion of N-acyl cyclobutylimines 3a-c can not 
compete with hydrogen shift and cycloreversion. 

We have observed that the ring expansion reaction can 
be accelerated by suitable subst i t~ents . '~  For example, 
placement of a phenyi or an acyl substituent on the cyclo- 
propane ring resulted in successful ring expansion. Conse- 
quently, &he phenyl group substituted on C-1 or C-2 of h e  
cyclobutane ling was prepared. Evaporation of 7d with the 
phenyl group on C-1 and 7e with the phenyl group on C-2 
through the FVT tube produced the ring expansion products, 
N-acyl 1,2,3,4-tetrahydropyridines 8d and 8e, in 12% and 
13% yield (Scheme V). In the latter case, styrene was found 
in 38% yield, suggesting that cycloreversion proceeded 
preferably to ring expansion. The phenyl substituent on C- 1 
(7d) apparently suppressed the occurrence of hydrogen 
shift. Furthermore, no hydrogen shift product was detected 
after Ihe FVT of 7e indicated that phenyl group on migrating 
C-C d bond has the ability to stabilize the formation of the 
diradical intermediate l l a ,  which may have a somewhat 
zwitlerionic character l l b  because of the presence of the ni- 
trogen heteroatom (Scheme VI). This intermediate 11 un- 
derwent ring expansion or cycloreversion reactions immedi- 
ately. Although the mechanism of all carbon vinylcyclobu- 
tane has been the focus of a number of studies, disagreement 
persists regarding the mechanistic routes (coiicerted or step- 
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Scheme VI 
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wise) a% well as the best electronic description of the transi- 
tion shtc. We believe the reaction mechanism may be sensi- 
tive to substitucnt. 

In summary, the products for the FVT of N-acyl cy- 
clobutyiimincs 3 were formed by three pathways: (1) cy- 
clorcversion to N-acyl I-iuzadienes and alkenes; (2) hydro- 
gen shift to N-acylaminornethylenecycyclobutanes; (3) ring 
expansion to N-acyl 1,2,3,4-tetrahydropyridines. The 
phenyl group on C- 1 or C-2 of cyclobutane ring, e.g. 3d and 
3e, did accelerate the ring expansion reaction whereas the 
parent N-acyl cyclobutylimine 3a and the phcnyl group on 
(2-3 (3c) or iminc carbon (3d) proceeded the reactions of hy- 
drogcn shift. The isolation of styrene supported that cy- 
clorevcrsion would accompany ring elrpansion or hydrogen 
shift. 

EXPERlMENT SECTION 

General 
IK spectra were recorded as either thin films or solid 

dispersions in KBr. NMR spectra were recorded on 200 or 
400 MIIz spectrometers; all chemical shifts are reported in 
pprn from tetramethylsilane as an internal standard. MS 
spectra werc recordcd on a direct inlet system. Column 
chromatography was carried out using silica gel (70-230 
mesh). Cyclobutyl phenyl ketone (5b) was obtained com- 
mercially (Aldnch Chemical Co.). 1 -Phenylcyclobutane- 
carboxaldehyde (5d) was prepared from 1 -phcnyIcyclobu- 
tiinccilrbonitrile20 hy lhe DIBAL-H reduction.2' Cyclobu- 
tanecarboxaidehydes Sa, 5c and 5e were prepaed from the 
corresponding cyclobutanecarhoxylic acid by the rcducwon 
with lithium aluminum bydride" followed by the oxidation 
with pyridinium chlor~chromate;~~ 2-phenykyclobutane- 
carboxylic acid" and 3-phcnylcyclobutanecarboxylic acidZS 
were yielded using proccdures similar to those previously 
described in rhe literature. 

General Procedure for the Preparation of Oximes 
Sodium carbonate (0.80 g, 7.5 mmol) was added to a 

solution ol'hydroxylamine hydrochloride (1.04 g, 15 mmol) 
in a minimum amount olwater. Thc cyclobutanecarboxat- 
dehyde 5a or 5c-e or cyclobutyl phenyl ketone (Sh) (I0 

mmol) in 3 mL of 95% ethyl alcohol was added to the aque- 
ous solution and stirred at room temperature for 2 h. The re- 
sulting mixture was extracted with ethyl acetate. Thc com- 
bined extracts were washed with saturated sodium chloride 
solution, dried over anhydrous magnesium sulfate, and con- 
centrated in vucuo. Pure oxime 6 was purified by column 
chromatography over silica gel using EtOAdhexane ( 1  :S) as 
eluent. Generally this procedure produced an isomeric mix- 
ture of syn and anti oximes. This syn and anri mixture was 
not separated and was used for the further reaction. 

Cyciobutanwrboxaldoxime (6a) 
Yield 92%; IR (film) 3250, I650 cm-'; 'H NMR 

(CDC13) 6 1.8-2.4 (m, 6H), 3.0-3.2 (m, 1H of unri isomer), 
3.6-3.8 (m, IH of syn isomer), 6.81 (d, 1H of syn isomer, J =  
6 Hz), 7.47 (d, 1H of anti isomer, .J = 7 RL), 8.0- 10.0 (br S, 

IH); MS m/z (relative intensity) 98 (5, [M-HI'), 82 (60),71 
(loo), 67 (43), 55 (74); HRMS Cakd for CsHsNO 98.0606, 
[M'-HI. Found 98.0606. 

Cyclobutyl Phenyl Ketoxime (6b) 
Yield 90%; IR (film) 3240, 1640 cm-'; 'H NMR 

(CDCI3) 6 1.7-2.4 (m, 6H), 3.46 and 3.9 1 (q', 1H of syn and 
anti isomers, J =  9 Hz), 7.3-7.5 (m, 5H), 9.0-10.0 (br s, t H); 
M S d z  (relative intensity) 175 (10, M'), 158 (55) ,  143 (28), 
130 (431, 104 (loo), 77 (57); HKMS Calcd for C I ~ H I ~ N O  
175.0997, [MI'. Found 175.0996. 

3-Phenylcyclobutanecarboxaldoxime (6c) 
Yietd 86%; IR (film) 3252, 1603 cm-I; IH NMR 

(CDCIJ) 6 2.1-3.8 (m, 6H), 6.857.23, 7.54 and 7.79 (d, 1H 
of four isomers, J =  6 FIz), 7.2-7.5 (m, 5H), 7.8-9.8 (hr s, 
1W); MS m/z (relative intensity) 175 (7, M'), 158 (9), 115 
(7). 104 (loo), 91 (14), 78 (16), 77 (12); HKMS CaIcd for 
GIH,3NO 175.0997, [MI'. Found 175.0994. 

I-Phenylcyclohutanecatboxaidoxime (6d) 
Yield 86%; IR (film) 3260. 1660 cm']; 'H NMK 

fCDC13) 13 1.9-2.8 (m, 6H), 7.1-7.5 (m, SH), 7.63 (s, I W ,  
8.5-9.5 (br s, lfl); MS d z  (relative intensity) 175 (10, M'), 
158(55), 146(46), 130(100), 129(100), 115 (41), 103(60), 

125.9, 126.4, 128.4, 145.0, 155.9; HRMS Calcd for 
CIIHI3NO 175.0997, [MI'. Found 175.0996. 

91 (84), 77 (73); "C NMR (CDCh) 6 16.1, 31.4, 47.8, 

2-Phenylcyclobutanecarhoxaldoxime (6e) 
Yield 8470; IR (film) 3250, 1600 cm-'; 'H NMR 

(CDCI,) 6 2.0-2.6 (m, 4H), 3.1-4.1 (m, 2H), 6.63, 6.87 *and 
7.56(d, lIIof(hreeisomers,J=7Hz),7.1-7.5(rn,5H),1.S- 
9.0 (br s, IH); MS d z  (relative intensity) 175 (2, M+), 158 
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(4), 129 (6) ,  104 (loo), 91 (14), 78 (13); HRMS Calcd for 
CIIH13N0 175.0997, EM]'. Found 175.0998. 

General Procedure for the Preparation of Diacylated 
Hydroxylamines 

A mixture of cyclobutyl oxime 6 (5 mmol) and borane- 
pyridine (0.93 g, 10 mmol) in 8 mL of 95% ethanol was 
maintained at 0 "C. Then, 7.5 mL of 10% HCl solution was 
added over a 20 min period with vigorous mixing, and the 
mixture was stirred for 20 min at n. Next, the solution was 
cooled to 0 'C, and NaOH pellets were carefully added until 
pH > 10. The mixture was extracted with etner. The com- 
bined organic layers were dried over anhydrous MgS04 and 
concentrated in vacua to a volume of 50 mL. Triethylamine 
(1.01 g ,  10 mmol), then methyl chloroformate (0.95 g, 10 
mmol) were added dropwise to the elher solution at 0 "C. 
After stirring at rt for 2 h, the solution was acidified with 
10% HCI solution. The ether layer was dried over anhy- 
drous MgS04 and concentrated in vacuo. The product was 
purified by column chromatography over silica gel eluting 
witn EtOAc/hexane ( 1 :5)  to yield diacylated hydroxylamine 
7 as a colorless liquid. 

N,O-Bis(methoxycarbony I)-N-(cyclobutylmeth y1)hy- 
droxylamine (7a) 

Yield 59%; IK (film) 1794, 1736 cm-'; 'H NMR 
(CDCl,) S 1.7-2.1 (m, 6H), 2.63 (septet, IH, J =  7 Hz), 3.66 
(d, 2H, J = 7 Iiz), 3.77 (s, 3H), 3.90 (s, 3H); I3C NMR 

MS d z  (relative intensity) 217 (5, M'), 173 (15), 118 (71), 
105 (60), 91 (30), 59 (100); HRMS Calcd for CgHIsN05 
217.0950, [MI'. Found 217.0950. 

(CDCl,) F 18.2, 25.9, 33.1, 53.4, 55.4, 55.9, 154.6, 156.1; 

N, O-Bis(methoxycarbony1) -N-[(phenyl)(cyclopropyl)- 
methyi]hydroxylamine (7b) 

Yield 60%; IR (film) 1800, 1730 cm-I; 'H NMR 
(CDCl,) 6 1.6-2.3 (m, 6H), 2.8-3.3 (br s, lH), 3.74 (s, 3H), 
3.82(brs ,3H) ,5 .14(brd,2H,J= 11 Hz),7.2-7.4(m,5H); 

128.0, 128.3, 128.4, 136.8, 154.5, 156.6; MS d z  (relative 
intensity) 293 (1, M+), 238 (791, 145 (78), 104 (57), 91 
(loo), 77 (29), 59 (32). Anal. Calcd for ClsHl9NOs: C, 
61.42; H, 6.53; N, 4.78. Found: C, 61.56; H, 6.61; N, 4.76. 

I3C NMR (CDC13) S 17.5,25.8,26.6, 35.5,53.6, 55.9,69.0, 

N, O-Bg(methoxycarbonyl)-N-[ (3-phenylcyclopropy1)- 
methyl]hydroxylamine (7c) 

Yield 74%; IR (film) 1797, 1736 cm-I; 'H NMR 
(CDCh) 6 1.8-2.7 (m, 5H), 2.3-3.7 (m, 1 H), 3.69 and 3.88 
(d, 2I-I of cis and trans isomers, J = 7 Hz), 3.79 and 3.82 (s, 

3H of cis and trans isomers), 3.92 (s, 3H), 7.1-7.4 (m, 5H); 
MS m/z (relative intensity) 293 (10, M'), 218 (7), 131 (1.51, 
104 (loo), 91 (25), 77 (10). 59 (26). Anal. Calcd for 
C15H~~N05: C, 61.42; H, 6.53; N, 4.78. Found: C, 61.19; H, 
6.73; N, 4.87. 

N,O-Bis(methoxycarhony1)-N- [ (1 -pheny lcycloprop yl)- 
methyl]hydroxylamine (7d) 

Yield 64%; 1R (film) 1790, 1730 cm-'; 'H NMR 

(s, 2H), 7.1-7.4 (m, 5H); "C NMR (CDCb) 6 15.4, 30.7, 
46.0, 52.9, 55.3, 59.6, 125.3, 125.6, 127.4, 146.5, 153.8, 
155.6; MS dz (relativeintensity) 293 (2, M'), 144 (48), 131 
(loo), 103 (49), 91 (21), 77 (3), 59 (8). Anal. Calcd for 
C I ~ H I ~ N O ~ :  C, 61.42; H, 6.53; N, 4.78. Found: C, 61.47; H, 
6.56; N, 4.86. 

(CDCl3) 6 1.8-2.5 (m, 6H), 3.53 (s, 3H), 3.74 (s, 3H), 3.99 

N,O-Bis(methoxycarbony1)-N-[ (2-phenylcyc1opropyl)- 
methyl]hydroxylamine (7e) 

Yield 55%; IR (film) 1794, 1726 cm-l; 'W NMR 
(CDCls) 6 1.7-2.4 (m, 5H), 2.6-3.1 (m, lH), 3.2-3.8 (m, 2H), 
3.68 and 3.73 (s, 3H of cis and trans isomers), 3.85 and 3.87 
(s, 3H of cis and trans isomers), 7.2-7.4 (m, 5H); MS dz 
(relative intensity) 293 (4, M'), 144 (6), 104 (loo), 91 (17), 
77 (71, 59 (20). Anal. Calcd for ClsH19NOs: C, 61.42; H, 
6.53; N, 4.78. Found: C, 61.57; H, 6.46; N, 4.88. 

General Method for FVT 
Diacylated hydroxylamine 7 (10-300 mg) was first 

frozen in a liquid nitrogen bath, and a vacuum was applied. 
Once the vacuum (0.01 torr) had been established, the heater 
was turned on. The temperature of the hot tube was regu- 
lated by a temperature controller. When the sel temperature 
reached 500 "C, the receiver was placed in a liquid nitrogen 
bath. The reactant was thawed and evaporated through the 
hot tube. The product was condensed and collected in the 
receiver at liquid nitrogen temperature and washed out with 
diethyl ether. The crude products were purified by column 
chromatography over silica gel using EtOAchexane (1 :8) as 
eluent to afford enamide 8. 

(N-Methoxycarbony1amino)methylenecyclobuhne @a) 

Yield 43%; IR (film) 3320, 1700 cm-l; 'H NMR 
(CDCI,) 6 2.02 (q', 211, J =  8 Hz), 2.5-2.8 (m, 4H), 3.70 (s, 
3H), 5.5-6.0 (br s, lH), 6.1-6.4 (br s, 1H of two rotamers); 

154.0; MS d z  (relative intensity) 141 (11, M'), 118 (43), 
101 (391, 82 (84), 59 (100); HRMS Calcd for C ~ H I I N O ~  
141.0790, [M']. Found 141.0792. 

I3C NMR (CDC13) 6 17.6, 27.1, 28.1, 52.3, 114.8, 121.2, 



N -  Acyl Phenylcyclobutylimines J. Chin. Chem. SOC., Vol. 4.5, No. I, 1998 187 

(N-MethoxycarhonylamIno)benzylidenecyclne (8b) 
Yield 38%; 1R (film) 3280, 1720 cm"; 'I4 NMK 

(CDC13) 6 2.06 (qintet, 2H, J = 8 Hz), 2.7-2.9 (br t, 2H, J = 
X Hz). 2.9-3.1 (br t, 2H, J =  8 Hz), 3.67 ts, 3H), 5.7-6.0 (br 
8 ,  IH) ,  7.2-7.4 (m, 5H); I3C NMR (CDCI?) 6 17.1, 30.0, 
31.1, 52.3, 124.9, 126.0, 126.8, 128.1, 136.7, 138.5, 155.3; 
MS m/z  (relativeintensity) 217 (29, M+), 202 (15), 189 (58) ,  
174 (691, 158 (53), 142 (92), 129 (571, 115 (a), 103 (lOO), 
91 (28), 77 (89), 59 (24); HRMS Calcd for CI3H~sNOz 
217.1 103, IM']. Found 2 17.1 102. 

3-Yhenyl- I -(N-Methoxycarbony1amino)meth yienec y- 
ctobutane (&) 

Yield 10%; IR (film) 3324, 1705 cm"; 'H NMR 

3H), 4.8-5.5 (br s, IH), 5.9-6.0 (brm, lFI),6.3-6.4 (br s, 1I.I 
of k W 0  rotamers), 7.2-7.4 (in, 5H); MS m/z (relative inten- 
sity) 217 (8, M+), 158 (19), 142 (loo), 129 (18), 115 (16), 
104 (811, 91 (26), 77 (19), 59 (19); HRMS CaIcd for 
C13H~5N02217.1103, EM']. Found 217.1101. 

(CDC13) 6 2.0-3.2 (III, 4H), 3.62 (q', lH, J =  8 Hz), 3.73 (5, 

N-Methoxycarbonyl-5-Phenyl-1,2,3,4-tdrahyd topyridine 
( 8 4  

Yield 12%; TR (film) 1703, I644 cm-*; 'H NMR 
(CDCh) 6 1.9-2.1 (m, 2H), 2.4-2.5 (in, ZH), 3 6-3 .8  (m, 2H), 
3.81 (s, 3H), 7.2-7.5 (In, 6H, C& and CH=C); I3C NMR 
(CDCI3)821.6,24.0,41.9,53.0, 117.6, 122.5, 124.4, 125.6, 
126.9, 140.1, 1.54.1; MS d z  (relative intensity) 217 (100, 
M'), 202 (32), I58 (12), 129 (24), 115 (I9) ,  103 ( 1  11, 91 
(42), 77 (13), 59 (13); HRMS Calcd for Cr3HdVOr 
2 17.1 103, (M'] . Found 2 17.1 102. 

N-Methoxycarbonyi-2-Phenyl-1,2,3,4-tetrahydropyridin~ 
(84 

Yield 13%; IR (film) 1700, 1640 cm.'; 'H NMK 
(CDCI,) 6 1.6-2.2 (m, 4H), 3.65 and 3.77 (br s, 3H of two ro- 
Lamers), 49-5.1 (br rn, lH), 5.3-5.5 (br s, 113 of two ro- 
tamers), 6.9-7.1 (br m, IH), 7.1-7.4 (m, 5H); " C  NMR 

128.3, 141.5, 154.0; MS d z  (relative intensity) 217 (54, 
M'), 158 (22), 142 (58) ,  104 (100),91(27), 77 (20),59 (14); 

2 17.1 102. 

(CDC13)S 17.1,27.5,53.0,54.3, 106.4, 124.9, 125.4, 126.8, 

HRMS Calcd for C I S H ~ ~ N O ~  217.1103, [M'J. Found 
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