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Abstract 

The photochemical transformation of poly-(methacryloyloxyethyl-3-N-n-butylaminocrotonatel (PMACI. and its Io',,,-mok~ular-v, eiglR 
model compound ethyl-3-N-n-butylaminocrotonate (AC)+ was studied using 313 nm moacchmmatic light. The changes in the IR and UV 
spectra of the irradiated PMAC film and AC solution correspond to cis-trans isomefization. The reverse dark trans-.cis isomerizafi~ of 
PMAC and AC is also observed, and the rate constants of the processes are determined. © 1997 Elsevier Science S.A. 
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1. Introduction 2. Experimental details 

The investigation of the properties of enamines is of con- 
siderable interest because the enamino group is present in 
many complicated natural compounds I I I. The low-molec- 
ular-weight enamines are used in organic synthesis to prepare 
heterocyclic compounds and alkaloids which are of impor- 
tance in medicine [ 21. Polymeric enamines, as biodegradable 
materials, have been used as carriers of biologically active 
compounds [ 3 I. 

The photo-oxidation of low-molecular-weight enamino 
ketones, enamino estei.'s and enamino amides has been applied 
to synthesize I,2-diketones, 2-ketoesters and 2-ketoamides 
141. Singlet oxygen takes part in this process. The reaction 
can also proceed in an "'antosensitized" manner. 

In previous work, the photochemical transformations of 
poly-( methactyloyloxyethyl-3-N-n-butylaminocrutonate ) 
( PMAC ) and ethyl-3-N-n-butylaminocrotonate (AC) were 
studied on irradiation with polychromatic ( A > 300 am) light 
in the presence of oxygen [ 51. The photoreaction resulted in 
irreversible changes, with different reaction paths observed 
in the solid film and in solution. 

This study deals with the primary photochemical reactions 
of PMAC in a polymeric film and the low-molecular-weight 
model AC in solution on irradiation with low-intensity mono- 
chromatic light at A ~ 313 am+ 
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2.1+ ChemicaL~ 

PMAC and AC were prepared according to Refs. [5,61. 
,44,, ~37 800 and M.,= 10 700 of PMAC were estimated by 
size exclusion chromatography using polystyrene calibration. 
PMAC became insoluble after storing in the dark in air at 
room temperature. For example, a completely crosslinked 
film of PMAC was obtained under these conditions after 36 
days. Cresslinking was not accompanied by changes in the 
IR spectrum. Therefore, to prevent crossliuking, PMAC was 
stored in CHCI3 solution under an inert atmosphere in the 
dark at -- 20 °C. The solvents used were of analytical purity. 

2.2. Equipment  

The IR spectra were measured on Specord IR MS0 (Zeiss, 
Jena, Germany) and FTIR Nicolet 400 ( Nicolet, Germany) 
spectrometers. UV spectra were measured on a Specord M40 
spectrometer (Zeiss, Jena, Germany). Proton nuclear mag- 
netic resonance (~H NMR) spectra were measured on a 
Broker 300 spectrometer. 

2.3. Irradiation 

For irradiation at A=313 nm at 25 °C, a merry-go-round 
equipped with a medium-pressure mercury arc without aglass 
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bulb I 125 W. Tesla Holesovicc. Prague. Czech Republic ), 
placed in a cylindrical three-walled quartz reactor, was used. 
The cooling water circulated in the inner space of the reactor. 
A combination of chromate [ 71 and Coming glass filters was 
used to isolate the monochromatic light at 313 am. The chro- 
mate filter was placed in the outer space of the reactor. A 
Coming glass filter N 7-59 19863 ) i thickness. 0.5 cm ) was 
situated in fl-ont of the sample in a metallic rotating holder. 
The distance of the sample from the centre of the lamp was 
12 cm. 

The PMAC films were cast from CHCI~ (0.5 ml ) solution 
containing 0. I a. mg of PMAC onto quartz glass ( 2.5 cm × 4. 
cm ) or by applying 0.8 ml of CHCI ~ solution containing 4 or 
16 mg of PMAC on a KBr plate ( 2 cm × 4. cm }. To secure a 
constant position during the measurements, the glass and K Br 
plates were fixed in the holder. 

The AC solutions were irradiated in quartz cells (d= I 
mm} for UV measurements (c=0.0674 g I ' i  and in KBr 
cells (d = (1.61 mm) tar IR measurements (c = 5.5 L2 I t L 

3 .  R e s u l t s  a n d  d i ~ u K ~ i n n  

3.1.  C h a r a c t e r i z a l i o n q t a m i n o c r o t o n a t e g r o t q ~  

The cis and trans isomers of N-substituted 3-enaminoesters 
can generally exist in equilibrium '~ith each other, and also 
with the tautomeric imine form (Scheme I ) 18 I. The stabil- 
ity of the isomers depends on the substituent on the nitrugen 
atom and on the polarity of the solvent I 81. For AC, the cis 
enamino ester form has been reported 181 to he thermody- 
namically most stable. In addition to published data. an equi- 
librium between the cis enamino ester (96%) and the 
tautomeric imino form ( 4cb ) has been found in this work by 
IH NMR measurements in CDCI~. The concentration of the 
tautomers can be calculated frum the integrals of the chemical 
shifts of -NH-.CH_..2,- ( ~J = 3.25 ppm. enamino form) and =N-  
CH2- (~J=3.OO ppm, imino form) and also CH~-C=CH- 
05= 1.90 ppm, enamino form) and CH3-C=N- (,5=2.25 
ppm. imino form). The proportkms of the cis enamino and 
tautomeric imino forms remain unchanged after storage of 
the solution for 10 days in the dark at 4-8 °C. 

R = H (AC) 

{~H 2 (PMAC) 
CH3--~'--COO 

L 

When an AC solution is prepered in wet { ~5 f(~r H20. 4.8(} 
ppml deutemmethanol (CD~ODL 'H NMR reveals an 
increase in the imino form concentration from 10c/~ (meas- 
ured immediately after the preparation of the solution) to 
23.5c,~ ( after storing the solution in the dark at 4-8 °C tot I 0 
days) ( Fig. I L At the same time. a decrease in the signals of 
hydrogen-bomled -N_H- at ,~ = 8.5 ppm, -C_H=C- at ~ = 4.4 
ppm and -CH2-(_OO- is observed due to equilibration and 
replacement by deuterium. 

In addition to the IFI NMR spectrum of AC, the ab(tve 
changes in the tautomeric forms can he followed by UV and 
IR measurements in methanol solu;ion. Since the imino 
groups fi~ruled absurb ip~ the wavelength region 17n-200 nm 
191. i.e. the region which cannot be used for measurements 
in methanol solution, the decrease i.i absorption at 285 nm 
has been selected to fi~llow the enamino-lmino tautomeri- 
zation. Similar to 'H NMR, the UV measurements reveal the 
same conversion of the enamino to i mino form after the stor- 
age of AC in methanol solution in the dark for 10 days. In 
addition, the JR spectrum shows, qualitatively, an increase in 
the absorption of the iminc group at 1635 cm ' during the 
storage of AC in methanol solution in the dark. 

The influence of the increased polarity of the sl~lvent ( wet 
methanoll is manifested by a shill in equilibrium from the 
cis to the imino form and not to trans. 

3.2. I r ra l f i a lhm  q / A C  b; .~ohahm 

To understand the photochemistry of PMAC more clearly, 
the photochemistry of AC was studied in different solvents. 
Significant differences in the 7r-rr* absorption band of the 
UV spectrum are observed on irradiation ofhexanc and meth- 
anol solutions of AC. On irradiation of AC in hexane solution, 
a decrease in absorption at 285 nm and the formation of a 
new absorption hand with a maximum at 267 nm are observed 
(Fig. 2). Similarly, the intensity of absorption at 285 nm 
decreases and a new absorption band with a maximum at 278 
nm is formed on irradiation in methanol solution (Fig. 3). 
The new absorption band of AC in methanol solution is more 
intense than that in hexane solution. The isosbestic points in 
the UV spectra of AC irradiated in hexane and methanol 
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Fig. I. 'H NMR spectrum ~.1 AC in wet deuteromethantd snlutkm ,:toted in the dark at -1-8 °C fl+r Ill dayx. 
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Fig. 2. UV spectra nf AC ((I.(1647 g I i) in iaexane solmion: 1. belk)r¢ 
irradialilm; fl, at~¢r 30 rain inadialinn and 2.4. I fl. 20 and fff) min of rever~ 
dark reactilm. 

solution confirm the specificity of  the reaction (Figs.  2 
and 3) .  

The hypsochromic shift of  the maximum UV absorbance 
of AC. caused by irradiation with monochromatic light in 
bexane ( 18 rim) ( Fig. 2)  and methanol (7  nm)  I Fig. 3) 
solution, corresponds to cis- trans isomerization. A similar 
dil lerenee in the UV spectra of  the cis and trans isomers of  
methyl-cyclobexylaminocrolonate was observed by Huisgen 
et al. [ I01. The observed photochemical c is- tmns i ~ m e r i -  
zation is reversible in the dark (Figs. 2 and 3) ,  and the 
thermodynamically more stable cis isomer is formed 
(Scheme I ). 

In contrast, only irreversible changes in the UV spectrum 
are observed on irradiation of  a chloroform solution of  AC 

• 0 1 5  - 

( Fig. 4 ). The same be haviour is found for irradiated soiuticms 

of  AC in CCL and ethyl acetate. According to the IR spe,:~ra, 
these irreversible photochemical reactions do not correspo~l  
to the ereation of  the imino form. Comparabk: irrcversib~ 
changes have tmen reported for the irradiation o f  PMAC and 

AC with polychromatic light ( A > 3 0 0  nm) [5[  and were 
caused by photo-oxidation or photodirncfization. 

The photochemical reaction o f  AC in hexane solufion was 
also studied by IR spectromopy. A new absorptiou band 
resulting from irradiation is formed, with a maximum at 3,4zl.8 

~ . 0  3 5  3 0  

Fig. 3. UV sp_'cwa of AC (0.0647 g I i ) in methanol solution: L befl+Te 
irrJdiation: O. after 30 rain irradialion and ~. 18. 30 aM 60 rain ot revep,e 
dark rcacti*m. 
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Fig. 5. l R s p e e t r a o f A C I S . S g l  ~) in hcxanc ~olution indic regitm3501~.- 
34110 cm J measured in KBr cell..,; I. belore irradiation: (1, alter 3(1 rain 
irradiatlim and 5. 211 and 30 rain of  reverse dark reaction. 

cm ~ (Fig. 5), which correspopd~ to the absorption of  the 
free amin9 group, as observed for methyl-cyclohexylamino- 
crotonate I I0]. At the same time. the decrease in absorption 
at 1616 cm ~ and 1658 cm -~ (Fig. 6) is related to the 
decrea~se in the concentration of the cyclic conjugated system. 
The newly formed absorption band at 1701 cm - t ( Fig. 6) is 
related to the absorption of the free carbonyl group. The 
changes observed after scission on irradiation are reversible. 

The above results show that the photochemistry of the 
enamino ester chromophore is very sensitive to the 
envkonment. 

3.3. Irradi~aion of  PMAC film 

The irradiation of a PMAC film (cast on KBr or quartz 
plates) by monochromatic light (313 rim) results in signifi- 

cant changes in bolh the IR ( Figs. 7 and 8) and UV ( Fig. 9) 
spectra. Alter irradiation, it is possible to observe the dark 
reverse reaction for irradiation times of 120 and 15 rain 
respectively (Figs. 7-9) ,  However. this reversibility disap- 
pears at longer exposure times or on polychromatic ( more 
intense) irradiation [ 5 I. 

According to the ~H NMR spectra in deuterochlorotbrm, 
the structures of PMAC 161 and AC in the ground state are 
almost exclusively the enamino form ( Scheme I ). The same 

i'°i 
i ,.! 

'1 "i i 
i~,0i 

/ Y - -  i 

Wavenumbors (cm-1) I 

Fig. 6. ]R spectra . I  A C  ( 5.5 g I = I in he:~ane ~o]ution in the regian 1750- 
1550 ¢m J measured in KBr  ,:ell~: I. betbr¢ irradiation: I). after 30 rain 
irn.li~tlinn :qtd ~, 20 ~nd ~() mi .  o r  let ef~u dark reaction. 
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Fig. 7. IR st~ctn~ of  P M A C  f i lm ( 4 rng per l i lm  ) on KBr  plale in the zegJon 
3500-3260 cm ~: l, betbre irradiation; (h after 120 min irradiation and 30. 
70. 100. 210 and 1200 min of reverse dark reaction. 
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Fig. 9, UV spectra of PMAC film 10.14 mg per film) on quartz plate: I. 
hetor¢ irrudlation; O, after 15 min irradialilm mid 4.8 mid 24 rain ~ff rcvcr~ 
dark ~actinn 

structure is also presumed in the PMAC film• The structures 
of PMAC and AC are stabilized in the cyclic cis lbrm by both 
conjugation and hydrogen bonding. As in the similarly sta- 
bilized enol form of fl-diketoues I 11 I, the absorption at 1600 
cm ' in the IR spectrum of PMAC (Fig. 8) is assigned to 
the ethylene double bond conjugated with carbonyl. The 
ab~rptiou at 1658 cm - ' corresponds to the carbonyl group. 
Both absorption hands belong to the conjugated cyclic cis 
isomer of enamine ( Scheme 1 ). 

The reversible changes observed in the irradiated PMAC 
film may be related either to cis-trans isomedzatiou or ena- 
mine-imine tautomerizatiou (Scheme I ). However, the IR 
and UV measurements provide evidence that, in this case, the 
latter photoreaction path does not occur. 

The weak absorption of the intramolecular hydrogen 
at 3290 c m  ' is changed during the course of irradiation to 
the free. intermoleculurly associated amino group ',d~orbing 
in the regiou 3320--M30 cm ' (Fig. 7). The free amino 
group formation can also be detected at ] 530 cm I.The weak 
absorption a! 1685 cm- * is due to the forra~ion of free 
carbonyl ~no hydrogen bond) (Fig. 8). The decre'asc in ~he 
absorption of the conjugated cyclic system is very 
nounced at 1600 and 165~ cm- '  (Fig. 8). In addition, 
increase in the aliphatic ester absorption near 1730 cm- ' is 
very small and does not correspond to i m i o e  fornmtiou. 
Therefore the most probable transforraatiou responsib{e for 
the primary photochemical reaction in this s) stem is cLc,-tre, as 
isomerizatiou ( Scheme I ). 

The changes in the UV spectrum ( Fig. 9) are also consis- 
tent with cis-trans isomerization [ 10]. The isoshesfic trent 
of the reverse reaction provides evidence for its setectiviw. 
However, the UV spectrum in Fig, 9 (incomplete intensity 
recovery ) indicates that irradiation may result in photochem- 
ical reactions in addition to cis-lrans isomerizadon [5]. A 
similar shil~ in the UV spectrum was observed for the ph~- 
tochemical cis-trans i~medzation of componads R-  
NHC( R' ) =C( COR ~ ) ( COR: I [ 12 ]. In this case. the isomer 
formed is in the cyclic tbrm and is stabilized by hydrogen 
bonding. The rate constants of the reverse reaction 
(3.2× 10 a s * for AC in hexane solution and 3.5× 10 -s 
s ' tor  the PMAC film I were evaluated from first-orderpk,~s 
(Fig. I0). The reason for the lower rate of the revetr, e reaction 
in the polymer film compared with that obsetx'ed in n-hexane 
solution is probably the more restricted rotation around the 
C=C double bond in the solid polymer film. 

The reverse dark reaction observed in the polymer lilm by 
UV measurements is faster ( Fig. 9 ) than that observed try IR 
spectroscopy ( Figs• 7 and 8). Optimum measurement of the 
reversible changes in the IR spectra ( Figs. 7 and 8 ) requires 
irradiatiou times nearly ten times longer than in the case of 
UV measurements l Fig. 9). The different irradiatiou time 
( 120 min vs. 15 min ) is probably the reason tbr the different 
rate of the reverse reaction. One main luctor affecting the 
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Fig. In. Fir~l-order plot of r~vcr~e dark n:~ctlon t'~r AC in n-hexane ( I ) a~d 
PMAC film ~ 2 }. VuIu~ lukcn I~'L~m Fig, 6 and Fig. ~. 
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reverse reaction is the degree of  crosslinkiug+ which is 
expected to increase wi th  longer  irradiation times. Therefore 
the degree of  cross l inking is h igher  for  the f i lms u ~ d  for the 
IR measurements  than for those used for the U V  measure- 
ments .  Th e  cross l inking results in restricted rotation around 
the C = C  bond and therefore a longer  t ime for  the reverse 
dark reaction. Accordingly,  only  irreversible changes  were 
observed when  more  intense polychromatic  l ight was used 

for the irradiation o f  OMAC [ 5 ]. 

4 .  C o n c l u s i o n s  

The  pr imary photochemical  reaction in a P M A C  film and 
in A C  in hexane or  methanol  solution is c i s - t rans  isomeri-  

zation. Reverse trans--cis isomerizat ion proceeds in the dark. 
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