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Abstract 

The photochemical reactions of a family of styrene-spacer-amine molecules in which the spacer consists of a rigid amide group in the 
middle of a flexible alkane chain have been investigated. Our study of the photophysics of these molecules has shown that the amide linker 
can facilitate intramolecular styrene-amine exciplex formation (J. Phys. Chem., in press). We report here the photochemical behavior of 
these amide-linked (aminoalkyl)styrylamides. Several tertiary amines are found to undergo regioselective c~-C-H addition to the styrene 
double bond resulting in the formation of medium-ring lactams. A secondary amine undergoes N-H addition yielding an azalactam. The 
dependence of these reactions upon spacer structure, amine and amide substitution, and solvent polarity is discussed. © 1998 Elsevier 
Science S.A. 
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I.  Introduct ion 

The application of  intramolecular addition reactions to the 
synthesis of  medium- and large-ring compounds is a topic of  
current interest [ 1,2]. We previously reported that the intra- 
molecular addition reactions of (aminoalkyl)styrenes pro- 
vides a direct method for the synthesis of  common ring 
systems [ 3,4 ], Tertiary (aminoalkyl) styrenes undergo a - C -  
H addition to yield either nitrogen heterocycles or aminocy- 
cloalkanes, depending on the origin of the ce-C-H (Scheme 
1 ), whereas secondary (aminoalkyl)styrenes undergo N-H  
addition to yield nitrogen heterocycles (Scheme 2). These 
reactions were proposed to occur via photoinduced electron 
transfer to yield an exciplex intermediate, followed by proton 
transfer and radical combination. The absence of  concise 
methods for the synthesis of (aminoalkyl)styrenes with long 
polymethylene spacers tempered our enthusiasm for extend- 
ing these reactions to the preparation of  medium- and large- 
ring adducts. 

Spacers containing both flexible polymethylene and rigid 
ester or amide elements have been employed in several recent 
investigations of intramolecular photoaddition reactions [ 5 -  
12 ]. The ester or amide linkage serves to facilitate the prep- 
aration of  donor-spacer-acceptor systems and may also serve 
as a conformational control element, decreasing the entropy 
of activation for formation of  a macrocyclic intermediate or 
product [ 13 ]. The ester or amide can be positioned either at 
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one end or in the middle of the polymethylene chain. In the 
accompanying paper the photochemical reactions of  amide- 
linked (aminoalkyl)stilbenes in which the amide is directly 
attached to the stilbene are described [ 14]. We report here 
our investigation of the photochemical behavior of  a family 
of (aminoalkyl)styrylamides in which the amide group is 
separated from the styrene chromophore by one or two meth- 
ylenes (Chart 1 ). In most cases, regioselectiveintramolecular 
addition is observed resulting in the formation of medium- 
ring lactams or azalactams. The photophysical behavior of  
these molecules is described elsewhere [ 15]. 
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C h a r t  1. ( A m i n o a l k y l )  s t y r y l a m i d e s  

5.4 Hz, 1H), 3.81 (d oft ,  J=7.2 ,  14.4 Hz, IH), 2.68 (d of 
t, J=6.6 ,  14.1 Hz, 1H), 2.51 (m, 2H), 2.35 (m, 2H), 1.87 
(m, J=5 .7  Hz, 1H). ~3C NMR (decoupled) 6 175.6, 141.4, 
129.0, 128.1, 126.6, 62.7, 56.5, 45.6, 38.4, 30.3, 28.7. HRMS 
m/z 232.1575 (calc.) and 232.1591 (obs.); major fragments 
(rel. intensity) 232 (6), 71 (36), 58 (100). IR (CHCI3) 
1720 cm 

2.2.2. 6-Pyrolidino-5-phenyl- 1-azocylcoheptan-2-one ( 3a ) 
Irradiation of compound 3 afforded 3a as an orange oil in 

a 16% yield. ~H NMR 6 7.31 (m, 5H), 4.78 (d, 1H), 3.82 
(m, 1H), 2.98 (s, IH), 2.75 (m, 1H), 2.56 (m, 8H), 1.75 
(m, 4H), 1.24 ¢m, IH). ~3C NMR 6 175.7, 141.3, 129.0, 
128.1,126.6, 62.7, 54.1,53.1, 39.4, 30.3, 28.6, 23.4. HRMS 
m/z 258.362 (calc.), 258.173 (obs.); major fragments 
258(M), 191,170, 161, 117(100), 84, 57. 

2.  E x p e r i m e n t a l  d e t a i l s  

2.1. General methods 

tH and J3C NMR spectra were recorded on Varian VXR- 
300 and Varian Gemini 300 MHz spectrometers in CDC13 
solvent with TMS as an internal standard. Infrared spectra of 
0.005~0.02 M solutions of amines in dichloromethane or 
chloroform were recorded in 1 mm path length NaCI cells 
using a Biorad FTS60 spectrometer. Mass spectra were 
obtained using a Hewlett Packard 5985 GC/VG70-250E MS 
system using an ionizing voltage of 70 eV. 

Irradiations were performed in a Rayonet reactor equipped 
with 300 nm lamps. Photoisomerization and photoaddition 
quantum yields were determined for 3 ml aliquots of ~ 0.005 
M benzene or acetonitrile solutions in Pyrex test tubes sealed 
with white rubber septa. Solutions were purged with dry 
nitrogen prior to irradiation. Irradiated solutions were ana- 
lyzed for isomer formation at < 10% conversion using the 
photoisomerization of trans- 1-phenylpropene as the actinom- 
eter (q5~=0.14) [ 16]. Preparative irradiations were con- 
ducted under similar conditions and were stopped when 
< 10% of the starting material remained by GC analysis. 
Evaporation of the solvent under reduced pressure and col- 
umn chromatography (silica gel) using 9:1 chloroform: 
MeOH yielded the pure products. 

Benzene (Aldrich) was refluxed over sodium metal and 
distilled prior to use. Acetonitrile (Aldrich) was used without 
further purification. Compounds 1-9 were prepared as pre- 
viously described [ 15]. 

2.2. Characterization of photoproducts 

2.2.1.6-Dimethylamino-5-phenyl-l-azacycloheptan-2-one 
(2a) 

Irradiation of 2 resulted in formation of 2a as a yellow oil 
in 48% yield. JH NMR 6 7.28 (m, 5H), 4.76 (dd, J=8.4 ,  

2.2.3. 6-Dimethylamino-5-phenyl- l-azacycloheptan-2-one 
(4a) 

Irradiation of 4 afforded 4a as a yellowish oil in a 40% 
yield. ~H NMR 6 7.28 (m, 5H), 4.76 (dd, J=8.4 ,  5.4 Hz, 
1H), 3.81 (dof t ,  J=7.2 ,  14.4 Hz, IH), 2.68 (d oft, . l= 6.6., 
14.1Hz, 1H), 2.51 (m, 2H),2.35 (m, 2H), 1.87 (re, J=5 .7  
Hz, IH). ~3C NMR (decoupled) 6 175.6, 141.4, 129.0, 128.1, 
126.6, 62.7, 56.5, 45.6, 38.4, 30.3, 28.7. HRMS m/z 232.1575 
(calc.) and 232.1591 (obs.); major fragments (rel. inten- 
sity) 232 (6), 71 (36), 58 (100). IR (CHCl3) 1720 cm- 

2.2.4. 5-Methyl- 9-phenyl- 1, 5-diazacyclodecan-8-one (5a ) 
Irradiation of compound 5 afforded compound 5a as a 

yellow oil in 17% yield. Partially assigned ~H NMR 6 2.96 
(s, 3H), 2.21 (s, 3H). HRMS rrdz 260.1888 (calc.) and 
260.1874 ( obs. ) ; major fragments (rel. intensity) 260 (100), 
156 (35), 113 (72), 71 (73), 58 (65). IR (CHC13) 
1720> cm ~. 

2.2.5. 1-Methyl-8-phenyl- 1, 4-diazacyclooctan-5-one ( 6a ) 
Irradiation of compound 6 afforded compound 6 a  as a 

yellow oil in 42% yield. ~H NMR 6 7.30 (m, 5H), 3.87 (t, 
J=7 .8  Hz, 1H), 3.65 (ddd, J = 15.3,6.0,3.0, IH), 3.38 (ddd, 
J =  15.3, 7.8, 3.0, IH), 3.23 (ddd, J =  14.7, 6.0, 3.0, 1H), 
3.04 (ddd, J =  14.7, 7.8, 3.0, 1H), 2.98 (s, 3H), 2.70 (m, 
2H), 2.52 (d oft, J =  12.0, 6.0 Hz, IH), 2.35 (d oft, J =  7.8, 
6.0 Hz, 1H). J3C NMR (decoupled) 6 175.3, 142.7, 128.2, 
127.2, 126.8, 62.3, 55.4, 50.6, 35.5, 34.1, 32.4, 31.3. HRMS 
m/z 232.1575 (calc.) and 232.1562 ( obs.)" major fragments 
(rel. intensity) 232 (41), 189 (26), 146 (30), 104 (100), 
91 (38), 44 (88). IR (CHCI3) 1720 cm - j  

2.2.6. 1-Methyl-9-phenyl- l ,4-diazacyclodecan-5-one (Sa ) 
Irradiation of compound 8 afforded compound 8a as a 

white solid (m.p. 134--137°C) in 42% yield. ~H NMR 67.25 
(m, 5H), 3.65 (m, 1H), 2.99 (d of t ,  J=4.0 ,  9.3 Hz, IH), 
2.84 (d, J =  13.5 Hz, 1H), 2.49 (m, 2H), 2.40 (s, 3H), 2.33 
(m, 2H), 2.11 (m, 3H), 1.79 (m, 1H), 1.64 (m, 2H). 13C 
NMR (decoupled) 6 175.0, 145.1,128.5, 128.1,126.4, 63.8, 



F.D. Lewis et al. / Journal of Photochemistry" and Photobiology A: Chemistry' 112 (1998) 139-143 141 

51.7, 45.3, 45.1, 38.9, 38.6, 32.2, 22.8. HRMS 246.1732 
m/z (calc.) and 246.1738 (obs.); major fragments (rel. inten- 
sity) 246 (35), 98 (44), 71 (48), 58 (100), 44 (49). IR 
(CHCI3) 1720 c m -  1. 

2.2.7. 7-Dimethylamino-6-phenyl- l-azacyclooctan- 2-one 
(Sb) 

Irradiation of compound 8 afforded compound 8b as a 
yellow oil in 24% yield. ~H NMR 6 7.28 (m, 5H), 4.76 (dd, 
J=8 .4 ,  5.4 Hz, 1H), 3.81 (dof t ,  J=7 .2 ,  14.4Hz, IH),3.41 
(m, 2H), 3.37 (d, J = 7 . 2  Hz, 2H), 2.89 (s, 3H), 2.44 (t, 
J = 7 . 2  Hz, 2H), 2.35 (s, 6H), 1.77 (m, J = 7 . 2  Hz, 2H). 13C 
NMR (decoupled) 6 170.8, 141.7, 128.7, 127.5,126.7, 61.7, 
57.0, 45.6, 43.7, 32.4, 32.0, 17.0. HRMS m/z 246.1732 
(calc.) and 246.1736 (obs.); major fragments (rel. inten- 
sity) 246 (5), 71 (57), 58 (100). 1R (CHCI3) 1720 cm-~. 

2.2.8. 7-Dimethylamino-6-phenyl-l-azacyclononan-2-one 
(9a) 

Irradiation of compound 9 afforded compound 9a as a red 
oil in 30% yield. 1H NMR 6 7.28 (m, 5H), 4.68 (dd, J = 4.6, 
8.4 Hz, IH),  3.95 (d of t ,  J=6 .3 ,  13.5 Hz, IH),  2.51 (m, 
3H), 2.38 (s, 6H), 2.17 (m, 1H), 1.89-1.64 (m, 6H). ]3C 
NMR (decoupled) 6 171.1,148.0, 128.7,127.6, 126.7, 61.0, 
56.7, 44.6, 43.7, 32.3, 31.9, 24.7, 17.0. HRMS rrdz 260 
(calc.) and 260.1880 (obs.) ; major fragments (rel. inten- 
sity) 260 (29), 72 (14), 58 (100). IR (CHCI3) 1720cm J. 

3. Results  and discussion 

The synthesis of the 4-phenyl-3-butenamides 1-6 and the 
5-phenyl-4-pentenamides 7-9 from the corresponding phen- 
ylalkenoic acids has been reported [ 15]. The JH NMR spec- 
tra of the tertiary amides 5 and 6 display two sets of signals 
assigned to the E and Z conformers. Integration of these 
signals indicates that the conformers are present in a ca. 1 : 1 
ratio, as has been observed for other tertiary (amino- 
alkyl)amides [ 17]. The secondary amides 1--4 and 7-9 dis- 
play only one set of ~H NMR signals attributed to the Z 
conformational isomer. 

The absorption and fluorescence spectra of the styrylami- 
des 1-9 are similar to those of trans-1-phenylpropene [ 16]. 
The photophysical properties of 1-9 have previously been 
reported [ 15]. The model amides 1 and 7 have fluorescence 
quantum yields and lifetimes similar to those of trans-1- 
phenylpropene. Thus, the amide substituent does not strongly 
perturb the styrene-like excited singlet state. The (amino- 
alkyl) styrylamides 2--6, 8 and 9 all have substantially lower 
fluorescence quantum yields and shorter lifetimes than those 
of the model styrylamides 1 and 7. These changes are attrib- 
uted to efficient intramolecular electron-transfer quenching 
of the styrene singlet by the appended amine [ 15]. 

Irradiation of the styryl amides 1-9 in benzene or aceto- 
nitrile solution results in t rans~c is  isomerization as the 
major photoprocess at low conversions. Quantum yields for 

isomerization (qbi) are reported in Table 1. The values are 
all lower than that for trans-l-phenylpropene (qb~=0.14) 
[ 16] and display no consistent dependence upon structure or 
solvent polarity, l-Arylpropenes can isomerize via both sin- 
glet and triplet mechanisms [ 16] and styrene-amine exci- 
plexes can undergo intersystem crossing to yield locally 
excited styrene triplets which decay to a mixture of cis and 
trans isomers [4]. Thus, the low quantum yields reported in 
Table I cannot be readily interpreted. 

Irradiation of the (aminoalkyl)styrylamides 2--6, 8, and 9 
in benzene solution also results in the formation of intramo- 
lecular adducts. A single adduct was detected by gas chro- 
matography following irradiation of 2-6 and 9, whereas two 
adducts were detected from 8. The adducts account for most 
of the consumed starting material at moderate conversions. 
The adducts were isolated by column chromatography (see 
Section 2). Adduct yields reported in Table 1 are unoptimized 
isolated yields, uncorrected for recovered starting material. 
Adduct structure assignments (Chart 2) are based on mass 
spectral fragmentation and ~H and ~3C NMR spectra and 
supported by COSY ~H NMR. The adducts formed from 
tertiary amines are assigned to lactam structures in which the 
dialkylamino group is either exocyclic (2a-5a,  8a and 9a) 
or endocyclic (8b) with respect to the lactam ring. Adducts 
presumably are formed via hydrogen transfer to the styrene 
/3 carbon from the either the methylene group a to the amine 
or an N-methyl group, as shown in Scheme 3 for the case 
of 8. The adduct 6a is formed via hydrogen transfer to the 
styrene /3 carbon from the amine nitrogen, as shown in 
Scheme 4. / 
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Chart 2. lntramolecular adducts 

Quantum yields for adduct formation (q~) are reported in 
Table 1. Values of qb a are smaller for the tertiary amines 
derived from 4-phenyl-3-butenoic acid 2-5 than for the deriv- 
atives of 5-phenyl-4-pentenoic acid 8 and 9. Irradiation of 
the secondary amine 6 in acetonitrile solution results in adduct 
formation with a quantum yield of 0.018, somewhat less than 
the value in benzene solution. No adduct formation is 
observed upon irradiation of the tertiary amines in acetonitrile 
solution. The observation of efficient intramolecular quench- 
ing of styrene fluorescence for all of the amide-linked (ami- 
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Table 1 
Quan tum yields for  isomerization and addition and preparat ive yields for 

adduct  format ion 

C o m p o u n d  q~i qb i qbad d Adduc t  yield, 

(Benzene)  ( M e C N )  (Benzene)  % ~' 

1 0.065 0 .053 - 

2 0 .028 0 .008 0 .008 48 

3 0 .012 0 .003 16 

4 0.031 0.005 0 .006 40  

5 0 .029 0.018 0 .007 17 

6 0 .037 0 .012 0 .030 42 

7 0 .030 0.025 - - 
8 0 .022 0.005 0.020, 0 .019 42, 24 h 

9 0 .030 0.007 0 .018 30 

Yields of  in t ramolecular  adduct  formation irradialed in benzene solution 

(unopt imized  and uncorrected for recovered starting mater ia l ) .  

b Compound  8 forms two photoproducts  upon irradiation. 
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noalkyl) styrenes indicates that the low quantum yields for 
adduct formation must result from inefficient hydrogen trans- 
fer or biradical ring formation. Plausibly, exciplex confor- 
mations which do not provide least-motion pathways for 
hydrogen transfer are nonreactive. This is consistent with the 
absence of adduct formation in the polar solvent acetonitrile, 
which is known to favor extended conformations of the exci- 
plex [4]. 

The formation of intramolecular adducts exclusively via 
a-C-H addition of tertiary amines and N-H addition of sec- 
ondary amines has previously been observed for the reactions 
of singlet arenes and aryl olefins [2-4].  The addition reac- 
tions of tertiary amines occur only in nonpolar solvents, 
whereas addition reactions of secondary amines occur in 
polar as well as nonpolar solvents. These differences in the 

behavior of secondary vs. tertiary amines have been attributed 
to hydrogen bonding of the secondary amine cation radical 
and the arene anion radical, which facilitates the N-H transfer 
process [2]. Both the regioselectivity of addition to the sty- 
rene double bond (ce vs. /3 carbon) and of tertiary amine 
C-H abstraction (N-methyl vs. u-methylene) has been 
observed to be dependent upon the chain length of the (ami- 
noalkyl)styrene with linkers consisting of one to five 
methylenes [3,4]. The chain-length dependence of regio- 
selectivity was attributed to the occurrence of hydrogen trans- 
fer via a least motion pathway in a folded exciplex interme- 
diate. In the case of the (aminoalkyl)styrylamides, adducts 
are formed exclusively via C-H transfer to the styrene /3- 
carbon from the o-methylene of tertiary amines, except in the 
case of 8 for which C-H transfer also occurs from the N- 
methyl (Scheme 3). 

Selective hydrogen transfer to the styrene/3-carbon yields 
the more stable benzyl radical and thus would be expected in 
the absence of confonnational constraints imposed by the 
linker. More surprising is the selective hydrogen abstraction 
from the c~-methylene vs. N-methyl. Prior studies of the 
deprotonation of tertiary amine cation radicals have shown a 
modest selectivity forN-methyl vs. c~-methylene, comparable 
to the statistical factor favoring N-methyl hydrogen abstrac- 
tion from the tertiary (aminoalkyl) styrenes [ 18,19]. Hase- 
gawa and co-workers [5-71 have observed selective 
intramolecular hydrogen abstraction of N-methyl vs. c~-meth- 
ylene hydrogens in the photocyclization reactions of some 
tertiary (aminoalkyl)-/3-oxoesters. Whereas the reactions of 
both the styrylamides and the oxoesters proceed via an elec- 
tron-transfer, proton-transfer mechanism, the difference in 
regioselectivity suggests a difference in the proton-transfer 
step. In the case of the (aminoalkyl) styrenes, proton transfer 
occurs via a singlet exciplex and the regioselectivity of proton 
transfer is determined by the geometry of the folded exciplex 
[4]. In the case of the (aminoalkyl)-/3-oxoesters, proton 
transfer presumably occurs via a triplet radical ion pair [5 ] 
which may not have a well-defined geometry. Random 
encounters of the aryl ketone anion radical and amine cation 
radical might result in selective N-methyl hydrogen transfer. 
It is, of course, possible that the hydrogen transfer process in 
one or both of these reactions is non-regioselective and that 
the observed selectivity is a consequence of competition of 
the biradical cyclization step with reversion to starting mate- 
rials or telomer formation, as observed by Hasegawa et al. 
[6] for some (N,N-dimethylamino)ethyl esters of y-oxo 
acids. 

4. Conclusion 

In summary, intramolecular photoaddition of secondary 
and tertiary (aminoalkyl) styrylamides provides a convenient 
method for the preparation of medium-ring lactams and aza- 
lactams. Whereas the unoptimized yields are only fair, the 
formation of a single regioisomer in most cases facilitates 
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p roduc t  isola t ion.  S ince  i n t r amo lecu l a r  exc ip lex  fo rma t ion  

has  been  o b s e r v e d  for  ter t iary ( a m i n o a l k y l ) s t y r y l a m i d e s  

wi th  longer  spacers  than  those  used  in this  inves t iga t ion  [ 15 ], 

it is poss ib le  tha t  macrocyc l i c  l ac tams  m ay  also be  assessab le  

by  ex tens ion  of  these  reac t ions  to h ighe r  hom ol ogues .  The  

use of  s econda ry  ( a m i n o a l k y l ) s t y r y l a m i d e s  in these  reac-  

t ions  wou ld  have  the a d v a n t a g e  of  p r o v i d i n g  a s ingle  azalac-  

t am reg io isomer .  T he  recen t  success  o f  G r i e s b e c k  et al. [ 12] 

in ob ta in ing  mac rocyc l i c  l ac tams  f rom the p h o t o c h e m i c a l  

deca rboxy la t i on  o f  am i de - l i nked  w - p h t h a l i m i d o a l k a n o a t e s  

unde r sco res  the uti l i ty of  amide- l inke r s  in i n t r amo lecu l a r  

p h o t o c h e m i c a l  addi t ion  react ions .  
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