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1. Introduction
Photodimerization is a fundamental process and still the sub-
ject of numerous investigations [1,2]. For example, anthracenes
[1], cinnamic acids [2a,3a] stilbenes [2b,c], and coumarins [2d–i]
were investigated with respect to regio- and stereochemistry
of photoproducts as well as solvent and temperature influences
on product ratios [1c,d,2f,g]. The direct and sensitized pho-
todimerization of DNA bases, such as thymine or uracil can be
of biological importance [3]. Also, defined photo-cross-linking of
polymers can be brought about via photodimerization of various
chromophores [4].

The photodimerization of N-alkyl-3,4-dimethylmaleimides
(DMI, 1) was used for the generation of crosslinks in polymer
systems [5,6] and for anchoring thin polymer layers on substrates
[7–9]. It was reported [5–8] that DMIs form cyclic dimers with a
transfused cyclobutane ring (2 in Scheme 1). This was supported
by an X-ray structure analysis of the dimer of N-ethyl-DMI [5a].
The triplet state was suggested as an intermediate in the reaction,
since a triplet sensitizer was necessary [5]. The triplet energy is
between 236 and 203 kJ mol−1 since benzil as a sensitizer allowed
the reaction whereas acridine orange did not [5a]. However,
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according to other papers [7,8c,d] a sensitizer is not necessary
in solution. Very recently, a differently structured single-bonded
photodimer 3 was reported to be formed in water but not in organic
solvents [9]. A detailed preparative and mechanistic study on the
photodimerization of DMI derivatives was not yet performed.
In contrast, the photochemistry of the parent compound
maleimide, 4a, and its N-alkylated derivatives was intensively
investigated [10–20]. Single-bonded dimers were not reported.
Radicals are formed and the question of biradical vs. ion radicals
was discussed. N-Substituted maleimides undergo photoinduced
copolymerization with electron donor monomers [14]. A free
radical copolymerization of N-methylmaleimide, 4b, and 2,3-
dihydrofuran was initiated by their radical cations [16,20]. Based
on a laser flash photolysis study with optical and conductometric
detection 4a, 4b and N-ethylmaleimide, 4c, are known to undergo
protonation and dimerization in the triplet state [18]. The quantum
yield of intersystem crossing (˚isc) of 4a is low: ˚isc = 0.03 in
aqueous solution [19,17]. In a low temperature EPR study it has
been shown that the polymerization of 4a is initiated by monomer
radical cations [16]. The laser flash photolysis studies were
extended to N-phenylmaleimide [12,13] and bismaleimides [13].
As sensitizer for N-alkylmaleimides [16] and N-phenylmaleimides
[15], 4d, benzophenone was applied. For N-butylmaleimide, 4e, at
1 mM in dichloromethane, a quantum yield of dimerization (˚dim)
of 0.06 has been reported [11]. Maleimides were considered as
electron-transfer photoinitiators in polymerizations [17].
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Scheme 1. Photodimerization of N-alkyldimethylmaleimides as reported [5–8].

a slightly longer retention time (Fig. 2a). According to mass spec-
tra, 3a is also a dimer of 1a. The NMR spectrum (see Supporting
material) is in accordance with the single-bound dimer structure
Scheme 2. Compounds investigated (1a–c in preparative, 1a–d and 4a, 4b in flash
experiments) or discussed (1e, 4c–e).

Here the photochemistry of N-isobutyl-3,4-dimethylmaleimide,
1a, N-(2-acetamido)ethyl-3,4-dimethylmaleimide, 1b, N-(3-
propionic acid)-3,4-dimethylmaleimide, 1c, was studied in order
to clarify reaction mechanism, product ratios, and solvent effects
in DMI and in polymers. Results from continuous irradiation
and pulsed excitation are reported. For comparison, 4a and a
polymer with pendant DMI groups poly(N-isopropylacrylamide)-
co-poly(acrylamide), 1d, were included in the investigation, see
Scheme 2 for structural formulae. It will be shown that – besides
the cyclic dimer 2 – in all DMI and in all solvents studied consid-
erable amounts of a second single-bonded dimer 3 (Scheme 3) are
formed.

Scheme 3. Mechanism of photodimerization of 1a–c into 2a–c and 3a–c.
obiology A: Chemistry 198 (2008) 34–44 35

2. Results

2.1. Photodimer structures

The UV–vis absorption spectra of 1a in cyclohexane, benzene
and acetonitrile are shown in Fig. 1 (inset). Variation of the con-
centration does not indicate any complex formation at higher
concentrations. All spectra of 1a–1c in organic solvents show no
indication of any concentration effects of the ground state. The
molar absorption coefficient of monomeric 1a in acetonitrile is
ε297 = 180 M−1 cm−1 (Fig. 1), that of 4d is ε300 = 800 M−1 cm−1 [20].
1a–c in most organic solvents at room temperature did not show
any emission of significance. The excited singlet state of 1a–1c is
therefore very short-lived.

Argon or air-saturated solutions of 1a–c in various solvents
in the presence and absence of sensitizers were irradiated at
� > 300 nm using a Xe-Hg lamp and a Duran glass filter. An exam-
ple for the resulting absorption changes is shown in Fig. 2b. The
major product in most cases is the transfused dimer 2. Peaks in the
NMR spectra of irradiated mixtures generally prove the formation
of side products. HPLC analyses of irradiated solutions of 1a–1c,
however, revealed only one further product, 3 (cf. Scheme 3), with
3a in Scheme 3. After separation and crystallization its structure
was established by X-ray analysis (Fig. 3b) and is in accordance
with the recently reported structure of the second photodimer of
another DMI, N-(2-hydroxyethyl)-3,4-dimethylmaleimide 1e [9].
X-ray crystal structures of the dimers 2a and 2b (Fig. 3a and c) cor-
roborate the expectation from previous work [5a]. NMR-analyses
of an irradiated solution of 1a in methanol-d1, in D2O and in
acetonitrile-d3 indicated that deuterium was not incorporated into
the products or only to a minor extent, i.e. solvent protons are not
necessarily involved in the formation of the two products. Above
280 nm 3a only weakly absorbs whereas 2a does not (Fig. 1). The
molar absorption coefficient of 2a is ε255 = 550 M−1 cm−1 and that
of 3a is ε245 = 740 M−1 cm−1.

2.2. Direct photoconversion and quantum yields

The photoconversion of 1a into 2a and 3a has been followed
by UV spectroscopy. Examples of plots of the photochemical
conversion, pc, vs. the irradiation time are shown in Fig. 4a for 1a

Fig. 1. UV-absorption spectra of air-saturated 1a (1) and the two isolated products
2a (2) and 3a (3); inset: spectra in cyclohexane (1 cm: 1, 1 mm: 4, 0.1 mm: 6), benzene
(1 cm: 2) and acetonitrile (1 cm: 3, 1 mm: 5, 0.1 mm: 7).
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Fig. 2. HPLC traces for separation of 2a and 3a (a) and UV-absorption s

Fig. 3. X-ray structures of (a) 2a, (b) 3a and (c) 2b.
obiology A: Chemistry 198 (2008) 34–44

pectra prior to and during the irradiation of 1a in acetonitrile (b).
in four solvents. These plots and data in Tables 1–3 reveal that the
photochemical conversion initially increases linearly with irradi-
ation time, approaching a maximum value. The slope of the initial
part was taken as relative quantum yield of photodimerization.
To account for changes in the lamp power, irradiation volume and
DMI concentration, we used a second more specific measure for
the photochemical conversion, pcrel (Table 1) and a corresponding
˚rel

dim (Table 4). Both relative quantum yields are normalized to
the value of 1a in argon-saturated cyclohexane. Absolute ˚dim
values for the photodimerization of DMI in various solvents using
�irr = 313 nm are collected in Table 4. The absolute and relative
values are consistent.

The results of product analyses after steady-state irradiation
in the absence of sensitizers are collected in Table 1. Surprisingly
high amounts (up to 50%) of 2a were detected in various irradiated
solutions of 1a. Inspection of Table 1 reveals that under direct
irradiation (i) the photodimerization of 1a proceeds faster in sol-
vents of low polarity (cyclohexane, 1,4-dioxane) than in solvents of
higher polarity (methanol, acetonitrile), and that (ii) the fraction
of 2a (varying between 52 and 96%) decreases with increasing
polarity of the solvent. As a measure of the polarity, we took the

Fig. 4. Percentage of photochemical conversion pc (under argon) of 1a into
dimers vs. irradiation time; (a, conditions as in Table 1) in 1,4-dioxane (circles),
dichloromethane (diamonds) acetone (triangles) and acetonitrile (squares), and (b)
in the presence of c(1a) (0.05 M) in methanol, c(thioxanthone): 0.5 (squares), 1 (dia-
monds) and 2 mM (circles), c(thioxanthone)/c(1b) = 0.02 (triangles), conditions as in
Table 5.
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Table 1
Photochemical conversion, pc, relative photochemical conversion and product ratios, 2:3, at various irradiation times, tirr, and concentrations, c(DMI), in solvents sorted by
the polarity parameter

DMI Solvent EN
T c(DMI) (mM) tirr (min) pca (%) pcrel 2:3

1a Cyclohexane 0.006 5 30 61 8.6 96:4
10 30 52 15 96:4
51 30 45b 64.5 95:5
50 30 17 46

60 43 60 93:7
84 90 99b 92:8

180 100b

n-Hexane 0.009 50 120 86b 30 93:7
Benzene 0.11 51 480 50/68b 12 84:16
1,4-Dioxanec 0.16 52 480 89/96b 17 94:6
Ethyl bromide 0.22 50 90 65 9 77:23
Dichloromethanec 0.31 50 480 79b 13 73:27
Acetonec 0.36 50 480 92.8b 16 75:25
Acetonitrilec 0.46 50 480 49/64b 12 64:36
Acetonitrile 0.46 48 40 54 16

60 76 15
120 93/99b 62:38

Methanol 0.76 51 60 1.5 2
120 4 3
480 27.5b 5 63:37

Methanol-1a 50 270 34 2 52:48
55 120 86 2 56:44

Water (suspension) 1 50 480 64b 11 80:20
D2O (suspension) 0.99 30 40 97 6 86:14
Substance –c,d 120 91b 83:17

1b Cyclohexane (susp.) 0.006 5 240 5 98:2
Benzene 0.11 20 60 31b 3 88:12

s).
1,4-Dioxane 0.16 20
Acetonitrile 0.46 20

20
Methanol 0.76 20

1c Benzene 0.11 50
1,4-Dioxane 0.16 50
Acetonitrile 0.46 50

Acetonitrile 50
Acetonitriled,e 50
Acetonitriled,e 50

Methanol 0.76 50

Water 1 50

a In argon-saturated solutions at 25 ◦C, pcrel = {pc virr c(DMI)/(lp tirr)} (103 mol/W
b Values from NMR-spectra, otherwise from UV-spectra.

c For shorter times see Fig. 4a.
d 0.2 g (thin film).
e Air-saturated.

frequently used parameter EN
T [21]. A plot of the fraction of 2a vs.

EN
T is shown in Fig. 5 .

An apparent exception is the irradiation in water and in D2O
where the fraction of dimer 3 is lower than in the less polar
methanol or acetonitrile. However, a suspension of 1a in water was
irradiated so that the ratio obtained might have been expected close
to that in native solid form. In the case of 1b, which is barely soluble
in cyclohexane, we observe the highest pc in 1,4-dioxane and the
highest product ratio 2b:3b in 1,4-dioxane and cyclohexane, while
in the protic solvents methanol and water the ratio increases com-
pared to acetonitrile. For 1c the ratio 2c:3c decreases from 98:2 in
1,4-dioxane to ca. 70:30 in acetonitrile and to ca. 60:40 in methanol
(following the order of increasing polarity) but increases in water to
80:20. Deviations in pc derived from UV and NMR spectra, respec-
tively, result from general uncertainties in the integrals of small
NMR-peaks on the one hand and from small contributions of 3 to
the UV-absorption at 300 nm (Fig. 1), which are important at high
480 54b 2 91:9
480 13/24b 0.8 57:43
480 54 0.6 55:45
480 11b 0.4 80:20

40 83.6 13 86:14
30 93 43 98:2
30 24 34
60 46 29

120 82 29 73:27
30 67/76b 38 69:31
30 44/52b 26 75:25
30 78 29
40 88 33 70:30
30 13 6

120 55 8
180 86 7 57:43
120 30 4
240 51 3 80:20
pc. The relative ˚dim vs. EN
T is shown in Fig. 5 for 1a. Table 2 shows

that in 1,4-dioxane the fraction of 2a increases from 82 to 94%
when the irradiation temperature was increased from 5 to 40 ◦C.
This feature, however, does not pertain to acetonitrile solutions.

As expected the ˚dim values increase with DMI concentration
(Fig. 4, Table 1), approaching a maximum value. As, in principle,
˚dim cannot exceed 0.5, the values observed for 1a in cyclohexane
and 1,4-dioxane, i.e. in low polarity solvents, are quite high. ˚dim
in ethyl bromide is somewhat large when compared to a solvent
of similar polarity (Table 4). This might reflect a heavy atom effect
supporting a triplet mechanism. The presence of oxygen decreases
˚dim or pcrel (Tables 1–4).

2.3. Sensitized photoconversion

The influence of sensitizers, such as thioxanthone, benzophe-
none, acetophenone or benzil, was studied in methanol and
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Table 2
Effects of temperature on the photochemical conversion and product ratios of 0.05 M
1a

T (◦C) tirr (min) pc (%) 2a:3a pc (%) 2a:3a
1,4-Dioxane Acetonitrile

15 32
5a 30 38/46b 84:16 58 61:39

15 15 48 28
30 79/77b 86:14 55 60:40

25 15 51 37
30 79/92b 88:12 67 61:39

35 15 59 36
30 82/91b 92:8 63 59:41

45 15 60 36
30 81/93b 93:7 66 57:43

Upon irradiation in argon-saturated 1,4-dioxane and acetonitrile solutions of
v = 25 cm3, lamp operated at 100 W, Duran glass filter.

a Frozen solution in 1,4-dioxane.
b Values derived from NMR-spectra, otherwise from UV-spectra.

Table 3
Effects of 1a concentration on the photochemical conversion and product ratios

c(1a) (M) tirr (min) pc (%) 2a:3a

0.006 30 34
60 56
90 71 56:44

120 79

0.012 30 29
60 51
90 61 55:45

120 66

0.052 30 12
60 24
90 34 52:48

120 45/97a

0.10 120 26/33a 56:44
0.15b 120 44/58a 54:46

Upon irradiation in argon-saturated methanol at 25 ◦C, lamp at 90 W, Duran glass
filter.

a Values derived from NMR-spectra, otherwise from UV-spectra.
b Precipitation during irradiation.

Table 4
Quantum yield of direct photodimerizationa

DMI Solvent EN
T c(DMI) (mM) ˚dim ˚rel

dim

1a Cyclohexane 0.006 6.6 0.047
55 0.42 1.0b

73 0.54

n-Hexane 0.009 5 0.034 0.09
51 0.36 0.53

Benzene 0.11 57 0.11 0.2

1,4-Dioxane 0.16 13 0.18 (0.4)c

50 0.24 0.3

1,4-Dioxaned 6 0.006
55 0.06

Ethyl bromide 0.22 49 0.14 0.15

Dichloromethane 0.31 1 0.010 (0.20)
50 0.03 0.23

Acetone 0.36 50 0.24

Acetonitrile 0.46 5 0.01 (0.12)
14 0.028
51 0.098 0.2
58 0.1

Acetonitriled 50 0.1
Acetonitrile-d3 48 0.06
Methanol 0.76 56 0.014 0.05
Methanol-d1 58 0.009
Water 1 50 0.04
D2O 30 0.2

1b Benzene 0.11 20 0.06 0.06
1,4-Dioxane 0.16 20 0.07 0.03

Acetonitrile 0.46 4 0.003 (0.14)
12 0.011
24 0.055 0.01

Methanol 0.76 20 0.006

1c Benzene 0.11 50 0.07 0.22
1,4-Dioxane 0.16 50 0.38 0.75
Acetonitrile 0.46 50 0.024 0.28
Methanol 0.76 50 0.06

a ˚dim irradiated at 313 nm (Hatchard–Parker method) in argon-saturated solution at 25 ◦C.
b Relative ˚dim from pcrel = 1 for 1a in cyclohexane at 55 mM (mean value).
c In parentheses: relative values from initial slopes in Fig. 4a irradiated through Duran filter.
d Under air.
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Table 5
Photosensitized conversion and product ratios of 1a and 1b in acetonitrile and methanol

DMI lp (W) Solvent Sensitizer c(Sen) (mM) c(Sen)/c(DMI) tirr (min) pc (%) 2:3

1a 30 Acetonitrile None 0 – 30 11
60 23 61:39
30b 43b

60b 75b 53:47b

30 Thioxanthone 1 0.02 5 18
10 36
15 53
20 75
30 94
40 98a 59:41
15b 100 61:39

30 Acetophenone 1 0.02 30 12 62:38
30b 49b 60:40b

30 Benzophenone 1 0.02 30 23 61:39
30b 75b 60:40b

10 0.2 30 74 62:38
30 Benzil 1 0.02 30b 45 62:38
30 Methanol Thioxanthone 1 0.02 5 13

10 25

5 74
8 92 62:38
60 1
30 None 0
Thioxanthone 0.5

1
2

100 1

1b 30 Acetonitrile Noned

Thioxanthone 1
Methanol Noned

1

Upon irradiation through Duran glass filter in argon-saturated solutions of v = 25 cm3 at 2
0.015–0.05 M) and lamp powers (lp).

a Values derived from NMR-spectra, otherwise from UV-spectra.
b Without Duran glass filter.
c For shorter times see Fig. 4b.
d From Table 1 at c(1b) = 0.02 M.

acetonitrile. Examples of plots of the photochemical conversion, pc,
vs. irradiation time are shown in Fig. 4b for 1a in methanol in the
presence of thioxanthone. The results of irradiation of 1a at various
concentrations in argon-saturated methanol and acetonitrile are
collected in Tables 5 and 6. For comparison, irradiation measure-

Fig. 5. Fraction of single-bonded dimer 3a (�) and relative dimerization quantum
yield (©) for 1a as a function of solvent polarity, cf. Table 1.
20 55
30 85
40 96 50:50

0.02 2 30
– 120 5a 61:39
0.01 90c 97a 66:34
0.02 75c 97a 56:44
0.04 60c 98a 66:34
0.02 2 44

5 99 62:38

– 480 13 57:43
0.07 30 100 62:38

480 11 80:20
0.05 60 100 79:21

5 ◦C in the presence and absence of sensitizers at various concentrations (c(DMI):

ments with acetophenone and benzophenone as sensitizers were
also performed without the filter (Table 5).

Clearly, increasing concentrations of the sensitizer increases
the photochemical conversion per time unit, while the product

Table 6
Photochemical conversion and product ratios upon irradiation of 1a and 1b in argon-
and air-saturated methanol in the presence and absence of thioxanthone

DMIa Gas c(Sen) (M) tirr (min) pc (%) pcrel 2:3

1a Argon 0 30 12 5.6
60 24 5.6
90 34 5.3

120 45 5.2 52:48

Air 0 30 1.0 0.46
90 4.4 0.68 –b

Argon 0.001 10 98.7a 137a 58:42

Air 0.001 10 25.0 35
20 47.8 33
30 65.1a 30a 53:47

1b Argon 0 480 10.5 0.4 80:20
Argon 0.001 60 100 >23 79:21

Concentration of 1a: 0.05 M, 1b: 0.02 M; 25 ◦C, virr = 25 cm3; lamp at 90 W, Duran
glass filter.

a Values derived from NMR-spectra, otherwise from UV-spectra.
b Not sufficient product.
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Table 7
Quantum yield of thioxanthone sensitized photodimerizationa

DMI Solvent c(thioxanthone) (mM) c(DMI) (mM) ˚dim

1a 1,4-Dioxane 1 50 0.09
0b 50 0.24

Acetonitrile 1 50 0.13
0b 50 0.1

1b Acetonitrile 1 19 0.075
0b 12 0.011

24 0.055

a Argon-saturated at 25 ◦C, irradiated at 313 nm.
b See Table 4.

Table 8
Triplet parameters of N-alkylmaleimides and N-alkyl-Me2-maleimidesa

M/DMI Solvent k2 (×109 M−1 s−1) k3 (×107 M−1 s−1)

4a Acetonitrile 190
4b Acetonitrile 1.8
4c Acetonitrile 130b

1a Cyclohexane 2.2 3
Benzene 1.3 (1)c 1 (1)
1,4-Dioxane <0.6
Dichloromethane 1.3 0.5
Acetonitrile 1.8 (1.6) 1.2 (1)
Methanol 1.5 (1.4) 0.8 (1)

1c Benzene 1.0

a For DMI k2 under argon and �exc = 308 nm.
b From Ref. [19].
c Values in parentheses refer to 1b.
Fig. 6. Transient absorption spectra of (a) 1a (1 mM) in argon-saturated cyclohexane
and (b) benzophenone/1a in acetonitrile at 20 ns (©), 1 �s (�) and 10 �s (�) after
the 308 nm pulse; insets: kinetics as indicated.

ratio 2a:3a is hardly affected. In contrast the product ratio 2b:3b
in methanol shows large scatter (Tables 5 and 6, last two lines).
The presence of thioxanthone does not enhance ˚dim for 1a in
1,4-dioxane (Table 7), because of the large ˚dim value for direct irra-
diation, in contrast to the other solvents. The influence of oxygen
was studied in methanol with thioxanthone as sensitizer (Table 6).

Fig. 7. Transient absorption spectra of (a) 1a (1 mM) in argon-saturated benzene
and (b) thioxanthone/1a in acetonitrile at 20 ns (©), 1 �s (�) and 10 �s (�) after the
308 nm pulse; insets: kinetics as indicated.
Fig. 8. Plots of 1/�T vs. the concentration for 1a (open) and 1c (full) in argon-
saturated cyclohexane (squares), benzene (triangles) and acetonitrile (circles).

2.4. Triplet properties

A transient absorbing at 300–400 nm is formed at the end of the
pulse upon 308 nm excitation of 1a in cyclohexane and 1a–c sol-
vents of larger polarity. Transient absorption spectra are presented
in Figs. 6 and 7. The maximum is generally at �T = 350 nm and only
for 1a–c in benzene a weak band appears also in the 400–600 nm
range. The transient is assigned to the lowest triplet state, generated
by intersystem crossing. The triplet state is quenched by oxygen and

the triplet lifetime (�T) of 1a–c (at <1 mM) in argon-saturated solu-
tion is 2–20 �s. The triplet decay follows first-order kinetics at low
pulse intensities (e.g. <1 MW cm−2) and can be fitted by an addi-
tional second-order component due to T–T annihilation, when the
intensity is higher. The rate constant for quenching of 1a by oxygen
in cyclohexane or acetonitrile is k2 = (1.8–2.1) × 109 M−1 s−1 (ki refer
to steps of the reaction mechanism, see below) and the values in
other cases are only slightly smaller (Table 8). The inverse lifetime
1/�T increases with increasing DMI concentration. Examples are
shown in Fig. 8. The rate constant for this so-called self-quenching
was estimated to be k3 = 1 × 107 M−1 s−1.

The observed results for N-alkyldimethylmaleimides are inter-
system crossing (1), quenching of the triplet state by oxygen (2) and
self-quenching (3). Those for N-alkyl-maleimides (M) have been
treated accordingly [19,20].

DMI + h� → 1∗DMI → 3∗DMI (1)

3∗DMI + 3O2 → DMI + O2 (2)

3∗DMI + DMI → 3∗DMI· · ·DMI (3)
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Table 9
Quantum yields of singlet molecular oxygen formation, ˚� , and dimerization, ˚dim,
for DMIa

Solvent ˚� ˚dim
b

1a 1b 1c 1a 1b 1c

Cyclohexane 0.46 0.4
Benzene 0.40 0.15 0.42 0.1 0.04 0.1
1,4-Dioxane 0.22 0.08 (0.08)c 0.28 0.2 0.03 0.35
Dichloromethane 0.14 0.08 0.16 0.1
Acetonitrile 0.10 0.03 (0.04) 0.12 0.1 <0.03 0.14
Methanol 0.02 0.03

a Under argon at 25 ◦C, �exc = 308 nm.
b Averages, see Table 4.
c Values in parentheses refer to 1d.

Singlet molecular oxygen, O2(1�g), may be expected from reaction
(2) and was indeed detected for DMI (Table 9). The self-quenching
occurs in a complex (3*DMI· · ·DMI) which may react – via a biradical
or zwitterionic intermediate, respectively (cf. Scheme 3) – into the
two dimers 2 and 3 or back into the unchanged monomers. The
solvent polarity has only little effect on the kinetic parameters of
the steps 2 and 3 but affects the product distribution (see above).
We could also detect the triplet state of the polymer 1d in either
1,4-dioxane or acetonitrile.

Singlet oxygen is formed in reaction (2) (along with minor oxy-
gen species) [22]. The quantum yield of the emission of singlet
oxygen, ˚�, is a minimum for the intersystem crossing quantum
yield, ˚isc. The ˚� values show the same trend as ˚dim i.e. they
are lower for 1b than 1a or 1c and decrease with increasing solvent
polarity (Table 9).

The reaction under sensitized conditions is initiated by excita-
tion of the energy donor (S), followed by intersystem crossing and
energy transfer (4) from the 3*S triplet.

3∗S + DMI → S + 3∗DMI (4)

The donor triplet state in argon-saturated acetonitrile, which is
formed within the 308 nm pulse, displays the well-known absorp-
tion spectrum with maxima at 320 and 520 nm for benzophenone
and at 620 nm for thioxanthone, respectively [23].

On addition of 1a, the decay of the triplet state of the donor
is faster than in their absence, but no new transient absorption
was detected above 400 nm. A longer-lived transient absorption at
�T = 350 nm is observable (Figs. 6b and 7b). This second transient is
ascribed to the acceptor triplet state, 3*DMI. The rate constant for

quenching of the benzophenone triplet state by 1a, 1b and 1c was
estimated to be k4 = 12 × 109, 10 × 109 and 9 × 109 M−1 s−1, respec-
tively. The results for thioxanthone are analogous. Decay of 3*S
and formation of 3*DMI are expected to show the same kinetics,
but the grow-in of the acceptor triplet state absorption is mostly
overlapped by that of the donor.

3. Discussion

3.1. Photodimerization

Since the formation of single-bonded dimers analogous to 2b
and 3b was not reported in 4a–d [10–20], it can be concluded that
the presence of the DMI methyl groups is a necessary prerequisite
for the occurrence of the single-bonded dimer. This shall be
discussed on the basis of Scheme 3. When product distributions
and quantum yields are compared (see Fig. 5, Tables 1, 3 and 4)
it is obvious that dimerization quantum yields diminish with
increasing polarity of the solvent while the fraction of 3a rises.
This suggests an increase of both, bipolar (zwitterionic) character
of the intermediate and its torsion (due to solvation) with solvent
obiology A: Chemistry 198 (2008) 34–44 41

polarity. The distorted bipolar intermediate mainly stabilises via
re-dissociation into 1a but to some extent a proton migration takes
place to form 3a (Scheme 3, cf. Eq. (3′)) via intramolecular depro-
tonation of the +C–CH3 part into a C CH2 part and protonation
of the −C–CH3 into HC–CH3. Two exceptions from the trend that
˚dim decreases with solvent polarity (as revealed by EN

T -values)
are benzene, where ˚dim is only 0.04–0.1, and ethyl bromide,
where ˚dim is comparatively large (Fig. 5) and a heavy atom effect
(increasing ˚isc) might be involved. Both the exceptions can be
caused by specific solvation effects of the two solvents, which are
not accounted for in the EN

T scale.
Both the influence of the sensitizer and the sensitivity of the

photochemical conversion against oxygen are strong indications of
a triplet mechanism in the photodimerization. Oxygen quenching
is more prominent at low DMI concentrations, since at higher con-
centration self-quenching competes, which leads to dimers. The
finding that there is no obvious dependence of the product ratio
on monomer concentration indicates no obvious state selectivity
(Tables 1 and 4–6). A small temperature dependence was found
for the ratio 2a:3a (Table 2). At higher irradiation dose the ratio
decreases from 61:39 to 1:1 (Table 5, lines 2 vs. 4).

3.2. Triplet reactions of N-alkylmaleimides

The end of pulse transient of N-alkylmaleimides (M) has been
assigned to the lowest triplet state [16,18,10]. For 4b, 4c and 4d
˚isc = 0.03, 0.07 and 0.24, respectively [11,17]. For 4b in acetonitrile
and water k2 = 1.8 × 109 M−1 s−1 [17,20]. The 3*M state is the pro-
posed precursor of the photodimers; data for M are compiled in
Table 8. The kinetics of triplet decay are affected by the M concen-
tration, unless the ground state involves a complex other than from
the photodimers. The complex (3*M· · ·M) may react into cylobu-
tane fused dimers (M2) or back into the unchanged monomers
with probabilities ˇ and 1 − ˇ, respectively. A single-bonded dimer
corresponding to 3 has not been reported.

(3∗M· · ·M) → ˇM2 + (1 − ˇ)2M (3′)

The rate constant for self-quenching of N-alkylmaleimides is
close to the diffusion-controlled limit and plays therefore a decisive
role. For 4a (<1 mM) in argon-saturated aqueous solution �T = 5 �s
and k3 = 2.6 × 109 M−1 s−1, the latter also in acetonitrile [18,19].
The triplet lifetime of 4b (<2 mM) in argon-saturated acetonitrile
is � = 0.16–0.17 �s and k = 1.9 × 109 M−1 s−1 and � = 0.77 �s and
T 3 T
k3 = 1.6 × 109 M−1 s−1 in water [12,20]. For 4c in carbon tetrachlo-
ride or acetonitrile k3 = 1.8 × 109 and 6 × 108 M−1 s−1 in water [19].
For N-butylmaleimide, 4d, in deoxygenated dichloromethane the
quantum yield of dimerization using �irr = 310 nm is ˚dim = 0.06,
that of disappearance of 4d is 0.12 [11].

The results for sensitized photolysis in an inert solvent reveal
a larger ˚dim. A literature value for benzophenone and 4b in ace-
tonitrile is k4 = 7.8 × 109 M−1 s−1 [12]. In non-inert solvents (DH)
H-atom transfer to the 3(n,�*) triplet state of a ketone or diketone
is a common photoreaction which follows the general equation

3∗M + DH → MH• + D• (5)

The radicals MH• and D• undergo several termination reac-
tions. For quenching by ethanol or 2-propanol a rate constant
of k5 < 1 × 106 M−1 s−1 was found. For triplet quenching of 4a
in acetonitrile by 2-propanol and ethanol, k5 = 5.7 × 107 and
1.5 × 107 M−1 s−1, respectively and the values in water are 18 × 107

and 3 × 107 M−1 s−1 [19]. As a comparison, for 4a and 4b (<1 mM) in
argon-saturated acetonitrile k5 = (1–6) × 107 M−1 s−1 [19]. On addi-
tion of an electron donor D radical ions are formed via general
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equation

3∗M + D → M•− + D•+ (6)

Literature values for k6 are (1–9) × 109 M−1 s−1 for 4a in ace-
tonitrile or water and several electron donors, such as 2,3- or
2,5-dihydrofuran and several vinyl ethers [19,20].

3.3. Triplet properties of N-alkyl-3,4-dimethylmaleimide

For 1a–c our results are in agreement with steps (1)–(4). How-
ever, a branching of the dimerization reaction into 2 and 3 affords a
modification of Eq. (3): (3*DMI· · ·DMI) may react into the assumed
biradical or bipolar intermediate (Scheme 3) and then either into
dimers (2,3) or back into the unchanged monomers with probabil-
ities ˛,ˇ and 1 − ˛ − ˇ, respectively; (˛ + ˇ) ≤ 1.

3∗DMI· · ·DMI → ˛2+ ˇ3 + (1 − ˛ − ˇ)2DMI (3′′)

Processes according to (5) and (6) were not detected or minor.
This is a consequence of 4,5-dimethyl substitution. The transient
of 1a–c formed concomitant to the pulse is assigned to the low-
est triplet state. This is confirmed by energy transfer. The rate k4
constant for quenching of triplet benzophenone by 1a–c in ace-
tonitrile is diffusion controlled. Striking differences were found
for the two N-alkyl-3,4-dimethylmaleimides with respect to N-
alkylmaleimides: low reactivity towards H-atom abstraction and
quenching by the DMI ground state. The former effect allows
methanol or other alcohols as medium for direct irradiation, in
contrast to N-alkylmaleimides and ketones. The lower k5 values
allow the observation of the triplet decay in a more appropriate
concentration range. On the other hand, the low ε300 of the 1a
monomer allows irradiation of a 0.01–0.1 M concentration and thus
conditions of >50% self-quenching.

When the DMI concentration becomes larger, e.g. 0.05 M, triplet
quenching by oxygen is less efficient. This is reflected by ˚dim = 0.06
vs. 0.24 for 1a in 1,4-dioxane in the presence vs. absence of air,
respectively (Table 4). It can, however, not account for the similarity
(0.1) for 1a in air- and argon-saturated acetonitrile.

3.4. Does photodimerization occur bypassing the triplet route?

As mentioned above (see Section 3.1) our experimental data
point to a triplet mechanism in the photodimerization throughout.
A 1a concentration of 6 mM (Table 6) is sufficient for dimerization.

This is roughly in line with the estimate of 1/�T × k3 = 10 mM, taking
k3 = 1 × 107 M−1 s−1 and �T = 10 �s.

With a few exceptions ˚dim for 1a, 1b and 1c is relatively low,
depending on solvent and concentration. The latter follows Eq. (7),
if the triplet route is operating [11].

˚dim = ˚isc · k3c(DMI)/(k2 + k3c(DMI)) (7)

˚dim thus cannot exceed the triplet quantum yield, which cor-
responds to ˚� and amounts to 0.02–0.4; these values account
for the changes in ˚dim (Table 9). Therefore, dimerization from the
singlet state needs not be discussed.

3.5. Polymers

The previous discourse in the literature as to whether or not a
sensitizer is necessary to form crosslinks in polymers can be supple-
mented on the basis of our work: dimerization is possible without
sensitizer as DMI moieties at high loading in the polymer are close
enough for efficient self-quenching of the triplet state; at lower
loading a sensitizer increases the yield and therefore decreases
the irradiation time. Moreover, photochemical side reactions of the
obiology A: Chemistry 198 (2008) 34–44

polymer backbone are remote in the sensitized reaction, since a
wavelength can be used which is not absorbed by the polymer
backbone.

4. Conclusions

Two types of dimers, the usual cyclobutane-type cyclic dimer
(2) and one with a single-bound structure (3), were observed for
three N-alkyl-3,4-dimethylmaleimides, 1a–c under all conditions.
They are probably formed from a common so far undetected single-
bonded intermediate, which exists in biradical or bipolar forms. The
product ratio 2:3 can be steered between ca. 9:1 and 1:1 by choosing
solvents of different polarity. The ratio depends, to a lower extent,
also on the reaction temperature and irradiation wavelength. The
detection of the single-bounded dimer 3 does not diminish the suit-
ability of DMI derivatives for crosslink formation in polymers. The
quantum yield of dimerization under direct irradiation is generally
low or moderate, but can be quite high for 1a and 1c in certain
solvents of low polarity. The photodimerization of the dimethyl-
maleimides is suggested to proceed through the triplet state, whose
lifetime is quite long when compared to maleimides, whereas the
rate constant for triplet self-quenching is less efficient. A singlet
mechanism for dimerization, e.g. at high concentrations, is not
proposed. The presence of sensitizers, such as benzophenone or
thioxanthone, enhances the dimerization efficiency.

5. Experimental

5.1. Chemicals

Solvents used for pulsed and steady-state irradiation measure-
ments were spectroscopic grade (or better), solvents used for the
preparation of 1a and 1b were at least p.a. quality. Butylamine and
toluene were purified by distillation over KOH. N-Isopropyl acry-
lamide (97% Acros) was recrystallized from n-hexane and dried
in vacuum. Dimethyl maleic anhydride (97% Lancaster), N-acetyl
diamine (98% Sigma–Aldrich), �-alanine (99% Merck) were used as
received. The sensitizers obtained from Sigma–Aldrich were >99%.

5.2. Spectra

The 1H NMR and 13C NMR spectra were recorded on a Bruker
DRX 500 spectrometer (500 MHz). UV–vis spectra were measured

on Lamda 35 (PerkinElmer) spectrometer. For FT-IR a Nicolet 5700
(Thermo Elektron Dreieich) was used.

Element analyses were carried out on a Hekatech EA 3000 Euro
Vector CHNSO Elementaranalysator. Melting points were deter-
mined on a Büchi-B 545. Molecular weight and molecular weight
distribution were obtained by size exclusion chromatography using
a PL-120 equipped with two GRAM columns (GRAM 103 Å and
GRAM 102 Å PSS) and RI detector. The measurements were carried
out in N,N-dimethylacetamide with 0.42 wt% LiBr at 50 ◦C with a
flow rate of 1.0 mL/min. PMMA standards were used for calibration.

5.3. Substances

N-Isobutyl-3,4-dimethylmaleimide (1a, 1-isobutyl-3,4-dimethyl-
1H-pyrrole-2,5-dione). 14.1 g (0.19 mol) of butylamine was added
to a stirred solution of 5 g (0.04 mol) dimethylmaleic anhydride
in 250 mL of toluene. The mixture was refluxed at 130 ◦C using a
water separator. The solvent was evaporated under reduced pres-
sure. Minor products were removed by filtration through silica gel
using ethylacetate as solvent. The product was purified via col-
umn chromatography. (n-hexane:ethylacetate, 4:1) to yield 4.5 g,
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0.025 mol (62.5%) of a colorless liquid. 1H NMR (500 MHz, CDCl3,
ı in ppm): 3.14 (2H, CH2), 1.84 (6H, CH(CH3)2, 1H, CH(CH3)2), 0.75
(6H, CH3). 13C NMR (CDCl3, 500 MHz, ı in ppm): 8.4 (2 CH3), 19.7
(2 CHCH3), 27.6 (CH), 45.0 (N–CH2), 136.6 (C C), 172.1 (2 C O). IR
(ṽ cm−1): 2962 (C–H), 1713 (C O), 1621 (C C), 1408 (C–H). Elemen-
tal analysis: C10H15NO2, calc. C: 66.27%, H: 8.34%, N: 7.73%; exp. C:
66.22%, H: 8.36%, N: 7.81%.

N-(2-Acetamido)ethyl-3,4-dimethylmaleimide (1b, N-[2-(3,4-
dimethyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl]acetamide).
19.5 g (0.19 mol) of N-acetyl ethylene diamine was added to a
stirred solution of 5 g (0.04 mol) dimethylmaleic anhydride in
250 mL of toluene. The mixture was refluxed at 130 ◦C using a
water separator. The solvent was evaporated under reduced pres-
sure. The resulting waxy mass was dissolved in 100 mL chloroform,
extracted twice with 50 mL water and with 50 mL of brine. After
drying over NaSO4 the solution was concentrated. The resulting
white crystals were achieved by precipitating into cold n-pentane
and dried in vacuo. Yield 6.5 g (77%). 1H NMR (CDCl3, 500 MHz, ı in
ppm): 7.25 (s, 1H, NH); 3.65 (m, 2H, N–CH2), 3.42 (m2, H, NH–CH2),
1.96 (s, 6H, CH3), 1.93 (s, H, CH3). 13C NMR (CDCl3, 500 MHz, ı in
ppm): 172.6 (2 C O), 170.5 (NH–C O), 137.9 (C C), 40.5 (NH–CH2),
37.6 (N–CH2), 8.6 (2CH3). IR (KBr): (ṽ cm−1): = 2934 (C–H), 1713
(C O), 1657 (amide I), 1625 (C C), 1546 (amide II). Elemental
analysis: C10H14N2O3, calc. C: 57.13%, H: 6.71%, N: 13.33%; exp. C:
57.12%, H: 6.75%, N: 13.3%.

N-(3-Propionic acid)-3,4-dimethylmaleimide (1c, N-[2-(3,4-
dimethyl-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-ethyl]-carboxylic
acid) was prepared as described in the literature [24] and showed
the physical and spectroscopic properties published there.

The polymer 1d was available from previous investigations [8].
The polymer contained 5% (w/w) of 1b. 4a, 4b were purchased from
Ega and used as supplied.

5.4. Physical and spectral data of reaction products

(N,N′-Diisobutyl)-1,2,3,4-tetraacetyldiimido-cyclobutane (2a)
(Scheme 3). Colorless rhombic crystals, mp 202 ◦C. UV
�max = 254.6 nm (MeOH). 1H NMR (500 MHz, CDCl3, ı in ppm): 3.37
(4H, d, J = 7.3 Hz), 2.07 (2H, m), 1.17 (6H, s), 0.92 (6H, d, J = 7.7 Hz).
13C NMR (500 MHz, CDCl3, ı in ppm): 177. 9 (q, C O), 49.5 (q), 46.6
(d, CH2), 27.1 (t, CH), 20.3 (s, CH3), 13.3 (s, CH3). ESI-MS: 363.2
[M+H]+, 380.2 [M+NH4]+. Element analysis: C20H30N2O4, calc. C:
66.27%, H: 8.34%, N: 7.73%; exp. C: 66.57%, H: 8.77%, N: 7.60%.
2b. mp 273 ◦C. 1H NMR (500 MHz, CDCl3, ı in ppm): 5.74 (2H, m,
NH), 3.71 (4H, m, CH2), 3.52 (4H, m, CH2), 1.89 (6H, s, COCH3), 1.16
(12H, s, CH3). 13C NMR (500 MHz, CDCl3, ı in ppm): 178.1 (q, C O),
170.8 (q, C O), 49.7 (q, C), 39.2 (d, CH2), 38.3 (d, CH2), 23.2 (t, CH),
12.7 (s, CH3). ESI-MS: 421.2 [M+H]+.

2c. mp 299–301 ◦C. 1H NMR (500 MHz, DMSO-d6, ı in ppm):
12.49 (2H, s, COOH), 3.68 (4H, t, CH2), 2.62 (4H, t, CH2), 1.05 (12H,
s, CH3).

3a (Schemes 3 and 4) was isolated from the irradiated mix-
ture via high performance liquid chromatography (HPLC Knauer):
at 23 ◦C, column diameter 8 mm, length 300 mm, stationary phase
Eurospher-100, eluent MeOH:H2O = 70:30, volume flow 1 cm3/min,
UV-Detector 254 nm; fraction at 53–58 min retention time, see
Fig. 2a. After multiple HPLC runs sufficient material was collected
for NMR and X-ray studies. Mp 126–127 ◦C. UV: �max = 241 nm (in
CDCl3). 1H NMR (500 MHz, CDCl3, ppm): 6.50 (s, H-18a), 5.94 (H-
18b), 3.40 (m, H-13), 3.27 (d, J = 7.29 Hz, H-4), 3.17 (q, J = 7.16 Hz),
2.06 (m, H-14), 2.01 (m, H-5), 1.45 (s, H-11), 1.26 (s, H-8), 1.20 (d,
J = 7.35 Hz, H-2), 0.91 (d, J = 5.18, H-15), 0.90 (d, J = 5.16, H-15), 0.86
(d, J = 6.97 Hz, H-6), 0.84 (d, J = 6.89 Hz, H-6). 13C NMR (500 MHz,
CDCl3, ı in ppm): 179.7 (q, C O, C-7), 178.8 (q, C O, C-3), 177.8 (q,
obiology A: Chemistry 198 (2008) 34–44 43

C O, C-12), 168.8 (q, C O, C-16), 140.5 (q, C , C-17), 123.2 (d, CH2 ,
C-18), 50.4 (q, C-9), 49.3 (q, C-10), 46.4 (d, C-13), 46.1 (d, C-4), 40.7
(t, C-1), 27.3 (t, C-14), 27.0 (t, C-5), 20.7 (s, C-15), 20.2 (s, C-15), 20.0
(s, C-6), 20.0 (s, C-6), 19.6 (s, C-11), 16.8 (s, C-8), 11.9 (s, C-2). ESI-MS:
363.2 [M+H]+, 380.2 [M+NH4]+.

3b and 3c were identified in reaction mixtures by prominent
NMR-signals analogous to 3a.

For X-ray analyses of 2a, 3a and 2b see Supporting material. Data
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publications no. CCDC-669814-669816.

5.5. Continuous irradiation

Stirred argon-saturated solutions (typically 25 cm3) ther-
mostatted at 25 ◦C were irradiated through the gas–liquid interface
using a 200 W Xe-Hg lamp (AMKO). In most experiments the
light was filtered through Duran glass, i.e. wavelengths > 300 nm
reached the samples. Solvents were spectroscopic grade. Photo-
chemical conversions, pc, were determined after irradiation and
appropriate dilution (re-dissolving possible precipitates) via UV-
spectroscopy. Alternative pc values were derived from NMR-spectra
of irradiated samples, which were taken after evaporation of the
solvent and dissolving the residue in NMR-solvents (CDCl3, DMSO-
d6, D2O). Quantum yields of photodimerization were measured
using the Hatchard–Parker method [25]. For this purpose argon-
purged DMI solutions (0.005 and 0.5 M) were irradiated at room
temperature in 1 cm × 1 cm cuvettes so that total absorption of
the light was ensured. For DMI solutions at lower concentrations
cuvettes with longer path lengths were used. Quantum yields ˚dim
were reproducible within ±10%. Relative quantum yields were cal-
culated either from initial slopes of pc vs. time plots (˚rel

dim) or
from pc values corrected by irradiated volume, lamp power, irradi-
ation time and DMI concentration (˚rel

dim). Ratios of the two dimeric
products were determined from selected peaks of the dimers a
and b in the NMR spectra, see Supporting material. Values for
the ratios of the two dimers are reproducible within ±3%. Neither
˚dim nor product ratios are significantly affected by the irradiation
wavelength, i.e. irradiation through Duran glass, through quartz
glass (˚Duran/˚none = 0.36) or through a monochromator at 313 nm
(for ˚dim determinations) lead to consistent results. In benzil-
sensitized reactions the Duran glass filter had to be removed in
order for the sensitizer to absorb light.
5.6. Flash photolysis

For photolysis with UV–vis detection an excimer laser with 248
or 308 nm excitation (rise time <20 ns), a transient digitizer (Tek-
tronix 7912AD) and an Archimedes 440 computer for data handling
were used as in previous work [2i]. As the results turned out to be
similar for �exc = 248 or 308 nm, only the latter was applied, which
made possible to excite in benzene, for example. Formation of sin-
glet molecular oxygen, O2(1�g), was detected by a Ge-diode. The
emission signal at 1260 nm is maximum within 1 �s and decays
within a lifetime of 30–100 �s, depending on the solvent [22a]. It
was ascertained that the emission can be fully suppressed by purg-
ing with argon. The quantum yield (˚�) in air-saturated solution
was obtained from the slope of the maximum as a function of the
laser intensity using optically matched solutions and phenazine in
dichloromethane (˚� = 0.89) as Ref. [26].
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Thanks are due to Anne Jäger for the X-ray investigations, Profes-
sor Wolfgang Lubitz for his support, and Mr. Horst Selbach, Leslie J.



d Phot

[
B 105 (2001) 2707–2717.
44 X. Yu et al. / Journal of Photochemistry an
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