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Abstract

The photodecomposition of some carboxylic esters of a-hydroxymethylbenzoin was studied using electron spin resonance (ESR) and
proton nuclear magnetic resonance-chemicaily induced dynamic nuclear polarization (‘H NMR-CIDNP) techniques. Exclusive a-cleavage
into benzoyl and a-hydroxy-a-acyloxymethylbenzyl radicals through the triplet excited state was observed. The a-hydroxy-a-acyloxyme-
thylbenzyl radicals mainly undergo disproportionation with the other radicals present to give benzoylmethy] carboxylates. Elimination of
carboxylic acids from the a,a-disubstituted benzyl radicals occurs to some extent, but at a much lower rate than the elimination of sulphonic
acids from the corresponding a-hydroxy-a-sulphonyloxymethylbenzyl radicals generated from the sulphonic esters of a-hydroxymethylben-

zoin. © 1997 Elsevier Science S.A.
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1. Introduction

The sulphonic esters of a-hydroxymethylbenzoin have
recently been shown to undergo photoinduced a-cleavage
into benzoyl and a-hydroxy-a-sulphonyloxymethylbenzyl
radicals through a short-lived triplet state [ 1]. The a,a-disub-
stituted benzyl radicals undergo an extremely rapid hetero-
lytic elimination of sulphonic acid to give benzoylmethyl
radicals. The benzoyl and benzoylmethyl radicals readily
attack the C=C double bond of 1,1-diphenylethylene used as
a non-polymerizing model substrate for vinyl monomers. For
these reasons, sulphonic esters of a-hydroxymethylbenzoin
are suitable both as acid-releasing photoinitiators for acid-
hardening resin systems [2,3] and as photoinitiators for free
radical polymerization [4,5].

Carboxylic esters of a-hydroxymethylbernizoin have been
claimed as photoinitiators for unsaturated polyester/styrene
resin systems, i.e. for free radical polymerization processes
[6]. It is perfectly reasonable to assume that these carboxylic
esters will also undergo photoinduced a-cleavage into ben-
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zoyl and a-hydroxy-a-acyloxymethylbenzyl radicals. Of
interest is the fate of the latter radicals: will they release
carboxylic acids and generate benzoylmethyl radicals, or will
they undergo alternative reactions, e.g. fragmentation to
acyloxy radicals and acetophenone?.

In this paper, we report the photodecomposition of some
carboxylic esters of a-hydroxymethylbenzoin (see Table 1),
studied by electron spin resonance (ESR) and proton nuclear
magnetic resonance-chemically induced dynamic nuclear
polarization ('"H NMR-CIDNP) techniques, as well as by
radical trapping experiments using 1-dodecanethiol, a stable
nitroxyl 2,2,6,6-tetramethylpiperidin-1-oxyl (TMPO) and
1,1-diphenylethylene (DPE). ?

2. Experimental details

2.1. General

The 'H NMR spectra were recorded on a Bruker WH-270
spectrometer using tetramethylsilane (8= 0 ppm) as internal

2 Although we abandoned the use of DPE as a model substrate in favour
of 1,1-di-p-tolylethylene (DTE) on very good grounds [71, we used DPE
in this study for comparison with our previous investigation of the sulphonic
esters of a-hydroxymethylbenzoin [1].
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Table 1 ‘ .
a-Hydroxymethylbenzoin 1a and some of its carboxylic esters

CH, OR
Compound R M.p. (°C) Amax (nm) loge
(CH,OH)?

1a H 85.6-86.1

1b i 100.1-1006 320+2 2.30+0.02
CeCHy

1c c'f(c"‘s)z 102.0-1028 32042 2.3040.02

CN

1d E @ 112.3-1129 320+2 2.30+0.02
0

le I 103.8-104.8 320+2 2.30+0.02
Ce =0CH

3

® Only the absorption maximum beyond 300 nm, relevant to the photochem-
istry, is shown. It may be emphasized that the ester part neither contributes
nor influences the chromophoric system.

standard. The mass spectra were recorded on a Finnegan
MAT 212 (EI) and MAT 112 (CI). Melting points (m.p.)
were determined on a melting point microscope (Zeiss,
equipped with a Mettler hot stage and FP 80 processor) and
are corrected.

The ESR experiments were carried out with a Varian E-4
electron paramagnetic resonance (EPR) spectrometer
equipped with a variable temperature accessory (E-257).
Samples of the compounds (10 mg g~' of solvent) were
deoxygenated by purging with helium for 30 min. In the
spin-trapping experiments using 2-methyl-2-nitrosopropane
(MNP), the samples were not deoxygenated. Irradiation was
performed in the cavity of the spectrometer with a Philips SO
100 Hg lamp with a glass filter (5% transmission at 320 nm).
The irradiation time in the spin-trapping experiments was
10-30 s. In the absence of MNP, the samples were continu-
cusly irradiated. The g values of the radicals detected were
determined relative to the benzoyl radical 2 (g =2.0008 [8]).

The 'H NMR-CIDNP experiments were carried out at the
University of Leiden (cooperation with Dr. J.A. den Hollan-
der). A DA 60 IL NMR spectrometer equipped with a mod-
ified probe was used. The light source was a high-pressure
Hg lamp (1000 W, NiSO,/CuSO, filter).

2.2. Materials

a-Hydroxymethylbenzoin 1a and its esters 1b and 1d were
available from previous studies [1,9].

Methyl cyanoacetate (Acros Chimica) and diphenylacetic
acid (Merck) were used without purification. p-Anisoyl chlo-
ride (Acros Chimica) was fractionated before use. 2-Bro-

moacetophenone (Acros Chimica) was recrystallized from
methanol. MNP, 1-dodecanethiol and TMPO (Acros Chim-
ica) were used as received. DPE (Merck) was fractionated
(b.p. 79-80 °C at 0.3 mbar) before use.

2.3. Syntheses

2-Cyano-2-methylpropionic acid (b.p. 102-104 °C at 2.1
mbar) was synthesized according to Eberson and Nilsson
[10]. The acid chloride (b.p. 57-59 °C at 16 mbar) was
obtained from the acid and thionyl chloride. a-Hydroxyme-
thylbenzoin 1a was converted into esters 1c and 1e by treat-
ment with the respective acid chlorides (mole ratio, 1 : 1) in
tetrahydrofuran (THF) in the presence of triethylamine
followed by conventional work-up [9]. Purification was
achieved by recrystallization in all cases. The structures of
the new esters 1c and 1e were confirmed by 'H NMR and
mass spectrometry (MS).

2-Bromoacetophenone was converted into benzoylmethyl
acetate 10b (m.p. 48.0-48.4 °C) [11], benzoylmethy] 2-
cyano-2-methylpropionate 10¢ (m.p. 64.9-65.1 °C), ben-
zoylmethyl benzoate 10d (m.p. 118.8-119.2 °C) [12] and
benzoylmethyl p-anisoate 10e (m.p. 135.3-135.7 °C) [13]
according to Sheehan and Umezawa { 14].

2,2-Diphenylethanol (m.p. 60.3-60.6 °C), obtained by
reduction of diphenylacetic acid with LiAIH, [ 15], was con-
verted into its benzoate (m.p. 87.8-88.8 °C).

2.4. Irradiation procedures

2.4.1. General

All irradiations were conducted in a Rayonet photoreactor
(model RPR-208) equipped with 350 nm lamps. The Pyrex
reaction vessels were equipped with a magnetic stirrer, a gas
dispersion tube and a reflux condenser. The solutions were
flushed with nitrogen before and during irradiation. The reac-
tions were monitored by thin layer chromatography (TLC)
analysis.

2.4.2. Preparative irradiations

Solutions of the various esters (approximately 10~2 M)
in benzene were irradiated for 2-6 h in the presence of
1-dodecanethiol (2% 1072 M), TMPO (3 10”2 M) and
DPE (2X 1072 M).

The irradiation mixtures were fractionated by preparative
liquid chromatography on a 5 g scale using a Chromatospec
preparative liquid chromatograph equipped with a silica col-
umn (Lichroprep; particle size, 15-25 pum; Merck). The
resulting fractions were further purified on a semi-preparative
column (Lichrosorb SI-60; particle size, 10 pm; 250
mm X 22 mm i.d.; Merck). The products were identified by
spectroscopic methods ('H NMR and MS) and by compar-
ison with authentic samples. Thus S-dodecyl thiobenzoate 16
[1,16], 2-(dodecylthio)-acetophenone 17 [1,17], 2,2,6,6-
tetramethyl-1-piperidino benzoate 18 { 1,18,19] and 2,2,6,6-
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tetramethyl-1-piperidyloxymethyl phenyl ketone 20 [1]
have already been described.

The reaction products from the photodecomposition of
ester 1d in the presence of DPE are as follows: 3,3-diphen-
ylpropiophenone 23 (m.p. 92.3-92.9 °C) [20]; 2,2-diphen-
ylvinyl phenyl ketone 24 (m.p. 86.9-87.4 °C) [21];
3,3,3-triphenylpropiophenone 25 (m.p. 168.0-169.4 °C)
[22]; 4,4-diphenylbutyrophenone 26 (m.p. 89.5-90.4 °C)
[23]; 3.3-diphenyl-2-propenyl phenyl ketone 27 (m.p.
124.9-125.7 °C) [24]; these have also been described pre-
viously (cf. also Ref. [1]).

2.4.3. Quantitative irradiations

The analyses of samples withdrawn from the irradiation
mixtures ware carried out on a modular high performance
liquid chromatography (HPLC) system (Waters) equipped
with two model 6000 A pumps, a model 720 system control-
ler, a WISP automatic sample processor, a 730 M data module
and a model 440 UV-absorbance detector (A =254 nm).

For the quantitative analysis of the photodecomposition of
ester 1d in the presence of DPE, both normal- and reversed-
phase HPLC were used. Normal-phase separations were car-
ried out on a Lichrosorb SI-60 column (particle size, 5 pm;
250 mm X 4 mm i.d.; Merck) using a hexane—ethyl acetate
mixture (ratio, 95:5 v/v) as the solvent system. For the
reversed-phase separations, a Lichrosorb PR-1 column (par-
ticle size, 5 m; 250 mm X 4 mm i.d.; Merck) was used with
a solvent system consisting of methanol and water in various
ratios.

Table 2
Radicals observed by ESR during the photolysis of esters 1
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3. Results
3.1. ESR spectroscopy

At low temperatures (from —70 to —90 °C) and in the
absence of a spin trap, the ESR spectra of esters 1b-1le all
show the presence of the benzoyl radical 2 [ 8] (see Table 2).
In addition, at low temperature ( —90 °C), the spectra of
esters 1d and 1e in particular show the presence of a radical
which can be assigned to the respective a-hydroxy-a-acylox-
ymethylbenzyl radical 3 by comparison of the parameters
with the reported values for the a-hydroxy-a-ethylbenzyl
radical [25].

At room temperature, the ESR spectra of esters 1b-1e all
show the presence of the benzoylmethyl radical 4 [26]. At
room temperature and in the presence of MNP, the ESR
spectra of esters 1b-1e all show the presence of the trapped
benzoyl radical 5 [27] and the trapped benzoylmethyl radical
6 [28]. In addition, the trapped phenyl radical 7 [29] is
observed in both benzene and toluene. The origin of the
phenyl radical is not known with certainty. However, itseems
that its appearance is connected with the occurrence of radical
4. The phenyl radical may be formed from radical 4 through
the elimination of ketene, which may well be a side reaction
of the neophyl-like rearrangement and subsequent decarbon-
ylation of radical 4 [26].

Interestingly, the elimination of ketene from radical 4 has
recently been assumed to occur in order to explain the for-
mation of small amounts of biphenyl during the photolysis
of ester 1b [ 30].

j T
CGHS—C . CGHS—C .
2 CH,0COCH
k]
8 Ayom) 13
2.0008 0.11° 2.0031
0 O [+] Qs
' i |
CGH—C—N-IBU csHs—c—CHz—-N-—tBu
5 [}
g dan 8
2.0069 0.8 2.0062
Qe
|
GGHSCHZ- 0 ~N —tBu
g
8 an AH(a)
2.0054 298 0.09

i
CGHS'—C -—042'
4
Ahica; Ao Ayican 8 Ayeay
1.02 0.46 0.16 2.0046 1.96
?o
CGHS_ N —-tBu
A
ay Gicar 8 an/ay
144 0.77 2.0061 n.d.
[+
|
tBu-N-tBu
9
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Table 3
Assignments of '"H NMR-CIDNP transitions of ester 1b
Product assignment Chemical Polarization
shift
i P
CeHgC— C—CgHg ( recombination) 435 (s) E
cnzococns
o-benzyl (recombination) 7.50 (m) E
- 9.65 (s) A
CeHgCH (
12
- 4.80 E
CgHgC = CH,0C0CHy (s)
10b
—C- 205 (s A
CgHC—CHy (s)
1
i
CHy— C—0CHy 3.20 (s) A

13

In the ESR spectra of esters 1d and lein particular, aradical
can be observed which, in all likelihood, is radical 8
(R'=C¢H;s [31]), since it only appears when toluene is used
as solvent.

In all experiments employing MNP, signals of radical 9
[31] are also detected.

3.2. 'HNMR-CIDNP

Acetic ester 1b was selected for the CIDNP experiments.
The polarization effects observed (see Table 3) can be read-
ily explained using the set of simple rules developed by Kap-
tein [32]: net polarization T,,, = neA gA,, considering
1. photodecomposition from a triplet excited state (u= +);
2. formation of products by in-cage recombination (e= +)

cr by transfer reactions after escape from the cage
(e=-);

3. the g values of the respective radicals, e.g. the g value of
radical 3 (2.0031) is larger than the g value of radical 2
(2.0008), and hence Ag = + for the protons (OH and o-
benzy!) of radical 3 in the in-cage recombination;

4. the hyperfine coupling constants A,;.

This then leads to the reactions shown in Scheme 1.

3.3. Trapping with 1-dodecanethiol

Carboxylic esters 1b-1e were irradiated in benzene solu-
tion in the presence of 1-dodecanethiol as a scavenger for
non-cage benzoyl radicals 2 [33]. Benzaldehyde 12 proved
to be the major product in all cases. The major products
resulting from the respective radicals 3 which could be iden-

tified were the benzoylmethyl carboxylates 10 and aceto-
phenone 11.

The benzoyl radicals 2 and the benzoylmethyl radicals 4
resulting from radicals 3 were also scavenged in part by the
1-dodecanethiyl radicals to form small amounts of S-dodecyl
thiobenzoate 16 and 2-(dodecylthio)acetophenone 17
respectively as observed previously [1].

3.4. Trapping with TMPO

Carboxylic esters 1b—1e were irradiated in benzene solu-
tion in the presence of TMPO as described previously [ 1,19].
In all cases, 2,2,6,6-tetramethyl-1-piperidino benzoate 18
[1,18,19], resulting from the coupling of radicals 2 and
TMPO, was formed. In addition, other products, resulting
from the reaction of radicals 3 with TMPO, were found. Thus
benzoylmethyl carboxylates 10 were formed, together with
1-hydroxy-2,2,6,6-tetramethyl piperidine 19, by aredox reac-
tion between radicals 3 and TMPO, as observed previously
for benzoin [19], a-hydroxymethylbenzoin 1a [1] and 2-
hiydroxyisobutyrophenone [34].

In the case of ester 1c, an additional product was isolated,
2,2,6,6-tetramethyl- 1-piperidyloxymethyl pheny! ketone 20,
resulting from the coupling of radical 4 and TMPO, as
observed previously for the sulphonic esters of 1a.

It should be emphasized that no other products were
formed on irradiation of esters 1b-1e in benzene in the pres-
ence of TMPO (e.g. 1-alkoxy-2,2,6,6-tetramethylpiperidines
resulting from the coupling of alkyl radicals and TMPO).

3.5. Photodecomposition in a model substrate (DPE)

Carboxylic ester 1d was photolysed in benzene solution in
the presence of DPE as described previously for some sul-

T _ T
0 OH 0 OH
hv I 1
1b _;c_. Csﬂs-c-? —CG“S — CGHS-C' «C —Célls
CH 20C0CN 3 CH 20&0”3
RP-1
oH 'l'"a = ¢ste= u = (E)
o=benzyl T__ e ¢eem v = (E)

escape

I I
RPel mmp CoHeCH 12 CeMg-C - CH0C0CH;  10b

Tn. " smme = + (A) 'l’”° = ¢=2s » = (E)

._0—._1' T
/]

hv 1] i

10b ————» C_H M !

AT ¢ S—C -C 2060013 ——+ CgHgC

i
88CBPO

CeHg € ~CHy 13 T
RP=2

CHz-C—0OCHy _g The = t+~= 3 + (A)

Scheme 1.
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Scheme 2.

phonic esters of 1a [1] and some common photoinitiators

[

1.

35]. The products formed fall into two categories:
products not containing the DPE moiety, i.e. products of
‘‘wastage’’ from the viewpoint of initiation, such as benz-
aldehyde 12, benzil 14, benzophenone 15, benzoylmethyl
benzoate 10d (major product) and acetophenone 11;

2. products resulting from the addition of radicals 2 and 4 to

the C=C double bond of DPE; both primary adduct rad-
icals 21 and 22 undergo the usual termination reactions,
such as hydrogen abstraction and disproportionation as
indicated in Scheme 2.

A satisfactory material balance was obtained for the ben-

zoyl radical 2 (approximately 84%) and the benzoylmethyl
radical 4 (approximately 84%) generated from 1d (see
Table 4). The initiating efficiencies f;,, defined as the fraction

of the generated radicals that initiate polymerization, can be
calculated from the products.

Thus, for radical 2, f,=2X(23, 24, 25)/1d.,,, =0.61,
which is in excellent agreement with previous results
obtained with the sulphonic esters of 1a (f,,=0.59 [1]).

Likewise, for radical 4, f,4=X(26, 27)/1d.q, =0.25,
which is much lower than that observed for the sulphonic
esters (f,4=0.56 [1]). Since radicals 2 and 4 were shown to
be equally reactive towards the C=C double bond of DPE,
the drop in f,4 must be attributed to the smaller amount of
radicals 4 generated owing to disproportionation (Scheme 2,
reaction (3)) of radicals 3.

As a consequence, the overall initiating efficiency

fo= (fiz+f,4)/2=0.43 is also lower than that observed for

the sulphonic esters (f,=0.58 [1]).
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Table 4
The photodecomposition of 1d in the presence of DPE ?

Product Amount of product Corresponding amount (mmo!) of

(mmol)

2 4 DPE

1d 12.7 12.7 12.7
12 Trace Trace
4 04 0.8
15 4.0° 1.0 30
10d 6.6 6.6
1 1.5 1.5
DPE 22 22
23 58 58 58
24 42 42 42
25 0.5 0.5 0.5
26 2.1 21 2.1
27 22 22 22

* The starting solution contained 30 inmol of 1d and DPE. Irradiation time,

6h.
® The relatively large amount of 15 is mostly due to oxidation of DPE during
the entire operation (irradiation and subsequent analysis).

4. Discussion

From the spectroscopic results, it can be concluded that
carboxylic esters 1b-1e undergo photoinduced a-cleavage
into the radical pair 2 and 3 through the triplet excited state,
thus paralleling the behaviour of the corresponding sulphonic
esters [1] as expected. Our interest, as already mentioned
(see Section 1), was also focused on the behaviour of
radicals 3 compared with the corresponding a-hydroxy-a-
sulphonyloxymethylbenzyl radicals generated from the sul-
phonic esters.

The ESR spectra unmistakeably indicate further fragmen-
tation of radicals 3, generating the benzoylmethyl radical 4
(Scheme 2). We have not been able to detect acyloxy radicals
using spin trapping, nor the corresponding alkyl radicals
(after the loss of CO, from the acyloxy radicals) in the
absence of the spin trap. This strongly suggests that reaction
(4) (Scheme 2) is not an important fragmentation pathway
for radicals 3. 2

Supporting evidence comes from 'H NMR-CIDNP results
obtained with ester 1b, i.e. the appearance of a polarized
signal (E) due to the a-protons of acetophenone 11 and the
absence of a polarized signal due to methane and ethane. *

Moreover, the polarized signal (E) due to the a-protons
of benzoylmethyl acetate 10b suggests that hydrogen transfer
(Scheme 2, reaction (3)) is the major process of radicals 3.

These results have been corroborated by a recent report by
Askerov et al. [30] on the photolysis of ester 1b in various
solvents. Benzoylmethyl acetate 10b (approximately 30%

3 Acyloxy radicals (with spin trapping) and the corresponding alkyl
radicals (without spin trapping) have been observed by ESR during the
photolysis of O-acyl a-oximonoketones under similar conditions [36].

* 'H NMR-CIDNP effects have been observed for methane and ethane
(A) during photolysis of O-acyl a-oximonoketones [36].

yield) was found to be the major product in all solvents. The
formation of acetophenone 11 was found to be strongly
dependent on the solvent (5% in benzene and approximately
40% in 2-propanol ).

The trapping experiments using 1-dodecanethiol, TMPO
and DPE are in agreement with the spectroscopic results, i.e.
the primary formation of radicals 2 and 3.

The TMPO trapping experiments provided valuable infor-
mation on the relative importance of the subsequent reactions
of radicals 3 as observed previously [ 1]. Firstly, the absence
of 1-alkoxy-2,2,6,6-tetramethylpiperidines among the prod-
ucts should be mentioned. These products should have been
formed if reaction (4) (Scheme 2) was a significant frag-
mentation pathway of radicals 3.

It is also concluded that fragmentation reaction (2)
(Scheme 2) of radicals 3, generating radical 4, is a slow
process compared with the redox reaction ( 14) (Scheme 2)
between radicals 3 and TMPO (k,.y~5X 10* I mol ' s~!
[37,38]) giving benzoylmethy! carboxylates 10 and the
reduced nitroxyl 19.

In the case of ester Ic, interestingly, some 2,2,6,6-tetra-
methyl-1-piperidyloxymethyl phenyl ketone 20 [ 1] was also
formed. This indicates that fragmentation reaction (2) of
radical 3¢ is fast enough to at least compete with redox reac-
tion (14).

The fact that 2-cyano-2-methylpropionic acid is a much
stronger acid (pK,~ 2.4 [39]) than all the other acids used
in this study may be significant.

The elimination of acid from the a-hydroxy-a-acyloxy-
methylbenzyl radical 3 may well be related to the 1,2-rear-
rangement reaction

c-R 1<
n/
Q‘2~D Cﬂz o

O=H OJH ﬁ

csné-cl:- Q, — [ CgHg=Cse o\c-R} — Csus_i“ N:;C-R (23)
of B-acyloxyalkyl radicals, which has recently been shown
[40-43] to occur through a charge-separated transition state.
In the kinetic experiments, a pronounced influence of both
solvent polarity (water>hydrocarbons) and the electron-
attracting character of the substituent R (CF, > CH;) on the
rate of the rearrangement was observed [ 41]. Such a detailed
kinetic study of the influence of both the solvent polarity and
electron-attracting character of the R group on the fragmen-
tation reaction (2) of radicals 3, which should provide infor-
mation on the possible occurrence of a charge-separated
transition state, is well beyond the scope of the present work.

The trapping experiments using DPE are also in agreement
with the conclusions reached so far. Similar product mixtures
were obtained as found previously [1] for the sulphonic
esters of 1a, except for the appearance of substantial amounts
of benzoylmethyl carboxylates 10. As a consequence, the
contribution of radical 4 to the initiation (products 26, 27,
etc.) is far less than for the corresponding sulphonic esters
[1], e.g. the ratio f,,/f,4(carboxylic ester) ~2.4 vs. Sl
Jra(sulphonic ester) ~ 1.0.
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The absence of termination products resulting from the
coupling and cross-coupling of the primary adduct radicals
21 and 22, as observed in the case of the corresponding
sulphonic esters [ 1], is not clear. The absence of 2,2-diphen-
ylethyl benzoate in the irradiation mixture of 1d in the pres-
ence of DPE once again indicates the insignificance of
fragmentation reaction (4) of radicals 3.

It may finally be relevant to mention that long-chain car-
boxylic esters of a-hydroxymethylbenzoin 1a (e.g. the laur-
ate, m.p. 62.1-62.4 °C) failed to exhibit {44] a similar
performance to the corresponding long-chain sulphonic
esters [4,5] in the photocuring of acrylate resins in thin films;
the reason, in all likelihood, is the much smaller amount of
surface-active long-chain alkali metal (e.g. lithium) carbox-
ylate generated.

References

[1] H. Angad Gaur, C.J. Groenenboom, H.J. Hageman, G.T.M. Hakvoon,
P. Oosterhoff, T. Overeem, R.J. Polman and S.v.d. Werf, Makromol.
Chem., 185 (1984) 1795.

[2] H.G. Heine, H. Rudolph and H.J. Kreuder, Ger. Offen. 1919 678,
1970.

[3] H. Rudolph, H.J. Rosenkranz and H.G. Heine, Appl. Polym. Svmp.. 26
(1975) 157.

[4] HJ. Hageman, W.J. de Klein and E.A. Giezen. Eur. Patent 37 152,
1981.

[5] H.J. Hageman and L.G J. Jansen, Makromol. Chem., 189 ( 1988) 2781.

[6] H.G. Heine, K. Fuhr, H. Rudolph and H. Schnell, S. Afr. Patent
6905 041, 1970.

[7] J.E. Baxter, R.S. Davidson, H J. Hageman and T. Overeem, Mukromol.
Chem.. 189 (1988) 2769.

[8] S. Adam, Dissertation, University of Karlsruhe, 1973.

[9] H.J. Hageman, Makromol. Chem. Rapid Commun.. 2 (1981) 517.
[10] L. Eberson and S. Nilsson, Acta Chem. Scand.. 22 (1968) 2453.
{11] P. Hunius and Th. Zincke, Ber. Disch. Chem. Ges., 10 (1877) 1486.
{12] J.B. Rather and E.E. Reid, J. Am. Chem. Soc., 41 (1919) 75.

[13]) A.L. Stockburn and C.W. Thomas, Org. Mass Spectrom., 9 (1974)
1027.

{14] J.C. Sheehan and K. Umezawa, J. Org. Chem . 38 (1973) 3771.

[15] K.E. Hamlin, A.W. Weston, F.E. Fischer and R.J. Michaels, J. Am.
Chem. Soc., 71 (1949) 2734,

[16] R.L. Frank, S.S. Drake, P.V. Smith and C. Stevens, J. Polvm. Sci.. 3
(1948) 50.

{171 S.P. Massie, Jowa State Coll. J. Sci., 21 (1946) 41.

[18] E.G. Rozantsev and V.A. Golubev, I2v. Akad. Nauk SSSR. Ser. Khim..
(1966) 89.

(19] H.J. Hageinan and T. Overeem, Makromol. Chem. Rapid Commun., 2
(1981) 719.

120] G.A. Holmberg and J. Axberg, Acta Chem. Scand.. 17 (1963) 967.

[21] D. Vorlander, J. Osterburg and O. Meye, Ber. Disch. Chem. Ges., 56
(1923) 1163.

[22] R.L. Garner and L. Hefferman, J. Am:. Chem. Soc., 68 (1946) 823.

[23] E. Ghera, D.H. Perry and S. Shoua, J. Chem. Soc., Chem. Commun.,
(1973) 858.

{24] R.M. White and M.A. Battiste, J. Org. Chem., 41 (1976) 1245,

[25] H. Paul and H. Fischer, Helv. Chim. Acta, 56 (1973) 1575.

{26] G. Brunton, H.C. McBay and K.U. Ingold, J. Am. Chem. Soc., 99
(1977) 4447.

{27] A. Ledwith, P.J. Russell and L.H. Sutcliffe, J. Chem. Soc.. Perkin
Trans. 2, (1972) 1925.

[28] 1. Rosenthal, M.M. Mossaba and P. Riesz, Can. J. Chem.. 60 ( 1982)
1486.

[29] C. Chatgilialoglu, B.C. Gilbert, B. Grill and M.D. Sexton, J. Chem.
Soc., Perkin Trans. 2, (1980) 1141.
{30] D.B. Askerov, V.F. Tarasov, A.Ya. Vainer, G.V. Stebunova, V.A.
Bogdanov and K.M. Dyumaev, Zh. Org. Khim., 18 (1982) 1047.
{311 A. Mackor, Th.A.J.W. Wajer and Th.). de Boer, Tetrahedron Lett.,
(1967) 385.

[32] R. Kaptein, J. Chem. Soc. D, (1971) 732. R. Kaptein, Adv. Free
Rudical Chem., 5 (1975) 381.

[33] F.D. Lewis and J.G. Magyar, J. Am. Chem. Soc.. 95 (1973) 5973.

[34] H.J. Hageman, unpublished observations, 1981.

[35] C.J. Groenenboom, H.J. Hageman, T. Overeem and A.J.M. Weber,
Muakromol. Chem., 183 (1982) 281.

[36] C.J. Groenenboom, H.J. Hageman, P. Qosterhoff, T. Overcem and J.
Verbeek, J. Photochem. Photobiol. A: Chem., 107 (1997) 261-270.

[37] K.D. Asmus, S. Nigam and R.L. Willson, Int. J. Radiat. Biol. Relat.
Stud. Phys. Chem. Med., 29 (1976) 211.

[38] S. Nigam, K.D. Asmus and R.L. Willson, J. Chem. Soc., Faraduy
Trans. 1, (1976) 2324.

[39] D.J.G. lves and P.G.N. Moseley, J. Chem. Soc. B, (1970) 1655.

[40] L.R.C. Barclay, D. Gniler and K.U. Ingold, J. Am. Chem. Soc.. 104
(1982) 4399.

{41] L.R.C. Barclay, J. Lusztyk and K.U. Ingold, J. Am. Chem. Soc.. 106
(1984) 1793.

[42] S. Saebo, A.L.J. Beckwith and L. Radom, J. Am. Chem. Soc.. 106
(1984) 5119.

{43] H.G. Korth, R. Sustmann, K.S. Groninger, M. Leisung and B. Giese.
J. Org. Chem., 53 (1988) 4364.

[44] H.J. Hageman and L.G.J. Jansen, unpublished observations, 1981.



