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essentially as described previously,' using HO~ in H20 and DO~
in D0, with the following differences. A 2.5-ml RGI, Inc., ultra-
precision micrometer buret was used for titration with standard
hydrochloric acid. The indicator was Neutral Red-Methylene Blue
except with phenoxide solutions, in which case Bromocresol Purple
was used. All kinetic runs were carried out in flasks made of alkali-
resistant glass (Corning Glass No. 7280), sealed with a needle
puncture stopper. Aliquots, taken with a syringe, were 2 ml and
were measured gravimetrically for each point. The bath tempera-
ture was 60.00 £ 0.005° (NBS Certified thermometer).

Olefin yields were 100 £ 4% (crosschecked with two different
ultraviolet spectrophotometers), with the exception of the reaction
of 4-(2-bromoethyl)phenyltrimethylammonium tosylate with
phenoxide, in which case olefin yields were used to calculate per-
centage of E2 and SN2 processes.
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Influence of Solvent on the Motion of Molecules
“Immobilized” on Polystyrene Matrices
and on Glass Surfaces!
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Abstract: The influence of solvent on the rotational motion of 2,2,6,6-tetramethyl-4-piperidinol-1-oxyl (1) covalently bound
to cross-linked polystyrene, silica, and a polystyrene ion-exchange resin has been examined by electron paramagnetic reso-
nance spectroscopy. The degree of swelling of the polymer supports, as defined by the solvent employed, is an important fac-
tor in determining the mobility of the attached spin label. In contrast, when immobilized on a rigid silica surface, the motion
of 1 is considerably less sensitive to the nature of the solvent. Evidence is presented which suggests that hydrogen-bonding
forces may be important in influencing the physical properties of molecules immobilized on silica.

Glass surfaces show considerable promise as support ma-
terial for enzymes.? The successful application of polysty-
rene resins to organic synthesis,’ transition-metal catalysis,*
and photochemistry® suggests that silica may find similar
use.® Until recently, little attention has been given to the
role which the solvent plays in the chemistry of substrates
“immobilized” on insoluble supports. It is now evident that
the choice of solvent can have a dominant influence on the
physical nature of molecules bound to polystyrene matrices,
and that the primary function of the solvent is to define the
degree of swelling of the polymer lattice.”® Recent studies
dealing with polymer-bound transition-metal catalysts and
complexes strongly suggest that swelling is also an impor-
tant factor in determining the chemical reactivity of immo-
bilized molecules.® Silica, unlike polystyrene, is rigid and is
not subject to swelling. One might expect that for molecules
bound to this type of lattice, the choice of solvent would be
of little consequence to their physical an.!, possibly, chemi-
cal behavior. Such a property could represent a subtle but
important advantage of silica over polystyrene as support
material.

The work reported in this paper was carried out in order
to provide a basis for understanding how solvent influences
the physical nature of molecules bonded to silica and to
polystyrene supports. The approach which we have taken
was based on the spin-labeling technique, where we have
examined the rotational motion of a nitroxide radical at-
tached to solvent-swelled 2% cross-linked polystyrene and to
solvent-wetted silica.'®

Results and Discussion

Attachment to a Polystyrene Matrix. The nitroxide
2,2,6,6-tetramethyl-4-piperidinol-1-oxyl {1) was covalently
attached to polystyrene by reaction of its sodium salt with
2% cross-linked chloromethylated polystyrene 2 to yield ni-
troxide-polystyrene 3.

The room-temperature electron paramagnetic resonance
(EPR) spectrum of 3 in the dry state exhibited a “powder”
spectrum indicating slow rotational motion (Figure 1A).
Swelling 3 with carbon tetrachloride caused a large increase
in the rotational motion of the nitroxide moiety as evi-
denced by the change in the EPR spectrum (Figure 1C).
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Table I. Influence of Solvent on Nitroxide Motion in 3, 4, 5a, and 5b2
Nitroxide—silica Nitroxide—silica
Nitroxide—polymer 3 Nitroxide—polymer 4 5a 5b
Solvent 107, sec qb 107, sec qb 10'° 7, sec 1017, sec

Dry state 300 1.0 900 1.0
n-Pentane 300 1.1 900 1.0 36
Cyclohexane 300 1.1 900 1.0 26
Ethanol 300 1.1 11 2.7 7 21
2-Propanol 300 1.1 26 2.1 10 25
Acetonitrile 130 1.2 900 1.0 19 17
Acetone 6.8 2.0 900 1.0 22 15
Ethyl acetate 4.6 2.6 900 1.0 11 8
Carbon tetrachloride 6.1 3.4 900 1.0 24
Tetrahydrofuran 3.0 3.7 900 1.0 16 11
Pyridine S 11

aRotational correlation times, 7, are accurate to £10%. b Degree of swelling values (swelled volume/dry volume) is accurate to +5%.

CH, cH,

N—O-

O
CH; CH;

nitroxide-polystyrene—2% divinylbenzene
3, <4 X 102% ring substitution

Rotational correlation times, 7, calculated from the ob-
served room-temperature EPR spectra of 3 swelled in a va-
riety of solvents, are presented in Table I, along with corre-
sponding degree of swelling values g (swelled volume/dry
volume).!'-!> As was noted previously,” solvents which
swelled the polymer lattice appreciably caused a large in-
crease in the rotational motion of the spin label; those sol-
vents which brought about little or no increase in swelling
had a negligible effect on the nitroxide’s motion.
Attachment to an Ionic Polystyrene Matrix. The intro-
duction of charged sites along the polystyrene backbone
would be expected to lead to a substantial alteration in the
swelling properties of the resin. Such a modification could
cause major differences in the physical and chemical prop-
erties of attached substrates. We have explored this possi-
bility by examining the influence of certain solvents on the
motion of the nitroxide moiety in the spin-labeled ion-ex-
change resin 4. Table I includes data which summarize our

CH; CH,

N—O-

CH,

CHg
+ : :
CHQ_N O
CclI-

nitroxide~-polystyrene ion-exchange resin—
2% divinylbenzene
4, <4 X 10"2% nitroxide ring substitution;
96% pyridine ring substitution

results, In brief, we found that only ethanol and 2-propanol
swelled the ion-exchange resin significantly, and only with
these solvents did we note a large increase in the motion of
the spin label. In addition, it is clear from inspection of
these data that certain of the solvents tested had an opposite
influence on polymer swelling and nitroxide motion for 3 as
compared with 4. One example of this is illustrated in Fig-
ure 1. Polymer 3 underwent extensive swelling in carbon
tetrachloride with an accompanying increase in motion of
the nitroxide moiety. When 3 was swelled in ethanol, we ob-

(]
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S

40 gauss

Figure 1. EPR spectra of: (A) 3 in the dry state, (B) 3 swelled in etha-
nol, (C) 3 swelled in carbon tetrachloride, (D) 4 in the dry state, (E) 4
swelled in ethanol, (F) 4 swelled in carbon tetrachloride.

served slow nitroxide tumbling and little solvent uptake. Ex-
amination of the influence of ethanol and carbon tetrachlo-
ride in 4 revealed exactly the reverse effects. Evidently, the
introduction of charged sites along the polymer backbone
makes the lattice more compatible with ethanol and less
compatible with carbon tetrachloride.

Lagercrantz has recently reported a study of the motion
of the nitroxide 2,2,5,5-tetramethyl-3-pyrrolin-1-oxyl-3-
carboxylic acid ionically bound to certain polystyrene ion
exchange resins.'®!” We have prepared a similar nitroxide-
resin using AG 1-X2 (a strong anion exchanger with qua-
ternary ammonium groups attached to a styrene-divinyl-
benzene polymer lattice) and 2,2,5,5-tetramethylpyrrolidin-
1-oxyl-3-carboxylic acid and have found that, for this sys-
tem, the degree of swelling of the resin, as defined by the
swelling solvent employed, appears to have a significant ef-
fect on the rotational motion of the label. Thus, when poor
swelling solvents were used such as acetone and benzene, no
detectable change was observed in the EPR spectrum from
that produced by the sample in the dry state. By employing
better swelling solvents, the rotational motion of the label
increased accordingly (Table II).

Attachment to Silica. In order to measure the influence of
solvent on the mobility of molecules bound to glass surfaces,
we have examined the rotational motion of spin label 1 cov-
alently attached to silica. The sodium salt of nitroxide 1 was
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Table I Influence of Solvent on the Motion of 2,2,5,5-Tetra-
methylpyrrolidin-1-oxyl-3-carboxylic Acid Ionically Bound to Ag
1-X24

Solvent 10%° 7, sec gb
Dry state 900 1.0
Acetone 900 1.1
Benzene 900 1.0
Ethanol in benzene (10% v/v) 40 1.4
Ethanol in benzene (20% v/v) 13 1.9
Ethanol in benzene (30% v/v) 9.5 2.1
1-Propanol 5.0 2.2
Ethanol 4.0 2.9

aRotational correlation times, 7, are accurate to =10%.  Degree
of swelling values (swelled volume/dry volume) is accurate 10 £5%.

Table [II. Hyperfine Splitting for Spin Labels?
Spin label AN
DTBN in toluene 34.6 =+ 0.2%
DTBN adsorbed on silica 38.6 £ 0.2%
Sa 33.3:0.3
5b 34.5:0.5
3 325:0.3
2 Hyperfine splitting constants in gauss; 7= 77 K.

allowed to react with 4-bromomethylphenylsilica suspended
in DMF and yielded the nitroxide-silica 5a.!® The room-

OR CH; CH,
0

=0

0——=Si CH,0 N—0O
o 2

OR CH, CH,

nitroxide-silica
5a,R=H
b, R = Si(CHy),

temperature EPR spectrum of nitroxide-silica 5a in the dry
state exhibited a typical “powder” spectrum as shown in
Figure 2. When nonhydrogen-bonding solvents such as car-
bon tetrachloride, pentane, or cyclohexane were used to wet
the glass surface, the resulting EPR spectra were similar to
that of the dry sample. When hydrogen-bonding solvents
were employed, a three-line spectra appeared which indicat-
ed faster motion of the label. Rotational correlation times,
7, calculated from the EPR spectra observed for 5a in all of
the hydrogen-bonding solvents studied, varied from 0.5 X
107 to 2.2 X 107° sec (Table I). One possible explanation
which would account for the large difference between the
two classes of solvents is that the covalently bound nitroxide
is hydrogen-bonding to a neighboring silanol moiety (Si-
OH).!? Solvents added to Sa which compete with this bond-
ing could free the rotational motion of the spin label. Evi-
dence in support of this theory was obtained by treating Sa
in dry pyridine with bis(trimethylsilyl)trifluoroacetamide
yielding 5b.20 The room-temperature EPR spectra of Sa
and 5b in the dry state were similar. By using either hydro-
gen- or nonhydrogen-bonding solvents to wet the surface of
5b, the estimated rotational correlation times varied only
from 0.8 X 107°t0 3.6 X 107 sec.

In an effort to obtain direct evidence for a hydrogen-bond
interaction, we have measured the parallel component of
the nitroxide N hyperfine splitting, An, at 77 K in Sa, 5b,
and in the polystyryl nitroxide 3. Our results are summa-
rized in Table III. The 4~ value of a nitroxide free radical
is sensitive to hydrogen-bond formation.!” Hoffman has re-
cently demonstrated that di-zert-butyl nitroxide (DTBN)

—_——
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Figure 2. EPR spectra of: (A) 5a in the dry state, (B) 5a plus carbon
tetrachloride, (C) 5a plus ethanol, (D) 5b plus carbon tetrachloride.

adsorbed on silica has a hyperfine splitting of 38.6 G,
whereas a frozen toluene solution of the same spin-label has
a splitting of 34.6 G.2! The difference in the splitting has
been attributed to DTBN hydrogen-bonding to surface sila-
nol groups. Although we have found An(5a) > An(3), the
difference in the hyperfine splitting is significantly less than
that observed in Hoffman’s system. In addition, it is not
presently clear why An(5b) > An(5a).

Although we cannot quantitatively assess the importance
of hydrogen bonding in influencing the mobility of the sil-
ica-bound nitroxide, the results cited here, nonetheless, pro-
vide strong evidence that the physical nature of substrates
“immobilized” on trimethylsilylated glass surfaces will be
considerably less solvent dependent than that of substrates
bound to polystyrene matrices.

Experimental Section

General Methods. Tetrahydrofuran, N,N-dimethylformamide,
and pyridine were purified by distillation from calcium hydride
under a nitrogen atmosphere. All other solvents used were spectro-
photometric grade (Aldrich Chemical Co.) and were dried over
“Linde 1ype” 4A molecular sieves (Matheson Coleman and Bell)
and distilled under nitrogen prior to use. The nitroxide 2,2,6,6-tet-
ramethyl-4-piperidinol-1-0xyl (1) was obtained commercially (Al-
drich Chemical Co.) and was used without further purification.
Chloromethylated (1.0 mmol of chlorine/g of polymer) and non-
chloromethylated cross-linked polystyrene beads (2% divinylben-
zene, 200-400 mesh) were obtained from Bio-Rad Laboratories
and were used without further purification. 4-Bromomethylphen-
ylsilica was commercially available (Chemical Dynamics Corp.);
the pore size was 2500 A.

EPR spectra were recorded at ambient temperature using a Var-
ian E-3 (X-band) spectrometer. No power saturation or modula-
tion amplitude effects were noted at the 1.0-mW and 1.0-G levels
used in this investigation. Each polymer or silica sample was al-
lowed to remain in contact with an excess of solvent for 24 hr in an
EPR tube, sealed with a No-Air stopper. The tube was purged with
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nitrogen for 10 min prior to spectral analysis. Rotational correla-
tion times, 7, were estimated from line-width analyses of the EPR
spectra employing equations developed previously.!112 It should be
noted that the estimation of slow-motion rotational correlation
times (7 > 1078 sec) depends significantly on the diffusional model
adopted, e.g., Brownian, moderate jump, or large jump diffusion.
We have arbitrarily assumed Brownian diffusion.

Nitroxide-Polystyrene 3. 2,2,6,6-Tetramethyl-4-piperidinol-1-
oxyl (1) (0.006 g, 0.03 mmol) and sodium hydride (0.048 g, 2.0
mmol) were placed in a 25-ml round-bottomed flask equipped with
a No-Air stopper and a Teflon-coated magnetic stirring bar. The
flask was thoroughly degassed under a stream of nitrogen, and 8
ml of freshly distilled NV,N-dimethylformamide (DMF) was added
via syringe. The solution was stirred for 2 hr at room temperature,
transferred by forced siphon through a stainless steel cannula
under a nitrogen atmosphere into a 250-ml round-bottomed flask
capped with a No-Air stopper which contained a degassed mixture
of 2% cross-linked chloromethylated polystyrene (10.0 g, 1.0 mmol
of chlorine/g of polymer), preswelled in 75 ml of DMF. The re-
sulting mixture was stirred under a nitrogen atmosphere for 24 hr,
filtered, and washed successively with water, ethanol, benzene, and
ether and was dried under vacuum [24 hr, 65° (0.05 mm)]. Using
the above proportions of spin label and polymer, the resulting ni-
troxide-polymer 3 must contain less than 4 X 10~3 mmol of ni-
troxide/g of polymer.22

Nitroxide-Polystyrene lon-Exchange Resin 4. The 2% cross-
linked polystyrene (20 g) was placed in a 500-ml round-bottomed
flask equipped with a No-Air stopper and Teflon-coated magnetic
stirring bar. The polymer was swelled with 90 ml of chloromethyl
methyl ether (Aldrich Chemical Co.) and stirred for 1 hr at room
temperature. (Caution: chloromethyl methyl ether is carcinogen-
ic!) A cold solution of 6 ml of anhydrous SnCl, in 40 ml of chloro-
methyl methyl ether was added, and the mixture was stirred at
room temperature for an additional 48 hr. The polymer was fil-
tered, washed successively with 3:1 dioxane-water, 3:1 dioxane-3
N HCI, water, dioxane, and anhydrous ether. The beads were then
dried under vacuum [48 hr, 65° (0.05 mm)]. The product con-
tained 6.4 mmol of chlorine/g of polymer (96% ring substitu-
tion).24

Nitroxide 1 was covalently attached to this matrix using a pro-
cedure similar to that described in the preparation of 3. A portion
(3.0 g) of the resulting nitroxide-polymer was converted into 4 by
treatment with pyridine (50 ml) for 3 hr at 100°. The resin was
then filtered, washed with anhydrous ether, and dried under vacu-
um [10 hr, 65° (0.05 mm)]. Chloride ion analysis indicated com-
plete quaternization of the resin.

2,2,5,5-Tetramethylpyrrolidin-1-oxyl-3-carboxylic Acid lonical-
ly Bound to an Ion-Exchange Resin, A solution of 2,2,5,5-tetra-
methylpyrrolidin-1-oxyl-3-carboxylic acid (0.001 g, 0.006 mmol)
in 8 ml of water was added to a dry form of the anion exchange
resin AG 1-X2 (1.0 g) and was stirred at room temperature for 10
hr.?5 The polymer was then filtered, washed with anhydrous ether,
and dried under vacuum [5 hr, 65° (0.05 mm)].

Nitroxide-Silica 5a, 2,2,6,6-Tetramethyl-4-piperidinol-|-oxyl
(1) (0.017 g, 0.10 mmol) and sodium hydride (0.048 g, 2.0 mmol)
were placed in a 25-ml round-bottomed flask equipped with a No-
Air stopper and a Teflon-coated magnetic stirring bar. The flask
was thoroughly degassed under a stream of nitrogen, and 5 ml of
freshly distilled DMF was added via syringe. The solution was
stirred for 2 hr at room temperature, and 4-bromomethylphenylsil-
ica (0.2 g, 0.025 mmol of bromine/g of silica) was added. The mix-
ture was stirred at room temperature for 48 hr under a nitrogen at-
mosphere, filtered and washed with water, ethanol, and anhydrous
ether successively, and then dried under vacuum [10 hr, 65° (0.05
mm)]. Comparison of the EPR signal intensity generated from 5a
with that of 3 indicated that the concentration of the label on the
silica was less than 4 X 1073 mmol/g.

Nitroxide-Silica 8b. Nitroxide-silica 5a (0.1 g) was placed in a
10-ml round-bottomed flask equipped with a No-Air stopper and
Teflon-coated magnetic stirring bar. A solution of 0.5 ml of bis(tri-
methylsilyl)trifluoroacetamide in 2 ml of freshly distilled pyridine
containing 0.025 ml of trifluoroacetic acid was added to the flask
via syringe.2¢ The suspension was stirred for 24 hr at room temper-
ature, filtered, washed with anhydrous ether, and dried under vac-
uum [10 hr, 100° (0.05 mm)]. Comparison of the EPR signal in-
tensity from Sb with that of 5a indicated that the concentration of

3111

the spin label on both silica supports was approximately the same.

Swelling Measurements. Swelling was measured using a proce-
dure identical with that described by Gregor.2” The polymer beads
were equilibrated with solvent for 24 hr, rapidly filtered under suc-
tion, and weighed.!4
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Abstract: Photolysis of o-acetamidophenylacetylenes in hexane or acetonitrile gives 2-methyl-4-methylidene-1,3-4 H-benzox-
azines which add '80-labeled water to yield o-acetamidophenyl ketones with the label in the amide carbonyl. Proof of the
site of the label lies in determination and analysis of the mass spectral fragmentation of the amido ketones. Irradiation of o-
acetamidobenzonitrile in aqueous acetic acid yields o-acetamidobenzamide, 3-acetoanthranilonitrile, 5-acetoanthraniloni-
trile, and anthranilonitrile. If the photolysis is repeated with added benzophenone and a 366-nm source, only 0-acetamido-
benzamide results. Triplet states are proposed as precursors in photocyclizations of o-acetamidobenzonitriles and of o-aceta-
midophenylacetylenes. Irradiation of p-acetamidobenzonitrile does not cause photohydration but rather photo Fries-like
fragmentation and rearrangement to p-aminobenzonitrile and 3-aceto-4-aminobenzonitrile.

Previous reports of the photochemistry of diphenylacetyl-
ene have included reduction to stilbene,!? oxidation to ben-
zoic acid,?? addition of protic solvents to give a-substituted
stilbenes,'#P self-cycloaddition to yield dimers, trimers, and
tetramers,2® and cyclization of the acetylene moiety with
o0-nitro,% o-ethylenyl,2¢ and o-ethynyl groups,?® respective-
ly. A study is presently reported of photochemical hydration
of phenylacetylenes and benzonitriles containing amido
groups in ortho and para positions. The research investiga-
tion illustrates novel examples of photointeraction of amido
functions with o-ethynyl and cyano groups and reveals the
significance of neighboring-group participation in photolyt-
ic hydration of triple bonds.

o-Acetamidophenyl(phenyl)acetylene (1) photolyzes
rapidly (253.7 nm) in wet hexane in the absence of oxygen
to give o-acetamidophenyl benzyl ketone (2, eq 1). The
structure of ketone 2 is established by literature melting
point comparison,® analysis of spectral properties, and acid-
catalyzed hydrolysis to o-aminophenyl benzyl ketone (3, eq

0
C—CH,—CH; =®no" (ICCHz—CeHs
-
NH, NH—ﬁ—CHd
3 0
C=C—CH, 2
<OE
H,0
NH—(ﬁ—CHS (ﬁ
) CH,—C—CH;
1
NH—-(I“TCHS
0
4

1). This experiment reveals that hydration of the triple
bond of 1 occurs upon photolysis to produce only one of two
possible benzyl ketones, that is 2 and not o-acetamidoben-

zyl phenyl ketone (4, eq 1). Ketone 4 might have been also
expected as a product of direct photohydration of the triple
bond of 1. The fact that p-acetamidophenyl(phenyl)acetyl-
ene (5) is inert under the above photolysis conditions indi-

0
I

CHB—C—NH—-Q——CEC—CSIL
5

cates that the o-acetamido group is playing much more
than a simple electronic role in the photochemical hydration
of 1to 2 (eq 1). The collective results of this portion of the
study suggest that there is some type of neighboring-group
interaction involving the amide and ethynyl groups during
photolysis of 1.

An investigation was then made of the products and
mechanisms of photolysis of o-amidophenylacetylenes in
anhydrous environments. Irradiation of o-acetamidophen-
yl(m-methoxyphenyl)acetylene* (6) in dry hexane yields a
mixture of syn- and anti-4-(m-methoxybenzylidene)-2-
methyl-1,3-4H-benzoxazines (7a and 7s, eq 2) as a yellow
oil which then reacts readily upon addition of water to give
o-acetamidophenyl m-methoxybenzyl ketone (8, eq 2). As-
signments of structures of the mixture of 7s and 7a are
based on spectral properties and reduction with sodium bor-
ohydride* and then hydrolysis to o-aminophenyl m-
methoxybenzyl ketone (9, eq 2). Isomerization and the
stereochemistry of 7s and 7a are indicated by the benzyli-
dene proton absorptions at 7 3.9 and 4.1, respectively, and
by the change in the proton magnetic resonance of the mix-
ture of the benzoxazines upon exposure to ultraviolet light
and upon storage in darkness. Upon photolysis of 7s-7a in
chloroform at 254 nm, the absorption at 7 3.9 gradually de-
creases, whereas that at 7 4.1 increases. The proton mag-
netic resonance changes reverse when irradiated mixtures of
7s and 7a are stored in the dark, and thus 7a is the thermo-
dynamically more stable isomer.®

Hydration of benzoxazines 7s and 7a could occur by at-
tack of water on their exo carbon-carbon or their endo car-
bon-nitrogen double bonds to yield 8. The mechanism path
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