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Scheme I. Thermochemical Cycle Relating Ionization Potentials to
Bond Strengths and the Singlet-Triplet Gap (Phenyl Radical Data

Taken from Reference 11)
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previously determined by photodetachment of C,H*~ and the
carbocyclic skeleton is relatively rigid. This establishes that the
hypothetical “noninteracting biradical” computed by additivity
methods can be identified with triplet 0-C,H,4 and that the ho-
molytic C-H bond dissociation energy (BDE) of phenyl radical
(at the ortho position) is reduced from that in benzene by
Agrlo-C¢Hy).

While Agp[o-C¢H,] is known from the work of Leopold!” et
al., singlet—triplet gaps are usually difficult to infer. We therefore
propose the relationship expressed in eq 1 as a measure of Agy
for geometrically-rigid singlet biradicals and check the proposition
using 0-C¢H, as the prototypical test case. Referring to Scheme
I, we see that IP,[0-C¢H,] - IP,[C;Hs] = BDE[C(H*] -
BDE[CH,] is an identity. While the VB promotion energy model
that rationalized AH;[0-C¢H,] predicts a weakening of the ortho
C-H bond in phenyl radical by Agr[o-C¢H,l, the same picture
finds no comparable weakening of the corresponding bond in
phenyl cation. We therefore use the ortho C-H bond in C{Hg*
as the reference bond to which the bond in C¢H; is compared.
It is this assumption that relates the difference in ionization
potentials to the singlet-triplet gap of o-benzyne. The numerical
test of the proposition is

BDE([C¢H;*] - BDE[C4H;] = Agr[o-C4Hy] = IP,[0-CeH,] -
IP,[CeH;]

This predicted relationship is tested with our spectroscopic
measurements. We find

IP,[0-C¢H,] - IP,[CcHs] = (9.77 £ 0.03) - (8.1 £ 0.1) =
1.67 £ 0.1 eV
= 38.5 = 2.4 kcal /mol

which is very close to the independently determined singlet—triplet
gap of o-benzyne of Agy[o-C¢H,l = 38 £ 0.7 kcal/mol. The
remarkable agreement validates eq 1 and establishes AIP as a
measure of a singlet biradical’s singlet-triplet splitting.

Because we identify triplet 0-C¢H, with the “noninteracting
biradical” whose AH; is computed by additivity, and because a
strict additivity estimate (which does not include the Agy cor-
rection) does not distinguish'® between ortho, meta, and para
isomers, eqs 1 and 2, along with the recently determined'*
AH{m-C¢H,] = 116 % 3 kcal/mol and AH[p-CiH,] = 128 £
3 kcal/mol, predict that Agr[m-C¢H,] =~ 26 kcal/mol,
AST[.D'C6H4] ~ 14 kcal/mol, IP,[m-C6H4] ~9.2 ev, and IP‘,-
[p-C¢H,] = 8.7 eV. Experimental confirmation of these pre-
dictions is in progress.

(18) Ab initio calculations for 2, 3, and 4 predict correct relative energies
among the singlet isomeric benzynes and also find that the triplet states of
the three isomers are degenerate to within 3 kcal/mol. See: Noell, J. O.;
Newton, M. D. J. Am. Chem. Soc. 1979, 101, 51.

We have observed a regularity in the thermochemistry of singlet
biradicals that is confirmed by photoelectron spectroscopic
measurements of biradical ionization potentials. Further work
is underway to explore the generality of the relationship expressed
in eq 1 as a way to determine biradical singlet—triplet gaps.
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Sonication of water generates radicals which oxidize compounds
in solution.! In this work we give evidence that in the presence
of argon or oxygen these oxidative processes occur in enhanced
yields when a high frequency (514 kHz) is used in comparison
with the more commonly used low frequency (20 kHz).

In water cavitation bubbles are filled with vapor and dissolved
gas. They oscillate with pressure and then collapse. At the end
of the compression phase, the internal temperature can reach
several thousand degrees (K), and the pressure several hundred
bars.!? Under these extreme conditions, the water molecule is
cleaved to H* and OH" (eq 1).* Molecular oxygen if present in
the bubble can also decompose (eq 2).3

H,0 — H* + OH* (1)
0,— 20 2

Transient radicals can recombine or escape from the collapsed
bubble to react with dissolved molecules.® In several cases a
dependence is suggested among the rates of the sonochemical
oxidative process, the frequency of the wave, and the nature of
the dissolved gas.” As no extensive study has reported on the
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Figure 1. Comparative rates of formation for triiodide in KI, 102 M
solution (M), and for hydrogen peroxide (O) in water at 514 and 20 kHz
for solutions saturated with argon or oxygen. Power for each reactor was
adjusted to make I, rates in argon atmosphere equal to 0.45 uM/min.

nature of the phenomena, despite their considerable intrinsic
interest, we recently started an investigation on the poorly un-
derstood frequency effect.?

Because of the differences in wavelengths, beaming effects, and
multiple reflections on the walls of the cell, the correlation of the
efficiency of reactions carried out at different frequencies is not
possible by a direct physical measurement.®®>® Iodide ion oxidation
(eq 3) and hydrogen peroxide production (eq 4), two dosimetric
methods commonly used in sonochemistry, were then examined
for calibration purposes.'%!!

20H" + 31" — 2°0H + I,- 3)
20H* — H,0, (4)

The energy outputs of both generators were adjusted in order
to obtain comparable rates for the triiodide ion formation from
an argon-saturated 10-2 M solution of KI. Surprisingly, re-
placement of argon by oxygen leads to a lower rate at low fre-
quency but a 3-fold increase at 514 kHz (Figure 1).

Hydrogen peroxide is one of the products resulting from re-
combination of the hydroxyl radicals (eq 4). Results (Figure 1)
show that hydrogen peroxide is always formed in larger amounts

(8) Reactions were carried out at 24 £ 1 °C in a circulating loop incor-
porating the high- or low-frequency reactor. The system has already been
described: Petrier, C.; Reverdy, G.; Luche, J.-L. Récents Progrés en Génie
des Procédés, 1991, 5 (16), 241. The high-frequency reactor is constituted
of a glazed titanate-lead zirconate disk (diameter 2 cm) fixed at the bottom
of a thermostated cylindrical tube. The system is operated at 514 kHz with
20 W HF electrical power. The low-frequency reactor is built around the
titanium horn (diameter 1.23 ¢m) of a 20-kHz Branson 450 sonifier with 30
W electrical power. The water or the investigated aqueous solution (50 mL)
is circulated with a diaphragm pump at a flow rate of 20 mL/min. The
irradiated volume is 30 mL. The solutions are saturated with gas in a sepa-
rated thermostated flask through a fritted disk bubbler (50 mL/min flow rate).
Acoustical power determined by calorimetry for argon saturated solutions was
13.4 W at 20 kHz and 14.6 W at 514 kHz.

(9) (a) Henglein, A. Ultrasonics 1987, 25, 6. (b) Boucher, R. M. G. Br.
Chem. Eng. 1970, 15, 363.

(10) (a) Weissler, A.; Cooper, H. W.; Snyder, S. J. Am. Chem. Soc. 1950,
72, 1769. (b) Weissler, A. J. Am. Chem. Soc. 1959, 81, 1077. (¢) Suslick,
K. S.; Schubert, P. F.; Goodale, J. W. Ultrason. Symp. Proc. 1981, 612. (d)
Hart, E. J; Henglein, A. J. Phys. Chem. 1985, 89, 4342. (e) Hart, E. J;
Henglein, A. J. Phys. Chem. 1987, 91, 3654. (f) Gutiérrez, M.; Henglein,
A.; Ibanez, F. J. Phys. Chem. 1991, 95, 6044,

(11) Todine was determined spectrometrically through the triiodide ion
absorption. Hydrogen peroxide was determined via its ammonium molybdate
decomposition reaction in a 10% potassium iodide solution.

J. Am. Chem. Soc., Vol. 114, No. 8, 1992 3149

(o] (o] (o] (o]

*OH, *H Oy

—_— —_— _— +120,
N N N N
H 0-0' Qe

OH* 0

IOl

OH
Figure 2.

at 514 kHz than at 20 kHz and, as previously seen, efficiency is
better under oxygen at high frequency, but under argon at low
frequency. The overall efficiency is obviously higher at 514 kHz
than at 20 kHz. The difference cannot be attributed to a catalytic
effect of the metal of the horn because similar results are obtained
when the experiment is done in a quartz sealed tube. This ex-
periment also eliminates any possibility of oxygen leakage into
the reactor.

With these results in hand, sono-oxidations were effected in
the presence of 2,2,6,6-tetramethyl-4-piperidinone (TMPone, 1072
M), to determine (ESR spectrometry) the amount of sonically
produced stable nitroxide, 2,2,6,6-tetramethyl-4-piperidinone- V-
oxyl (TMP). The reaction requires the presence of OH* and either
molecular oxygen or superoxide radical anion (Figure 2).!2 The
higher rate for nitroxide formation (3.6 X 10 M.min™!) is ob-
tained at high frequency with the oxygen saturated solution, but
under argon, no ESR signal is detected, in agreement with the
proposed reaction scheme.!?> The same experiment run at 20 kHz
proceeds at a low rate for an oxygen saturated solution (0.083
X 10 M.min™!) but at a comparatively higher rate under argon
(1.08 X 107 M.min™!). As oxygen is necessary to achieve this
oxidation, the latter result suggests that it must be formed in higher
yield during low-frequency sonolysis under argon.?

Describing the behavior of radicals from water sonolysis, which
has not yet received a comprehensive interpretation, is a formidable
challenge.'"* Radicals produced in the superheated medium inside
the bubble can migrate through the boundary layer around it and
escape into the solution. At each of these steps, the primarily
formed radicals can react or recombine in multiple ways according
to the local conditions. Increasing the frequency has two effects:
the collapse of the bubble releases less energy, and it occurs in
a shorter period of time, 3 X 1077 s at 514 kHz and 1075 s at 20
kHz."> Then at high frequency, OH" radicals can be ejected out
of the bubble before undergoing any reaction. Their chemical
evolution, including H,O, formation, I~ oxidation, and reaction
on TMPone, starts when they reach the limit layer and then the
solution. At 20 kHz in the bubble, radicals have time enough to
follow reaction pathways analogous to those found in flame
chemistry, in particular those leading to oxygen generation (eqs
5 and 6).> Oxygen generation allows TMP formation in argon
atmosphere but limits OH* recombination and oxidative processes.

OH* + OH* -~ H,0+ O 'S
20— 0, (6)

The differences between the results obtained at high and low
frequency under oxygen are explained if reactions 7 and 8 are

(12) (a) Rosenthal, I.; Murali Krishna, C.; Yang, G. C.; Kondo, T.; Riesz,
P. FEBS Lett. 1987, 222, 75. (b) Kondo, T.; Riesz, P. Radiat. Res. 1991,
127, 11.

(13) ESR measurements were made on a Varian E 112 spectrometer
operating in the 100-kHz X band. The circulating system was connected to
a quartz flat cell fixed in the cavity of the spectrometer. 2,2,6,6-Tetra-
methylpiperidine-/N-oxyl was used as a standard. (Similar results were ob-
tained with a 10 M solution of TMPone.)

(14) (a) Seghal, C. M.; Wang, S. Y. J. Am. Chem. Soc. 1981, 103, 6606.
(b) Henglein, A.; Korman, C. Int. J. Radiat. Biol. 1988, 48, 251. (c) Suslick,
K. S.; Hammerton, D. A.; Morton, K. J. Am. Chem. Soc. 1986, 108, 5641,
(d) Kondo, T.; Murali Krishna, C.; Riesz, P. Int. J. Radiat. Biol. 1990, 23,

(15) (a) Margulis, M. A. Ultrasonics 1985, 157. (b) Mason, T. J.; Lor-
imer, J. P. In Sonochemistry, John Wiley & Sons: New York, 1988; p 17.
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considered. Molecular oxygen scavenges the hydrogen atoms,
forming OOH radicals (eq 7) and lowering the recombination of
OH* and H" radicals (eq 8).

H' + 0, — *OOH )
H' + OH' — H,0 (8)

Consequently more hydroxyl radicals are available if they escape
from the bubble (high frequency) in the medium. At low fre-
quency, in the long-lived bubble, OH" can be scavenged by reaction
with the hydroperoxyl radical (eq 9); consequently H,O, and I;”
formation are more effective under argon.!¢

OH' + *0O0H — H,0 + 0, 9)

Changing the frequency of ultrasonic waves then produces
modifications in the behavior of the species first formed in water
sonolysis. This finding constitutes the first example of a clear
frequency effect and should have important consequences for
optimizing sonochemical oxidation yields.

Registry No. TMP, 2896-70-0; TMPone, 826-36-8; H,0, 7732-18-5;
0,, 7782-44-7; HO*, 3352-57-6; I~, 20461-54-5; 1,7, 14900-04-0; H,0,,
7722-84-1.

(16) (a) Sridaran, U. C.; Qlu, L. X.; Kaufman, F. J. Phys. Chem. 1982,
86, 4569. (b) Bielski, B. H. J.; Cabelli, D. E.; Arudi, R. L.; Ross, A. B. J.
Phys. Chem. Ref. Data 1988, 14, 1041. (c) Atkinson, R. Chem. Rev. 1985,
85, 69. (d) Mozurkewich, M. J. Phys. Chem. 1986, 90, 2216.
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Macromolecules exhibiting photoswitchable physical or chem-
ical properties are extensively examined as information storage
and signal amplification materials. Photoregulated “on-off”
biomaterials provide a novel means to design targeted therapeutic
agents activated and deactivated by external light signals. Various
means to photoregulate biotransformations by light-switchable
enzymes have been described and include the modification of the
enzyme active site!™ and protein backbone>® by photochromic
components and immobilization of enzymes in photochromic
copolymers.” Here we wish to report on the photoregulation of
the binding properties of a protein by its chemical modification
with photochromic units. We describe the photoswitchable binding
of saccharides to concanavalin A modified by thiophenefulgide
dye.

Concanavalin A (Con A) is a globular lectin composed of four
subunits (MW = 26K).® Each subunit includes binding sites for

* Author to whom correspondence should be addressed.

(1) Bieth, J.; Vratsanos, S. M.; Wassermann, N. H.; Erlanger, B. F. Proc.
Natl. Acad. Sci. U.S.A. 1969, 64, 1103.

(2) Wainberg, M. A; Erlanger, B. F. Biochemistry 1971, 10, 3816.

(3) Turner, A. D, Pizzo, S. V.; Rozakis, G. W.; Porter, N. A. J. Am.
Chem. Soc. 1987, 109, 1274-1275.

(4) Porter, N. A,; Bruhuke, J. O. Photochem. Photobiol. 1990, 51, 37-43.

(5) Aizawa, M.; Namba, K.; Suzuki, S. Arch. Biochem. Biophys. 1977,
182, 305-310.

(6) Willner, I.; Rubin, S.; Riklin, A. J. Am., Chem. Soc. 1991, []3,
3321-3325.

(7) Willner, I.; Rubin, S.; Zor, T. J. Am. Chem. Soc. 1991, i3,
4013-4014.
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Figure 1. 2-modified Con A: (a) 3-E obtained after irradiation of 3-C
at A > 475 nm; (b) 3-C obtained after irradiation of 3-E at 400 nm >
A > 300 nm.
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Table I. Association Constants of 4 to 2-Modified Con A in Its Two
Photochromic States (E and C) as a Function of Loading Degree by
the Photochromic Material

dye configuration K, X 107 (M™1)®

loading degree?

0 2.2
6 E 1.64
6 C 2

9 E 0.78
9 C 1.21
12 EorC 0.64

?Loading degree is defined as the number of photochromic compo-
nents anchored to each protein backbone. The total number of lysine
residues in Con A corresponds to 12, and thus loading degree corre-
sponds to the number of substituted lysine residues. ®K, = [(Con
A):-+(4)]/[Con A][4]. Association constants were determined by
equilibrating Con A or 3-E or 3-C (30 uM) with 10 uM 4 in phosphate
buffer solution (pH 7) of 0.0875 M, 0.1 mM CaCl,, 0.1 mM MnCl,,
and 0.1 M NaCl at 20 °C. The protein was filtered off, and the con-
centration of free 4 was determined by HPLC (RP-18 column, ¢luent
water /methanol, 50:50, at flow rate 1| mL/min, UV detection).

Mn?* and Ca?* and monosaccharide binding sites.>!° The metal
ions act cooperatively in the association of the monosaccharides
to Con A. The affinity of Con A toward monosaccharides is
sensitive to the steric configuration of the pyranose hydroxyl groups
at positions C-3, C-4, and C-6 of the saccharide.!! Two pyranoses,
a-D-mannopyranose and a-bD-glucopyranose, are recognized for
binding by Con A, and the affinity of Con A toward a-p-
mannopyranose is ca. 3.5-fold higher than toward a-p-gluco-
pyranose.'? Thus, small steric alterations of the protein backbone

(8) Edelman, G. M.; Cunningham, B. A.; Reeke, G. N.; Becker, J. W;
Waxdal, M. J.; Wang, J. L. Proc. Natl. Acad. Sci. US.A. 1972, 69,
2580-2584.

(9) Becker, J. W.; Reeke, G. N,; Wang, J. L.; Cunningham, B. A
Edelman, G. M. J. Biol. Chem. 1975, 250, 1513-1524.

(10) Goldstein, 1. J. Carbohydrate—Protein Interaction; American Chem-
ical Society: Washington, D.C., 1979.

(11) Goldstein, I. J.; Hollerman, C. E.; Smith, E. E. Biochemistry 19685,
4, 876.

(12) Hassing, G. S.; Goldstein, L. J. Eur. J. Biochem. 1970, 16, 549-556.
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