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HS-
351

(CFy,CHO
345

Ccrr Br-
333 323

1.21 £ 0.03 (-11)
nr¢
nr
nr

nr
nr

3.17  0.10 (-10)
3.27 % 0.03 (-10)
0.97 £ 0.03

1.95 £ 0.13 (-10)
1.91 % 0.05 (-10)
1.02 = 0.07

2.05 % 0.05 (-12)
225 % 0.11 (-12)
0.91 = 0.05

nr

7.44 % 0.14 (-10)
735 % 0.20 (~10)
1.01 = 0.03

4010
Table I. Rate Coefficients® and Isotope Effects for Reactions of Alkyl Halides with Nucleophiles
reagent: CF;CH,0" H,NS~ CF,CF,CH,0"
PA? (kcal mol™') 362 362 357

chlorides
MeCl 2.20 £ 0.02 (-10) 1.46 % 0.07 (-10) 1.01 % 0.02 (-10)
EtCl 2,48 £ 005 (-10) 3.81 £ 0.14 (-11) 588 % 0.15 (-11)
i-PrCl 431 £0.19 (-10) nr 8.46 = 0.36 (-11)
i-PrCl-d,  1.88 %005 (-10) nr 1.79 % 0.09 (-11)
ku/kp 23 0.1 4703
t-BuCl 6.07 £ 0.35 (-10) nr 1.69 = 0.05 (-10)
t-BuCl-dy 2.85%0.09 (-10) nr 5.14 £0.33 (-11)
ku/kp 2.1 0.1 3302

bromides
MeBr 8.93 % 0.20 (-10) 7.04 £ 0.03 (-10) 8.48 = 0.21 (-10)
MeBr-d, 6.75 + 0.18 (-10) 8.58 £ 0.18 (-10)
ku/kp 1.04 = 0.03 0.99 % 0.04
EtBr 1.24 £ 004 (-9) 9.05%0.16 (-10) 9.86 = 0.42 (-10)
EtBr-d 1.13 % 0.04 (-9) 9.07 £ 0.29 (-10) 8.52 % 0.29 (-10)
ku/kp 1.10 = 0.06 1.00 = 0.04 1.16 = 0.06
i-PrBr 1.39 £ 0.04 (-9)  3.49 % 0.09 (-10) 1.07 £ 0.02 (-9)
i-PrBr-dy 116 £ 0.03 (-9)  3.34 % 0.03 (-10) 8.14 = 0.41 (-10)
ku/kp 1.20 = 0.05 1.04 = 0.03 1.32 £ 0.07
t-BuBr 1332001 (-9)  1.30 £ 0.05 (-10) 1.16 % 0.08 (-9)

jodides
Mel
Mel-d;
ku/kp

2.74 £ 0.13 (-11)
3.14 £ 0.01 (-11)
0.87 % 0.04

7.83 % 0.33 (-12)
6.71 = 035 (-12)
1.17 % 0.08

424 %017 (-12)
<220 (-12)

>1.9

2.72 £ 0.14 (-11)
3.40 £ 0.19 (-11)
0.80 + 0.06

1.66 £ 0.03 (-10)
1.98 £ 0.02 (-10)
0.84 + 0.02

2.89 = 0.09 (-11)
3.78 £ 0.08 (-11)
0.76 + 0.03

4 Units are cm® molecule™ s!. Errors are 1 standard deviation and reflect relative accuracy. Absolute errors, approximately £20%. ¢ Proton affinity of the nucleophile.

¢No reaction.

isotope effects undetectable. We have recently completed a
comprehensive survey of the rates of reaction of primary, sec-
ondary, and tertiary chlorides and bromides with a variety of
nucleophiles in the gas phase.!! From this study we were able
to identify nucleophiles that react relatively inefficiently, thereby
giving isotope effects an opportunity to manifest themselves. We
also came to the unexpected conclusion that, while sulfur and
oxygen anions of the same basicity react at essentially the same
rate by the Sy2 mechanism, oxygen anions are much more efficient
than sulfur anions in inducing E2 reactions. For example, as shown
in Table I, methyl chloride, which must undergo substitution,
reacts somewhat more rapidly with H,NS- than with CF;CF,C-
H,0". In contrast, isopropy! and tert-butyl chloride fail to react
with H,NS- but react readily with the alkoxide. We therefore
concluded that the latter reactions are eliminations.

These conclusions are confirmed by the isotope effects reported
in this paper. As Table I shows, methyl bromide and iodide show
either no isotope effect or an inverse secondary isotope effect with
nucleophiles of all types. For example, CD;Br reacts with Cl~
1.25 times more rapidly than does CH;Br. Thus the zero point
energy difference between hydrogen and deuterium is greater in
the transition state than it is in the ground state. These results
are consistent with those reported for Sy2 reactions in solution.'?
In contrast, ethyl, isopropyl, and tert-butyl chlorides and bromides
show appreciable to large isotope effects with appropriate nu-
cleophiles whose attacking atom is oxygen, but no isotope effect
with those nucleophiles with sulfur as the attacking atom. For
example, isopropyl chloride reacts 4.7 times more rapidly with
pentafluoropropoxide ion than does its hexadeuterio analogue, and
tert-butyl chloride reacts 3.3 times more rapidly than does fert-
butyl chloride-d;. We have not found a sulfur nucleophile that
reacts with either of these chlorides at a measurable rate.
However, a comparison among sulfur and oxygen anions can be
made using alkyl bromides as substrates. As predicted, sulfur
anions react with ethyl and isopropy! bromide with no isotope effect
or with a slight inverse isotope effect while oxygen anions react
with these same substrates with appreciable normal isotope effects.
The most reasonable explanation is that the former react by Sy2
and the latter mainly by E2 reactions.

The observation of such relatively large isotope effects in such
rapid processes serves to emphasize yet again how the unique

(11) DePuy, C. H.; Gronert, S.; Mullin, A.; Bierbaum, V. M. J. Am.
Chem. Soc. 1990, 112, 8650.

(12) (a) Axelsson, B. S.; Matsson, O.; Langstrom, B. J. Am. Chem. Soc.
1990, 112, 6661. (b) Westaway, K. C. In Isotopes in Organic Chemistry;
Buncel, E., Lee, C. C., Eds.; Elsevier: New York, 1987; Vol. 7, p 275.

energetics of gas-phase ion—molecule interactions can give rise
simultaneously to fast yet selective reactions. The ability to
measure such subtle effects in the solvent-free environment of the
gas phase should allow more precise computational modeling and
perhaps give rise to a better understanding of the nature of isotope
effects, particularly those secondary ones associated with the Sy2
reaction.!?

Acknowledgment. We gratefully acknowledge support of this
work by the National Science Foundation under Grants CHE-
8815459 and CHE-8815446 and discussions with Prof. Saul
Wolfe.

(13) For recent theoretical analyses of secondary isotope effects in Sy2
transition states, see: Zhao, X. G.; Tucker, S. C.; Truhlar, D. G. J. Am. Chem.
Soc. 1991, 113, 826. Wolfe, S.; Kim, C.-K. J. Am. Chem. Soc., submitted.
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Structural determinations of bacterial photosynthetic reaction
centers®? have prompted many studies of photoinduced intra-
molecular electron transfer (ET) in models having linked por-
phyrins,*3 porphyrin—quinones (PQ)*¢ and other donor-acceptor

(1) (a) Rutgers University. (b) Washington University.

(2) Deisenhofer, J.; Michel, H. Angew. Chem., Int. Ed. Engl. 1989, 28,
829-47.

(3) (a) Feher, G.; Allen, J. P.; Okamura, M. Y; Rees, D. C. Nature 1989,
339, 111-6. (b) Norris, J. R.; Schiffer, M. Chem. Eng. News 1990, 68(31),
22-37.

(4) (a) Sessler, J. L.; Johnson, M. R,; Lin, T.-Y.; Creager, S. E. J. Am.
Chem. Soc. 1988, 110, 3659—61. (b) Osuka, A.; Maruyama, K.; Mataga, N.;
Asahi, T.; Yamazaki, 1.; Tamai, N. J. Am. Chem. Soc. 1990, 112, 4958-9.
(c) Johnson, S. G.; Small, G. J.; Johnson, D. G.; Svec, W. A.; Wasielewski,
M. R. J. Phys. Chem. 1989, 93, 5437-44,
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Table I. Lifetimes and Yields for Porphyrin—Quinone Compounds in 1-Butanol

compd & L B $pr° 7.9 ps TeRS PS g1/ ps
5a (control) 0.027 0.90 1600 £ 100
4a 0.002 0.06 0.94 105 £ 10 0S5 112
4b 0.01] 0.35 0.61 625 £ 50 250 £ 50 1025
4c 0.021 0.68 0.25 1200 £ 100 4800
44 0.026 0.88 0.03 (1560) 5880

? Fluorescence yield: for 5a, calculated from measured !P* lifetime and natural radiative lifetime of 60 ns for metalloporphyrins (& = 0.03 for
ZnTTP in benzene); 4a—d referenced to 5a. ®Triplet yield: 5a assumed same as ZnTTP; 4a—d referenced to 8a. “P*Q- yield from 'P* calculated
from fluorescence/lifetime data. ¢Measured lifetime of 'P* for control (r¢) and PQ's (7pg). *Measured P*Q~ (charge recombination) lifetime.

/1Inherent 7 for electron transfer calculated from fluorescence/lifetime data.

types.>’ The distance dependence of PQ ET has been studied
for only two model systems. In these systems, the linkers were
extended by one and two bicyclo[2.2.2]octane units® or by one
and two nonhomologous alkyl bonds.” Theory suggests that the
rate of ET through space should fall off with increasing R,, the
PQ edge-to-edge separation, according to the relationship kgr «
exp(—8R,) where 8 is a constant.** When R, happens to equal
the number of linker o-bonds (see below), numerically identical
8 values obtain for both through-space and per-bond ET path-
ways.’¢ Apparent values of 8 for the above spacer extensions
respectively are 21.5-1.9 (per angstrom and per bond) and 2.3
A~ (2.6/bond). It is important to understand how ET in PQ and
other systems is mediated by the linker electronic structure and
why the above 8 values are substantially larger than those (0.7-1.0)
reported for photoinduced (and thermal) ET of non-PQ systems
across rigid aliphatic linkers.»’ We report here a comprehensive
study that addresses these questions.

The rigid homologous spirocyclic spacers of our models 4a—d
(Scheme I) control R, and minimize complications due to rota-
tional degrees of freedom.!%!! Attachment of the spacers directly
to a pyrrole carbon rather than to a meso-phenyl group, which
carries considerable porphyrin HOMO (A,,) character,!? allows
the g8 values to reflect the operative ET distances.'* Observed

(5) (a) Wasielewski, M. R. In Photoinduced Electron Transfer; Fox, M.
A., Chanon, M,, Eds.; Elsevier: New York, 1988; part A, pp 161-206. (b)
Borovkov, V. V,; Evstigneeva, R. P.; Strekova, L. N.; Filippovich, Z. 1. Russian
Chem. Rev. (Engl. Transl.) 1989, 58. 602-19. (c) Closs, G. L.: Miller. J. R.
Science 1988, 240, 440-7.

(6) (a) Gust, D.; Moore, T. A. Science 1989, 244, 35-41. (b) Lindsey, J.
S.; Delaney, J. K.; Mauzerall, D. C,; Linschitz, H. J. Am. Chem. Soc. 1988,
110, 3610-21. (c) Irvine, M. P.; Harrison, R. J.; Beddard, G. S.; Leighton,
P.; Sanders, J. K. M. Chem. Phys. 1986, 104, 315-24, (d) Schmidt, J. A;
Mclntosh, A. R.; Weedon, A. C.; Bolton, J. R,; Connolly, J. S.; Hurley, J.
K.; Wasielewski, M. R. J. Am. Chem. Soc. 1988, 110, 1733-40. (e) Sakata,
Y.; Nakashima, S.; Goto, Y.; Tatemitsu, H.; Misumi, S.; Asahi, T.; Hagihara,
M.; Nishikawa, S.; Okada, T.; Mataga, N. J. Am. Chem. Soc. 1989, /11,
8979-81. (f) von Gersdorff, J.; Huber, M.; Schubert, H.; Niethammer, D.;
Kirste, B.; Plato, M.; Mobius, K.; Kurreck, H.; Eichberger, R.; Kietzmann,
R.; Willig, F. Angew. Chem., Int. Ed. Engl. 1990, 29, 670-2.

(7) (a) Oevering, H.; Paddon-Row, M. N.: Heppener, M.; Oliver, A. M.;
Cotsaris, E.; Verhoeven, J. W.; Hush, N. S. J. Am. Chem. Soc. 1987, 109,
3258-69. (b) Harrison, R. J.. Pearce, B.; Beddard, G. S.; Cowan, J. A;
Sanders, J. K. M. Chem. Phys. 1987, 116, 429-48. (c) Paddon-Row, M. N;
Oliver, A. M.; Warman, J. M,; Smit, K. J.; de Haas, M. P; Oevering, H.;
Verhoeven, J. W. J. Phys. Chem. 1988, 92, 6958-62. (d) Closs, G. L,;
Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller, J. R. J. Phys. Chem.
1986, 90, 3673-83.

(8) Leland, B. A.; Joran, A. D.; Felker P. M.; Hopfield, J. J.; Zewail, A.
H.; Dervan, P. B. J. Phys. Chem. 1988, 89, 5571-3. Although often quoted
to the contrary, these authors intentionally have calculated a distance de-
pendence corresponding to 3/2. The two rate constants reported, one mea-
sured and one estimated lower limit, yield by our calculations conventional
B values of 21.5-1.9 depending upon solvent.

(9) Wasielewski, M. R.; Niemczyk, M. P. In Porphyrins-Excited States
and Dynamics; Gouterman, M., Rentzepis, P. M., Straub, K. D., Eds.; ACS
Symposium Series 321; American Chemical Society: Washington, DC, 1986;
pp 154-65.

(10) (a) Cave, R. J,; Siders, P.; Marcus, R. A. J. Phys. Chem. 1986, 90,
1436-44. (b) Verhoeven, J. W. Pure Appl. Chem. 1999, 62, 1585-96.

(11) Wasielewski, M. R.; Niemczyk, M. P.; Johnson, D. G.; Svec, W. A;
Minsek, D. W. Tetrahedron 1989, 45, 4785-4806.

(12) (a) Fajer, J.; Davis, M. S. In The Porphyrins; Dolphin, D., Ed.;
Academic Press: New York, 1979; Vol. 4, pp 197-256 and references cited
therein. (b) Ichimori, K.; Ohya-Nishiguchi, H.; Hirota, N. Bull. Chem. Soc.
Jpn. 1988, 61, 2753-62. (c) Renner, M. W.; Cheng, R.-J.; Chang, C. K;;
Fajer, J. J. Phys. Chem. 1990, 94, 8508-11.
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Figure 1. Least-squares exponential fits to the equation kgr = 10124
exp(-BN,) for 4a—d. The values of 8 for n-BuOH (W), pyridine (&), and
MeCN (@) respectively are 1.03, 1,06, and 1.15 per bond; respective 4
values are 3.7, 2.1, and 1.0.

8 values for both ET and charge recombination (CR) of our
models are compared with the reported®® and predicted relative
B values for spirocyclic, bicyclo[2.2.2]octane, and alkane spa-
cers. 14716

The PQ models 4a—d were prepared as shown in Scheme I.
Diester 1!7 was O-methylated and reduced to a diol, which was
converted to a dichloride and cyclized'® to give diester 2. Ma-
lonate-based spiroannulation reactions!® were used to transform
2 to the homologous oligospirocycles 3a—d. The 1,4-dimethoxy-
naphthalene rings of 3a—d were oxidized? to the corresponding
naphthoquinone diols, which were converted to 4a—d by acetal
exchange using 1-(dimethoxymethyl)tetratolylporphyrin,?! followed
by metalation with Zn(acac),. Controls Sa and 5b were prepared
by using diols 3a and 3b. The PQ models and controls were
characterized by 400-MHz 'H NMR spectroscopy (CDCl;, C4Ds,
C¢D;sN, CD;CN, and n-BuOH-d |4 at 25 °C). Despite the pos-
sibilities for rotation about the porphyrin—acetal bond through
an angle ¥, flexing of the spirofused rings,”? and coordination of
a fifth ligand to zinc,? the spectra indicate an average solution
conformation for 4a—d with an apparent plane of symmetry

(13) The assumption that the operative ET distance in meso-phenyl teth-
ered linkers is the PQ center-to-center distance has led to a reported 8 of 0.54
A™l. We believe that the operative ET distances are considerably smaller. See:
Beddard, G. S. J. Chem. Soc., Faraday Trans. 2 1986, 82, 2361-70.

(14) Onuchic, J. N.; Beratan, D. N. J. Am. Chem. Soc. 1987, 109, 6771-8.

(15) Beratan, D. N. J. Am. Chem. Soc. 1986, 108, 4321-6.

(16) Beratan, D. N.; Hopfield, J. J. J. Am. Chem. Soc. 1984, 106,
1584-94,

(17) Adams, S. P.; Whitlock, H. W, Jr. J. Org. Chem. 1981, 46, 3474-8.

(18) Depres, J.-P.; Greene, A. E. J. Org. Chem. 1984, 49, 928-31.

(19) Buchta, E.; Merk, W. Liebigs Ann. Chem. 1966, 694, 1-8.

(20) Chorn, T. A.; Giles, R. G. F.; Mitchell, P. R. K.; Green, I. R. J.
Chem. Soc., Chem. Commun. 1981, 534-5.

(21) 1-(Dimethoxymethyl)tetratolylporphyrin was prepared from the
porphyrin carboxaldehyde by reaction with trimethyl orthoformate. Buchler,
J. W.; Dreher, C.; Herget, G. Liebigs Ann. Chem. 1988, 43-54.

(22) Potenza, J. A.; Kukkola, P. J.; Knapp, S.; Schugar, H. J. Acta
Crystallogr. 1990, C46, 2401-5.

(23) Spaulding, L. D,; Eller, P. G.; Bertrand, J. A,; Felton, R. H. J. Am.
Chem. Soc. 1974, 96, 982-7 and references cited therein.
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Scheme I
HO 1. Mel, K,CO3, acetone, 4, 95% MeO
CO,Et 2. LiAIH,, THF, 0% 86% E CO,iPr
OO Co,Er & SOCI, 4% COPr
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containing the acetal proton H, and the porphyrin plane (see
Scheme I). H, is shifted upfield by >1 ppm to & 5.35 + 0.07 in
CDCl; by ring-current shielding from the tolyl substituent,? and
the porphyrin ring proton H, is deshielded (to about 0.4 ppm
downfield from the distal porphyrin ring protons) by through-space
interaction with the acetal oxygens.?> The spectra are also
consistent with two rapidly equilibrating mirror image confor-
mations having torsion angles ¥ of, say, +45° and —45°, values
that approximate those observed in the solid state for 626 (36°,
47°, two independent molecules) and a related 2-(2-chloro-
phenyl)-1,3-dioxane derivative (48°).2"

Electronic solution spectra of 4a—d and 5a,b are superimposable
with those of ZnTTP, suggesting the retention of local D, sym-
metry® and precluding strong PQ electronic coupling. Controls
5a,b and models 4a—d exhibit characteristic ZnTTP fluorescence
(=600 nm (Qq) and ~650 nm) whose excitation profile follows
the Q band absorptions. Typical solvent shifts in the Qg emission®
cause the P* states of our models to lie respectively at 2.04, 2.03,
and 2.01 eV in MeCN, n-BuOH, and pyridine. The redox po-
tential®®b of the annulated naphthoquinones (-0.75 V, MeCN,
SCE) is =~0.1 V lower than that of strain-free 2,3-dialkyl-
naphthoquinones such as the menaquinone acceptor in R. viridis.3!

(24) Dolphin, D. J. Heterocycl. Chem. 1970, 7, 275-83, Compare the
corresponding signal at § 6.94 for the 2,2-dimethylpropanediol acetal of 4-
formyldeuteroporphyrin IX dimethy! ester, which lacks the meso-aryl sub-
stituent.

(25) Lambert, J. B.; Shurvel, H. F.; Verbit, L.; Stout, G. Organic Struc-
tural Analysis; MacMillan Press: New York, 1976; p 33.

(26) Knapp, S.; Albaneze, J.; Potenza, J. A.; Schugar, H. J., unpublished
results.

(27) Imamoto, T.; Matsumoto, T.; Yokoyama, H.; Yokayama, M.; Yam-
aguchi, K. J. Org. Chem. 1984, 49, 1105-10.

(28) Gouterman, M. In The Porphyrins, Dolphin, D., Ed.; Academic Press:
New York, 1978; Vol. 3, pp 1-165.

(29) Humphry-Baker, R.; Kalyanasundaram, K. J. Photochem. 1985, 31,
105-12.

(30) (a) Rieke, R. D.; Rich, W. E.; Ridgway, T. H. J. Am. Chem. Soc.
1971, 93, 1962-7. (b) This work.
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ZnTTP should be ~0.05 V more easily oxidized® than ZnTPP,
whose oxidation potential is at ~0.8 V vs SCE in the solvents of
interest.* In MeCN, neglecting the coulombic work term, ~AGgr
for photoinduced formation of P*Q™ is ~0.5 V and —-AGR for
charge recombination of P*Q™ to afford ground-state PQ is =1.5
V.34 AGgr is less than optimal since the total Marcus reorgan-
ization energy reported for the formation of P*Q~ species in polar
solvents is 0.7-0.9 V,10.3536 about 0.6 V of which results from
solvation of P*.%7

Transient absorption spectra were measured at room temper-
ature by using a femtosecond apparatus already described.’®® The
observed (see below) !'P* lifetimes (r¢) of controls 5a and 5b were
both 1.6 (1) ns in ~-BuOH and MeCN; lifetimes of the PQ models
4a—d (7pg) varied with solvent and with the number of spiro-
cyclobutane rings. ET rates were calculated as kgr = (1/7pg)
= (1/7¢). Similar values of kgy were obtained from the rela-
tionship &c/®pq = 1 + kgr (1.6 X 107 5) where $pg and & are
the steady state fluorescence quantum yields of the PQ models
and controls, respectively. Transient absorbance changes at times
of 1 ps to 3 ns reveal the spectra and lifetimes of the 'P*Q and
3P*Q states®® and of the P*Q~ species. The spectral transparency
of the quinone radical anions* and ground-state PQ and controls
in the A > 600 nm region along with the persistence of P*Q on
the nanosecond time scale simplifies the kinetic analysis.#! The
P*Q~ spectra thus obtained are similar to those reported for
ZnTPP*“? and those we obtained for the control radical cations
prepared by oxidation with AgClO,.4 Results of the photo-
physical analysis of the PQ models in n-BuOH are presented in
Table I, and the kg data for n-BuOH (e = 17.8), pyridine (e =
12.3), and MeCN (e = 38.0) are summarized in Figure 1.
Corrections for variations in the reorganization energy with solvent
and PQ separation were not applied and would appear to be small.

The ET rates are attenuated per bond (and per angstrom)
according to 8 values (Figure 1) of 1.03-1.15. Structural studies
of spiro[3.3]heptane and dispiro[3.1.3.1]decane derivatives? and
of 6% suggest that the R, distances in 4da—d are ~5.9 A + (2.18
A /spirocyclobutane), or 5.9, 8.1, 10.2, and 12.1 A, respectively,
for o-pathways of 6, 8, 10, and 12 bonds. Comparable 3 values
were reported for both thermal and photoinduced intramolecular
ET in non-PQ systems across rigid aliphatic linkers.>” The higher
B values reported for the PQ models®® noted above may arise from
intrinsic differences in linker orbital pathways and energetics or
from some other factors such as insufficient data points or linker
rotational freedom. Recent theoretical studies!#1¢ of the orbital
pathway factors predict that the 8 values (per o-bond) of spiro-
alkane and bicyclo[2.2.2]octane linkers respectively should be
0.693 (In 2) and 0.549 (0.5 In 3) smaller than the 8 for alkane
spacers,

The CR rates for 4a and 4b yield a 8 of 0.97 A~! (1.06/bond).
This value is lower than that reported (2.1 A™!) for the alkane-

(31) Gunner, M. R.: Robertson, D. E.; Dutton, P. L. J. Phys. Chem. 1986,
90, 3783-95.

(32) Kadish, K. M.; Morrison, M, M. Inorg. Chem. 1976, 15, 980-2.

(33) Kadish, K. M,; Shiue, L. R. /norg. Chem. 1982, 21, 3623-30.

(34) Calculated from -AGgr = E(P*) - Eyz(P/P"‘) + Ep(Q/Q) +
eg?/er, ~AGer = Ey5(P/P*) = Ey (Q/Q) - e/ er.

(35) Schmidt, J. A.; Liu, J.-Y.; Bolton, J. R.; Archer, M. D.; Gadzekpo,
V.P. Y. J. Chem. Soc., Faraday Trans. I 1989, 85, 1027-41.

(36) Joran, A. D,; Leland, B. A.; Felker, P. M.; Zewail, A. H.; Hopfield,
J. J.; Dervan, P. B. Nature 1987, 327, 508-11,

(37) Tanner, D. D.; Deonarian, N.; Kharrat, A. Can. J. Chem. 1989, 67,
171-5.

(38) Kirmaier, C.; Holten, D.; Bylina, E. J.; Youvan, D. C. Proc. Natl.
Acad. Sci. U.S.A. 1988, 85, 7562-6.

(39) Rodriguez, J.; Kirmaier, C.; Holten, D. J. Am. Chem. Soc. 1989, 111,
6500-6.

(40) Rao, P. S.; Hayon, E. J. Phys. Chem. 1973, 77, 2274-6.

(41) The simplifications noted afford a dual exponential description of the
transient absorbance change that can be convincingly computer fitted to the
long-wavelength data and then applied globally to data over the full 350~
900-nm range.

(42) Fajer, J.; Borg, D. C.; Forman, A.; Dolphin, D.; Felton, R. H. J. Am.
Chem. Soc. 1970, 92, 3451-9.

(43) Salehi, A.; Oertling, W. A.; Babcock, G. T.; Chang, C. K. J. Am.
Chem. Soc. 1986, 108, 5630-1.
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linked PQ system® and comparable to the value observed for CR
in rigid non-PQ models.

In summary. ET rates for the homologous PQ models 4a—d have
been established both by steady state fluorescence and transient
spectral studies. Spectroscopic identification of the P*Q" transients
definitively relates diminished !P* lifetimes and fluorescence yields
to ET and also affords the CR rate of P*Q~ to PQ. Observed 8
values show that the distance and o-bond dependence of ET in
rigidly linked PQ and non-PQ systems can be comparable. The
observed and theoretically predicted abilities of these three PQ
linkers to promote ET diminish the order spirocycles > bicyclo-
[2.2.2]octanes > alkanes. This result supports the view that
long-range ET occurs through bonds, 74446
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Photoregulation of enzymes is of broad interest as a means for
developing macromolecular light signal amplification devices and
targeted therapeutic agents. In previous studies'® photoregulation
of the biocatalyst was made possible by chemical modification
of either the enzyme's active site or the protein backbone with
photochromic compounds. Another approach involved the ap-
plication of photochromic inhibitors, acting as effectively in only
one of the photochromic isomers. Nevertheless, none of the known
examples exhibits complete “on-off” photoswitchable activity.
Here we report on a novel approach for photostimulation of en-
zymes by their immobilization in photochromic polymer matrices.
We find that immobilization of a-chymotrypsin in a cross-linked
photochromic copolymer of acrylamide and 4-(methacryloyl-
amino)azobenzene (1) leads to complete “on-off” photoregulation
of the enzyme, at a certain composition of the copolymer matrix.
Previous studies have emphasized photoregulated physical prop-
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Figure 1. Rate of hydrolysis of 2, 5.7 X 107 M, by a-chymotrypsin, 47.6
units, immobilized in an acrylamide-1 copolymer (0.5 mol %): (a)
hydrolysis by the enzyme in zrans-1-acrylamide copolymer form; (b)
after illumination, A = 330-370 nm and in the presence of cis-1-acryl-
amide copolymer, (¢) after further illumination of the polymer, A > 400
nm, and re-formation of trans-1-acrylamide; (d) after additional illu-
mination, A = 330~370 nm, and regeneration of cfs-1-acrylamide. Before
each run the polymer gel is washed with TEA buffer (pH = 7.8) and new
substrate solution is introduced to maintain similar initial concentrations
of the substrate.

erties of photochromic polymer assemblies such as viscosity,>!!
wettability,!? sol-gel transition,!? electric potential,!* and size
changes.!” The present study highlights the application of
photochromic polymers as reaction media for photoregulation of
biocatalysts.

Immobilization of a-chymotrypsin (E.C. 3.4.21.1, 585 units)
in the photochromic polymer is accomplished by radical co-
polymerization of acrylamide (375 mg) and 1, 0-1 mol %, using
N.N'"methylenebis(acrylamide) (20 mg) as a cross-linker in the
presence of the enzyme. The resulting polymer gel that includes
the enzyme is thoroughly washed. The polymer contains trans-
azobenzene components and exhibits reversible photochromic
properties (eq 1). Upon illumination of the polymer assembly,

CH,
X y
CONH, C=0
| A= 330-370 nm
NH
A>400nm
N
2
Eﬁ
CH;,
x Y
CONH, cl:=o
NH (1}

Q,_0

A = 330-370 nm, isomerization to the cis-azobenzene unit occurs.
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