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Scheme I. Mechanism of Action of SAH Hydrolase and the
Incorporation of 4 and 10 into the Enzymatic Pathway

co3
+ Ad Ad ENZ~Nu Ad
HsN/\/\S’? 0. _ nao” X\C 0 NS ho=ON
L ~HOMO~ v ADDITION= > ?
cysteing | H ECIMINATION
HO OH O oH -F® O oH
1 (SAH) 2a, X=H 3
2b, X=F
NV x=H{1r 120
|
% Ad - Ad] Ad
\C 0 HO .0 NADH HO .0
<0 TE
=0 OH O oHJ HO OH
4 X=H 3 [
10, X=F
Ad=adenine
Scheme II°

F,CH Ad-N ®-diBz Ad-N ®-Bz Ad

X
O G’b FHcﬁ - \cﬁ
i ’7 v/

O 0 OR OR HO OH
>< N = =
7 8 R=/C—Me2 C& X=F, Y=H
9, R=H 11, X=H, Y=F
0 hi
), (T),. -
1 Ad Ar-S Ad Ad
A -
00 00 00
>< >< ><
12, n=0 14, n=0 16
_ 15, n=1
13, n=1 N(COPh),

) N~ N
Ad-N5-diBz = i

Ar= MeO —Q
!

“Reagents: (a) KO-t-Bu, DMSO (59%); (b) 80% TFA, flash chro-
matography (E, 20%) (Z, 42%); (¢) NH,, EtOH (10, 61%) (11, 68%);
(d) h», sunlamp, acetone, MeOH (60%), (¢) MCPBA (86%); (f)
DAST; MCPBA (54%); (g) 140 °C, diglyme (77%); (h) 75% TFA,
Dekker column (10, 48%) (11, 19%).

Table I. Kinetic Constants for SAH-Hydrolase Inhibitors

Kl kinact kinact/Kl

compound M) (min™) (M™ min™)
10 0.55 0.277 504000
11 1.04 0.23 221000

and the availability of crystalline enzyme,!® it may be possible
to define the active site of the enzyme with these inhibitors.
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Restricted yet ready access to the supercage represents an
important facet of shape selectivity in zeolite catalysis.! However
there is extant no general method to readily assess the structural
constraints for the passage of hydrocarbon substrates in the lig-
uid-phase through the zeolite framework. Our recent studies of
intermolecular interactions? suggested that the stepwise assemblage
of charge-transfer (CT) complexes directly within the zeolite cavity
offers a viable approach to this problem. As a test case, we now
report the shape-selective formation of various aromatic CT
complexes in zeolites with the bipyridinium acceptors methyl-
viologen MV?* and diquat DQ?* shown below.?
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The cations MV?* and DQ?* are readily incorporated into
zeolite-Y by ion exchange of Na* at an 80% level of supercage
occupancy.* Mere exposure of these acceptor-doped colorless
powders (400 mesh) to dilute solutions of anthracene, di-
methylnaphthalene, and durene in dichloromethane leads im-
mediately to distinctively colored purple, orange, and yellow
zeolites, respectively, while the supernatant solutions remain
colorless.’ The diffuse reflectance spectra of the colored zeolites
show the presence of new bands that bear striking resemblance
to the charge-transfer spectra of the corresponding arenes with
MV?* and DQ?* in solution (Table I). Importantly, the ab-
sorption maxima (Act) vary uniformly with the ionization po-
tentials of different arene donors,? and the linear correlation in
Figure 1 confirms their charge-transfer character according to
Mulliken.® Furthermore, the subtle difference between the MV?*
and DQ?* acceptors is clearly reflected in the displacement of the
solid-state CT bands by an amount Ahvcy corresponding to the
difference in their reduction potentials of AE%; = 70 mV.1°

The successful isolation of the bright orange, single crystal of
the MV?* complex with dimethoxynaphthalene allows X-ray
crystallography (Figure 2)!! to establish the relevant face-to-face

(1) (a) Breck, D. W. Zeolite Molecular Sieves, Wiley: New York, 1974.
(b) Csicsery, S. M. Zeolite Chemistry and Catalysis; Rabo, J A., Ed.; ACS
Monograph 171, Washington, DC, 1976; p 680ff. (c) Weisz, P. B.; Frilette,
V.J.J. Phys. Chem. 1960, 64, 382. (d) Herron, N. Inorg. Chem. 1986, 25,
4714. (e) Howe, R. F.; Lunsford, J. H. J. Am. Chem. Soc. 1975, 97, 5156.
(f) Schoonheydt, R. A.; Pelgrims, J. J. J. Chem. Soc., Dalton Trans. 1981,
914. (g) Winscom, C. J.; Lubitz, W.; Diegruber, H.; Moseler, R. Stud. Surf.
Sci. Catal. 1982, 12.4.

(2) (a) Bockman, T. M.; Kochi, J. K. J. Am. Chem. Soc. 1988, 110, 1294.
(b) Blackstock, S. C.; Kochi, J. K. J. Am. Chem. Soc. 1987, 109, 2484.

(3) (2) White, B. G. Trans. Faraday Soc. 1969, 65, 2000. (b) Poulos, A.
T.; Kelley, C. K.; Simone, R. J. Phys. Chem. 1981, 85, 823. (<) Jones, 11,
G.; Malba, V. Chem. Phys. Lett. 1985, 119, 105.

(4) Typically, sodium zeolite-Y (Linde LZY-52) was slurried with ~3 mM
solutions of either MVCl, or DQBr, in water until 20% of Na* was exchanged,
and the colorless powder was then dried at 100 °C in vacuo (10~ Torr) for
5h.

(5) Such rapid uptake of arene is characteristic of doped zeolite su})_,ports
to spread out the active sites, reminiscent of those in solid solutions.®

(6) Rabo, J. A.; Kasai, P. H. Prog. Solid State Chem. 1975, 9, 1.
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Schmidt, W. J. Chem. Phys. 1977, 66, 828.
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Foster (Foster, R. F. Organic Charge-Transfer Complexes; Academic: New
York 1969) for the linear correlation of Aver with E%;.
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Table I. Shape-Selective Formation of Arene CT Complexes with
Bipyridinium Acceptors in Zeolite-Y

P zeolite-Y*

solution®
arene (eV) MV* DQ* MV*
© 1,2,4,5-Me, 8.05 380 390 ~360°
Me; 792 395 400 357
Meg 7.85 none none 385
8.12 380 390 ~360°
1-Me 7.96 400 410 ~380°
1,4-Me, 7.78 425 430 410
1-MeO 7.72 430 438 410
1,4-(MeO), 7.5  none? none® 480/
2,6-(MeO), 7.58 450 490 ~430°¢
7.43 490 500 472
9-CHO 7.84 405 410 ~390°
9-Me 7.25 518 528 504
9,10-Me, 7.11 none none# 526
2-t-Bu none 505 484
9-Ph 7.18 none none ~ 500¢

6.97 none 600 ~590*
Oeeee 6.61 none  none ~600%

“Diffuse reflectance spectrum (Acr, nm) as described in the text.
b Absorption spectrum of arene CT complex with 75 mM MV(PF),
(Act, nm) in acetonitrile. ¢Estimated (shoulder). ¢ Weak CT after 15
h. ¢Weak CT only after 5 h. /Multiple band. #Weak CT after 3
days. *Very weak CT, alumina matrix.
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Figure 1. Mulliken correlation of the diffuse reflectance spectra (Avcr)
of aromatic CT complexes in zeolite-Y doped with MV (&) and DQ**
(9.

interaction of the bipyridinium and arene planes leading to the
charge-transfer absorption at Acr = 450 nm. Since the reflectance
spectrum of this crystalline 1:1 complex is the same as that of
the orange-colored zeolite, we conclude that the cofacial donor—
acceptor arrangement is also relevant to that formed in the zeolite.
If so, the zeolite cavity must be large enough to accommodate
both the bipyridinium acceptor and the arene donor simultane-
ously.

Such steric restrictions are indicated in these zeolite experiments
by the shapes of arene donors that can be accommodated. For
example, all the methylbenzenes including mesitylene, durene,

(11) Crystal data for [MV(PFg)s, 2,6(MeO),C\pHgl: M = 664.46,
monoclinic, space group P2,/c,a = 7.941 (1) A, b= 11.459 (2) A, c = 15.814
(3) A, 8 =103.57 (1)°, ¥V = 1399 A3, Z = 2, Nicolet R3m/V diffractometer,
Mo Ke (A = 0.71073 A), u = 2.54 cm™!, 1662 reflections I > 3o(J) refined
to R = 0.053 (R, = 0.036).
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Figure 2. ORTEP perspective showing the parallel planes of the 2,6-di-
methoxynaphthalene donor and MV2* acceptor at a mean separation of
3.4 A. For clarity, hydrogens and PF¢ are not included.

Figure 3. Pictorial representation of the “fit” within the zeolite-Y su-
percage of anthracene and methylviologen dication drawn to scale as
parallel donor—acceptor pairs according to the CT structure in Figure 2.

and pentamethylbenzene rapidly form brilliant yellow CT com-
plexes with MV?* doped zeolite-Y, the single and striking ex-
ception being hexamethylbenzene that remains colorless. Likewise,
the naphthalene derivatives in Table I yield bright yellow-to-orange
zeolites—but the 1,4-dimethoxy and 2,6-di-zerz-butyl derivatives
leave the colorless zeolite unaltered. Shape selectivity is also
manifested with anthracene by the rapid formation of the purple
CT complex as well as with the 9-methyl and 9-formyl derivatives,
but no colored zeolite obtains with either 9-phenyl or 9,10-di-
methylanthracene and MV?*. Size distinction between the electron
acceptors is readily brought out by 2-fert-butylanthracene and
tetracene which both yield brightly colored zeolites with DQ?*,
whilst the MV?* doped zeolite-Y remains singularly unchanged.!?
The higher acene homologue pentacene does not form a CT
complex in zeolite-Y with either DQ?* or MV?*. It is important
to emphasize that all of these arenes rapidly form the highly
colored CT complexes with both MV?* and DQ?** when they are
unrestricted in solution (see column 5, Table 1).13

From the size exclusion of hexamethylbenzene (but not pen-
tamethylbenzene), 9-phenyl- and 9,10-dimethylanthracene (but
not 9-methylanthracene), and 1,4-dimethoxynaphthalene (but not
the 2,6 isomer), we judge that a van der Waals “width” of roughly
8 A4 s sufficient to inhibit an arene from complex formation with
MV?* immobilized in zeolite-Y. We believe that this represents
the maximum value for the kinetic diameter ¢'5 of arenes in zeolite
catalysis, and it accords with the 7.4 A aperture to the supercage

(12) Note that MV?* is 1.6 A longer than DQ?*.

(13) The same CT complexes are also directly formed in the solid state by
simply grinding the arene and MV(PFg), or DQ(PF), with an alumina
support.

(14) The widths are calculated from normal C—C and C-H bond distances
and angles plus 0.8 A for the extra van der Waals radius of hydrogen.

(15) Breck, D. W. ref la, p 340ff.
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in zeolite-Y.'s [Note pentamethylbenzene with ¢ = 7.15 A passes
readily, whereas hexamethylbenzene with ¢ = 7.95 A does
not—despite its enhanced donor strength.] Once the arene has
penetrated this window, a cavity dimension of ~13 A is large
enough to accommodate both MV?* and anthracene (but not
tetracene), as depicted in Figure 3. A similar shape selectivity
is also observed with zeolite-X (of related dimensions to zeolite-
Y)!7 but not with the more constricted 4.2 A aperture in zeolite-A8
or with completely amorphous silica alumina.

Owing to the wide structural variations that are allowed by
different organic cations, we anticipate that shape selectivity can
also be finely tuned in the formation of CT complexes with other
types of hydrocarbon donors. We hope that further tests in
progress will provide the requisite information for the detailed
mapping of substrate access to various zeolite structures,!® es-
pecially with regard to both their kinetic and thermodynamic
properties in the liquid phase.
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The metal-to-ligand charge-transfer (MLCT) states of Ru-
(diimine),?* and related complexes have been the subject of intense
interest over the past 20 years in an effort to understand and
potentially to exploit their photochemical properties.! Although
the degree of charge separation between the metal and ligand is
the distinguishing characteristic of these states, little quantitative
experimental data exists.® We report here the magnitude of the
difference between the electric dipole moments of the ground and
excited states, |Au,|, associated with MLCT transitions in several
Ru(diimine);** complexes using Stark effect spectroscopy.

The effect of an applied electric field on the absorption spectrum
(the Stark effect spectrum) has rarely been applied to the spec-
troscopy of transition-metal complexes; we are only aware of two
examples in single crystals® and none in solid solution as discussed
in this communication.* For a non-oriented sample in a rigid

(1) Juris, A.; Barigelletti, F.; Campagna, S.; Balzani, V.; Belser, P.; von
Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85-277.

(2) The solvent dependence of absorption (or emission) band positions
provides one approach to this problem. For example, see: Kober, E.; Sullivan,
B. P.; Meyer, T. J. Inorg. Chem. 1984, 23, 2098-2104.

(3) (a) Solomon, E. 1; Ballhausen, C. J.; Heg, J. H. Chem. Phys. Lett.
1975, 34, 222-224. (b) Heg, J. H.; Ballhausen, C. J.; Solomon, E. 1. Mol.
Phys. 1976, 32, 807-814. (c) Johnson, L. W. J. Chem. Phys. 1983, 79,
1096-1097. We thank Professor Solomon for bringing these references to our
attention.
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Figure 1. (A) Absorption spectrum of Ru(bpy)32+(PF6‘)2 in PVA at 77
K (B) Stark effect spectrum of Ru(bpy);**, Fey = 6.43 X 10° V/cm;

= 54.7°.5 (C) Second derivative of the absorption spectrum obtained
by numerical differentiation. The Stark effect spectrum has the shape
of the second derivative of the absorption spectrum in which each elec-
tronic absorption band is weighted by its appropriate value of |Au,|>.

matrix, the change in absorbance, A4, due to Ag, is proportional
to the second derivative of the absorption line shape, the square
of the electric field felt by the chromophore, and JAu,J%°

The absorption, second derivative of absorption, and Stark effect
spectra of Ru(bpy);** (bpy = 2,2’-bipyridine) at 77 K are shown

(4) The molecule of interest is dissolved in a thin polymer film (typically
20-100 um thick) that is coated with semitransparent electrodes across which
an electric field is applied. For experimental details, see: Lockhart, D. J;
Boxer, S. G. Biochemistry 1987, 26, 664-668, 2958.

(5) More precisely

G ., 4/
30h2 dv?

where C, = Ap2[5 + (3 cos? x — 1)(3 cos? {4 — 1)], x is the angle between
the applied electric field direction and the polarization vector of the probing
beam, ¢, is the angle between Apu, and the transition dipole moment being
probed at energy hv, and Fy, is the internal field related to the actual applied
electric field, F ., by the local field correction: Fi = fFeo. (Mathies, R.
Ph.D. Thesis, Cornell University, 1974: Liptay, W. Ber. Bunsenges. 1976,
80, 207-217.) The value offls generally greater than unity (typically about
1.2 for the polymers used here*); although its value is uncertain, it is likely
to be roughly the same for different complexes in the same matrix and for
different electronic states within a complex. For MLCT transitions, we
assume |Ap,| dominates any effect due to a change in polarizability between
the ground and excited states. The overall similarity between the Stark effect
and second derivative of absorption line shapes confirms this. Figure 1 and
the values of |Au,| in Table 1 were obtained at x = 54.7° to minimize com-
plications from variations in {, due to overlapping bands, a problem that will
be dealt with quantltatlvely elsewhere. The differential weighting of ab-
sorption bands by |Au,)? may help to reveal features that are obscured by
overlapping bands. The signal-to-noise of the Stark data is far superior to that
obtained by numerically differentiating the absorption spectrum.

AA(p) =
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