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Table I. Solubilities of Hosts 1 in Water and Association Constants
in Water with 9-Ethyladenine?

Ar solubility (mM) K, (M)
1a /@ 15 2
1b 6 15
DN
1e m 1.2 29

1d O.Q 0.8 50
le OO 0.2 70

¢ The solutions were buffered to a constant pH of 6.0 using 10 mM
cacodylic acid/sodium cacodylate buffer (ionic strength 50 mM).
NMR data were obtained at 283 K. Titrations were performed at a
constant host concentration of 0.8 mM, except for 1e where the con-
centration was 0.15 mM.°

1a has little overlap with the purine nucleus, and it provides a
binding constant of 2 M™!. Extension of the hydrophobic surface
to the naphthyl host 1¢ increases the association constant to 29
M-!. This corresponds to a free energy change (AG) of —1.5
kcal/mol. While the relationship of surface area to hydrophobic
binding is a matter of some uncertainty, our current results appear
consistent with the values suggested by Honig.' The quanti-

(10) Sharp, K. A.; Nicholls, A.; Fine, R. F.; Honig, B. Science 1991, 252,
106. For studies using other receptors, see: Smithrud, D.; Wyman, T.;
Diederich, F. J. Am. Chem. Soc. 1989, 113, 5420. Petti, M.; Shepodd, T;
Barrans, R.; Dougherty, D. J. Am. Chem. Soc. 1988, 110, 6825. Cowart, M.;
Sucholeiki, I.; Bukownik, R.; Wilcox, C. J. Am. Chem. Soc. 1988, 110, 6204,
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of current investigations.
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Recently, substrate and protein radicals have been recognized
as important intermediates in biological reactions.! Galactose
oxidase (GOase) catalyzes the two-electron oxidation of primary
alcohols with O, to produce aldehydes and H,0,2 GOase has
two one-electron redox centers at the active site. GOase can exist
in two stable forms: a one-electron-reduced inactive form and
an oxidized active form.> Spectroscopic data show that the active
form has Cu(II)* and another, non-metal, redox center at the active
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site.’ X-ray structural determination indicates that this redox
center is probably Tyr 272, a ligand to copper.® Tyr 272 is
covalently cross-linked ortho to the OH to Cys 228 via an unusual
thioether bond. GOase is not a pyrroloquinoline quinone con-
taining enzyme, as has been suggested.” Prior to the discovery
of the second redox site, several radical mechanisms were proposed
using only copper as a redox site.! A new type of mechanism
can be proposed using copper and a tyrosine as one-electron redox
sites (Scheme I). In this communication we present results
consistent with this mechanism.

We examined 1 as a round-trip radical probe to attempt to
detect the substrate-derived ketyl radical intermediate in the
proposed mechanism (Scheme II).° Catalytic turnover of 1 could
not be directly observed—O, electrode assays showed no O, uptake
with as much as 500 mM 1. GOase processing of 1 could be
indirectly observed through mechanism-based inactivation (Figure
1). Inactivation kinetics was biphasic—for the fast phase ki,
= 0.025s™! and K; = 36 mM.!" The partition ratio, turnovers
per inactivation event, must be nearly 1 (almost every molecule

(5) (a) Reference 3b. (b) Whittaker, M. M.; Whittaker, J. W. J. Biol.
Chem. 1990, 265, 9610. (c) Whittaker, M. M,; DeVito, V. L.; Asher, S. A,;
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264, 7792.
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J. J. Inorg. Biochem. 1981, 14, 209.

(9) This mechanism is a more detailed version of one which was previously
prgposled (see ref 3b) using an “organic” radical rather than the Tyr 272
radical.

(10) Branchaud, B. P.; Glenn, A. G.; Stiasny, H. C. J. Org. Chem. 1991,
56, 6636,

(11) Biphasic kinetics results from competing oxygen-independent sub-
strate-induced inactivation of the oxidized active form and oxygen-dependent
substrate-induced reactivation of the one-electron-reduced inactive form
(unpublished results). Note that the inactivations level out to different steady
states in a concentration-dependent fashion. Data are reported for only the
first phase where the inactivation reaction predominates. The first phase is
;apigi and efficient—for example, 50 mM 1 leads to 88% loss of activity after

min.
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Figure 1. Inactivation of 75 nM GOase in air-saturated (0.24 mM O,)
1:1 DMF/0.10 M (pH 7.0) sodium phosphate buffer at 25 °C with §
(@), 10 (®), 20 (), and 50 mM (@) 1. At each time point aliquots were
assayed using 100 mM B-methyl galactopyranoside as substrate in air-
saturated 0.10 M (pH 7.0) sodium phosphate buffer at 25 °C. Control
incubations without 1 did not cause inactivation (not shown on graph).

Table I. Oxidative Reactivation of GOase Inactivated by 1
relative % enzyme activity®

native
treatment enzyme® inactivated enzyme®
none 100 5%3
Fe(CN)>* 155 %7 150+ 8
superoxide 270 £ 11 230 £ 13
superoxide + 1209 T+4

superoxide dismutase

9Determined with a YSI Clark type O, electrode using 100 mM
B-methyl galactopyranoside as substrate in air-saturated 0.10 M (pH
7.0) sodium phosphate buffer at 25 °C. ¢Native enzyme was isolated
as described in ref 2d. ¢Native enzyme was treated under air with 50
mM 1 for 2 h.

processed leads to inactivation) since no turnover was observed
yet efficient inactivation occurred. The highly efficient inactivation
made product analysis impractical, given the amounts of enzyme
available. GOase was protected against inactivation by a standard
substrate, 8-methyl galactopyranoside, with Xy = 45 mM similar
to its K, of 47 mM,'? indicating that inactivation occurs at the
active site. Inactivations using [e,a-2H,]-1 (CD,OH) under
saturating conditions (50 mM) had ky/kp on ki, of 6.3.
Standard substrates have ky/kp on kg, of 6-8.!* The inactivation
does not require O, since 1 can inactivate GOase under anaerobic
conditions.

GOase inactivated by 1 could be completely reactivated using
one-electron oxidants known to reactivate the one-electron-reduced
inactive form (Table I). On this basis it can be concluded that
mechanism-based inactivation of GOase using 1 produces the
one-electron-reduced inactive form of GOase.'

Highly efficient inactivation was also observed using 6 (partition
ratio ~1). Inactivation kinetics was biphasic—for the fast phase
ki = 0.015 57! and K; = 0.07 mM. Inactivation could be
completely reversed by one-electron oxidants. Inactivation by 6
indicates that inactivation with 1 is not due to any special feature
of the quadricyclane ring in 1.

All of these data are consistent with the mechanism shown in
Scheme I involving rate-determining H-atom transfer from alcohol
substrate to enzyme, generating a transient ketyl radical inter-
mediate, followed by transfer of the second electron to generate

(12) Clevland, L.; Coffman, R. E.; Coon, P.; Davis, L. Biochemistry 1975,
14,1108,

(13) (a) Maradufu, A.; Cree, G. M.; Perlin, A. S. Can. J. Chem. 1971, 49,
3429. (b) Reference 2a.

(14) The one-electron-reduced form of GOase is known to be stable to air
(0,), whereas the two-electron-reduced form is not. Thus, substrate-inacti-
vated GOase must be one-electron-reduced since it is stable to air. For the
two-electron-reduced form, see ref 3b.
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the aldehyde product. The inactivating substrates undergo the
first “electron transfer” (H-atom transfer) but do not undergo the
second electron transfer due to steric and/or stereoelectronic
reasons, leaving the enzyme stalled in the one-electron-reduced
inactive state.
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Some transition metals activate alkanes in low-energy conditions
and others do not. For example, in the solution phase' coordi-
natively unsaturated Ru, Rh, Ir, and Pt centers insert into C-H
bonds of alkanes, including methane. In the gas phase,? most of
the 3d series bare metal cations Sc* through Ni* break C—H bonds
or C—C bonds of propane and larger alkanes, leading to H, or CH,
elimination products (or both). Thus far, only gas-phase cations
attack C-C bonds of alkanes. Ta*, W+, Os*, Ir*, Pt*, Nb?*, Ta?*,
and Zr?* dehydrogenate CH, at 300 K.34 Neutral platinum and
palladium clusters, Pt, and Pd, (x 2 2), activate CH,.> A key
question is exactly how the electronic structure of the metal atom
or metal center controls its chemical reactivity. Gas-phase
experiments in conjunction with high quality ab initio calcula-
tions”® are beginning to show that the overall pattern of low-lying
atomic states, including electron configuration and spin, strongly
influences which metal atoms react and which do not.'°
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Figure 1. Semilogarithmic plots of Pd (4d'°, 'S;) laser-induced
fluorescence intensity vs the product of hydrocarbon number density and
reaction time. Reactants and He pressures as indicated.

Table I. Effective Bimolecular Rate Constants (107'2 cm?® s™') for
Reactions of Pd and Ni with Alkanes and Alkenes at 300 K in He
Buffer Gas®

0.5 Torr of He 0.8 Torr of He

reactant Pd(4d'®)  Ni(3d%s)® Pd(4d'®)  Ni(3d%s)®
CH, 100£10 05%01 14515 05005
C,H, - 1242 178418 114
1-butene 314 £ 31 175 £ 35 357 %36 140 % 30
CH, - NR NR NR
C,H, - NR 0.154002 NR
C,H, 0.60 % 006 NR 1.15£012 NR
n-C,H,, 31203  NR 44%04 NR
cyclopropane - - 596 101

?NR means no reaction was observed (k < 3 X 107'* cm’ s™!). Dash
(-) means reaction was not studied. Ni data are from ref 12. *The
reactivities of the Ni ground state 3d%4s?(’F,) and the low-lying excited
state 3d%4s'(°D,) at 205 cm™! were identical.

We and others'! are surveying the gas-phase reactivity of bare
neutral transition metal atoms with alkanes and alkenes. In the
3d series,'®!? none of the neutral atoms reacts with alkanes at 300
K, and only Sc, Ti, V, and Ni react with alkenes. Here we report
our first state-specific kinetics data for the 4d series. The 4d'®
('Sy) ground state of the Pd atom reacts rapidly with ethylene,
propylene, cyclopropane, and 1-butene and moderately rapidly
with ethane, propane, and #-butane at 300 & 5 K in 0.5-0.8 Torr
of He. The latter are apparently the first clear-cut examples of
gas-phase chemistry between a neutral ground-state transition
metal atom and an alkane. Earlier gas-phase studies of Pd re-
activity with CH, found no reaction of the Pd atom and very slow
reaction of the clusters Pd,, x 2 2. CH, is inert to Rh atoms>
and to Fe atoms.> The ground-state Pt atom might react with
CH,, n-hexane, and cyclohexane,’>*® but interpretation was
complicated by the possible presence of excited-state atoms or of
multiphoton ionization and fragmentation.

The pressure dependence of our effective bimolecular rate
constants indicates that the products are collisionally stabilized
Pd(hydrocarbon) adducts.!* The most likely structure of the

(11) (a) Mitchell, S. A. In Gas Phase Metal Reactions; Fontijn, A., Ed.;
ACS Symposium Series; Elsevier: Amsterdam, 1992. (b) Parnis, J. M.;
Mitchell, S. A.; Hackett, P. J. Phys. Chem. 1990, 94, 8152. (c) Mitchell, S.
A.; Hackett, P. J. Chem. Phys. 1990, 93, 7822. (d) Blitz, M. A.; Mitchell,
S. A.; Hackett, P. J. Phys. Chem. 1991, 95, 8719.
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(13) Observation of such adducts is commonplace in metal cation chem-
istry. See: Tonkyn, R.; Ronan, M.; Weisshaar, J. C. J. Phys. Chem. 1988,
92,92.
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