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with H,O (2 x 75 mL). The organic phase was dried (MgSO,) and solvent
was removed under reduced pressure. Purification by column chromato-
graphy (SiO,, CH,Cl,, 2% MeOH) gave the desired product (0.41 g, 27 %)
as a pale green powder, m.p. 80 °C. '"H NMR (400 MHz, CDCL;): 6 =3.84 (t,
4H, OCH,), 4.24 (t, 4H, OCH,), 4.74 (s, 4H, CH,), 7.36-7.41 (m, 10H,
ArH), 7.95 (d, 4H, ArH), 8.17 (m, 4H, ArH), 8.28 (d, 4H, ArH), 8.63 (dd,
2H, ArH), FAB-MS calcd for Cy,H;N,O,: 6572753 [M+H*]; found:
657.2781. Compounds 2 and 5 were prepared and characterized by similar
methods.

Mercury complexes: The HgCl, complexes of 1, 2, and 5 were prepared by a
slight adaptation of a literature method."* Complexation at the bipy unit
was evidenced by shifts of the resonances corresponding to the bipy protons
in the NMR spectra in CDCl; and CD;CN.F?

Photochemical studies: Photocycloaddition reactions were carried out
using a Xenon lamp (see Table 1 for conditions). The 'H NMR spectra of 3
and 4 in CD;CN revealed no ethylenic proton resonances, and in the case of
3 a clear singlet peak at 4.51 ppm (2H) was evident, which indicated the
formation of the 9,9'-10,10" photoproducts. The quantum yields of
fluorescence of 1 and 2 in MeCN were largely unaffected by the presence
of Group 1 cations and Hg"!, with only Na* ions inducing any enhancement
when bound to ligand 2 and its HgCl, complex (1, @z =0.04, 1+Na*, @ =
0.03, 2, 9x=0.05, 24+Na*, @r=0.10).
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Intracellular hydrogen peroxide produced during O, me-
tabolism in cells is an indiscriminate oxidizer of cellular
components and its toxicity has been associated with oxida-
tive stress,!l cancer,”) and aging.> 4 Disproportionation of
intracellular hydrogen peroxide [Eq. (1) ] by catalase provides
a vital biological defense against this toxic oxygen metabo-
lite.!

2H,0, — O, + 2H,0 1)

In addition to intracellular sources, the photochemical
generation of hydrogen peroxide is well established.®) Fur-
thermore, in light of the possible health risks associated with
halogenated byproducts produced by chlorination,”®! the
industrial consumption of hydrogen peroxide is expected to
increase as it replaces chlorine as a bleaching and sterilizing
agent.’l Tt has been proposed that the residual hydrogen
peroxide used in industrial processes can be decomposed
before disposal through the application of transition metal
complexes or catalases.['"]

Due to the toxicity of hydrogen peroxide and its pervasive-
ness in biological and industrial settings, the structure and
function of catalases and catalase mimics is of considerable
interest. While the majority of catalases contain a heme
cofactor,") a number of nonheme catalases require manga-
nese as a cofactor.''-"31 The synthesis, characterization, and
reactivity studies of polynuclear manganese model systems
have contributed significantly to our understanding of the
structure and function of manganese catalases.'*?"1 We have
an ongoing effort in the synthesis and isolation of well
defined, oxo-bridged multinuclear manganese species and we
report herein that the adamantane-shaped mixed-valence

[*] Prof. W. H. Armstrong, Dr. C. E. Dubél*]

Department of Chemistry

Eugene F. Merkert Chemistry Center

Boston College

Chestnut Hill, MA 02467-3860 (USA)

Fax: (+1)617-552-2705

E-mail: armstrow@bc.edu

Prof. D. W. Wright

Department of Chemistry and Biochemistry

Duquesne University

Pittsburgh, PA 15282-1530 (USA)

Current address:

Charles Stark Draper Laboratory

Cambridge, MA 02139-4238 (USA)

[**] We thank the U.S. National Institutes of Health (GM38275) for
financial support of this research.

[+

—

{Q Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/angewandte/ or from the author.

0570-0833/00/3912-2169 $ 17.50+.50/0 2169



COMMUNICATIONS

Mo (Mn'); complex [Mn,Oq(bpea),]** ¥ (1; bpea= N,N-
bis(2-pyridylmethyl)ethylamine) is an extremely efficient
H,O0, disproportionation catalyst in the presence of the base
Mes(tacn)  (Mes(tacn) = 1,4,7-trimethyl-1,4,7-triazacyclono-
nane; aqueous pK, = 11.7), with the highest catalytic constant,
k.., reported to date for any synthetic manganese complex. A
base-mediated switch from Michaelis—Menten kinetics to
cooperative kinetics also distinguishes the oxygen evolution
promoted by 1. The data presented herein for complex 1
reveal a novel biomimetic catalytic system exhibiting coop-
erative behavior.?-¥

The kinetics of oxygen evolution from the disproportiona-
tion of H,O, was studied by a video recording the displace-
ment of mineral oil in a gas buret. Treatment of an acetonitrile
solution of 1-3 CIO, (bulk electrolysis, 0.228 mm)B% 37 with
an excess of aqueous H,0, (100 mm) immediately evolved O,.
The total volume of O, evolved (2.37 mL, 97.7 umol) was
consistent with disproportionation of H,O, at an initial rate
vo=—d[H,0,])/dt=0.57 mms~".  Isotope-labeling studies
(H,'30,B*) monitored by GC/MS showed peaks at m/z 32
and 36 in a 7:93 ratio and no m/z 34 (O,) was observed.
Together, these results indicate that both oxygen atoms of
evolved O, originate from the same H,O, molecule.

Initial rate data determined for a range of H,O, concen-
trations (0.010-0.33M) and 1-3ClO, (method B, Me;-
(tacn) =3.2 x 10°-3.2 x 10~3M) show, at low concentrations
of H,O,, that the rate of disproportionation is first order in
both tetranuclear complex and H,O, concentration; rate =
k[1][H,0,], with an average rate constant k of 114+
14m~!'s~1. Complex 1 exhibits saturation kinetics (Figure 1).5%
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0.4+
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1 1 I 1 1 1 1

0.0 .
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Figure 1. H,0O, saturation kinetics for 1-3ClO, (0.105 mm, Me;(tacn)
reduction) showing a fit of the Michaelis—Menten equation with K, =
0.087m and V,,,,=1.34+0.11 mms™.

These data can be described by the Michaelis—Menten
equation [Eq. (2)], where S is the substrate concentration,
K., is the substrate binding constant, and V., is the maximum
rate of the reaction.

v S

= 2
V nax K, +S @

Nonlinear least-squares fitting of the data in Figure 1 to
Equation (2) gave K,,=0.087™ and V,,,, =134 +0.11 mms~!
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with a value of k., =11.140.9 s~L. For comparison, kinetic
measurements of the manganese catalase from Lactobacillus
plantarum, modeled using Michaelis —Menten kinetics, gave
K,=0.35m and k., =2.0 x 105 s~ 1111

In contrast to the activity of 1, solutions of the (Mn'Y),
complex 2-4ClO, were only slightly active. Addition of
hydrogen peroxide (0.234M) to an acetonitrile solution of 2-
4ClO, (0.265 mm) exhibited an initial rate v,=1.6 uymMs~!, in
contrast to vy=115mms™! for 1 (Mes(tacn) reduction)!
under the same conditions. On the other hand, we observed
a substantially faster rate (83.7 mms™') for 1-3 ClO, prepared
from 2-4ClO, using a large excess (4.8 equivalents) of
Me;(tacn).B) A number of manganese —oxo complexes were
previously shown to exhibit significant rate enhancement for
the disproportionation of hydrogen peroxide in the presence
of exogenous base.[1” 18 26. 2. 4141 Tt wag proposed that at least a
part of this effect was the base-facilitated deprotonation of
H,O0, in the course of the coordination of hydroperoxide to
the metal complex.

Substrate conversion rates were determined for several
concentrations of 1-3ClO, and Mes(tacn) and these results
are shown in Figure 2. We propose that the sigmoidal shape of
the O, evolution rate versus the number of base equivalents of

140 r
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20
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m

Figure 2. A composite of substrate conversion rate versus the number of
base equivalents (m) of Mes(tacn).”) Experimental conditions: 100 mm
H,0, and 1-3ClO, [0: 1=0.228 mm, bulk electrolysis; *: 1=0.096 mm,
Me;(tacn) reduction; o: 1=0.105mM, Mes(tacn) reduction; A: 1=
0.245 mM, Me;(tacn) reduction]. The curve is a nonlinear least-squares fit
of a Boltzman function to all of the data.

Me;,(tacn)* is consistent with a base-activated switch in the
mechanism of hydrogen peroxide disproportionation. Addi-
tional experimental evidence of such a switch is revealed by
the saturation kinetics of 1 in the presence of excess base
(Figure 3).5% These data reveal a dramatic deviation from the
Michaelis—Menten kinetics observed for 1 with little or no
excess base (Figure 1). The sigmoidal shape of the substrate
conversion profile at this higher base concentration is
indicative of cooperativity in the disproportionation reaction
(vide infra).**l These data can be described with the Hill
equation [Eq. (3)], where n is the Hill coefficient.[*

Yo L 3)
V max K," + 5
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Figure 3. H,0, saturation kinetics for 1-3ClO, (0.096 mMm, Me;(tacn)
reduction, 4.2 equiv) showing the fit of the Hill equation [Eq. (3)].

A least-squares fit of the data in Figure 3 with Equation (3)
gave V., =38.9+3.1 mms™!, K, =0.204M, and n =1.58, with
a value of k., =405s7L It is noteworthy that the crossover
from an efficient, yet unremarkable, catalytic system exhibit-
ing Michaelis —Menten kinetics to an extremely efficient one
exhibiting cooperative kinetics renders a catalyst which has
the highest k,, reported for any synthetic manganese complex
to date.l'*?2 Substitution of n =1 in Equation (3) reduces the
Hill equation to the Michaelis—Menten equation [Eq. (2)]
and values of n > 1 indicates the extent of cooperativity.[#6-5!
By comparison, data for hydrogen peroxide disproportiona-
tion with only a slight excess Mes(tacn) (Figure 1) which were
fit with the Michaelis — Menten equation fits equally well with
the Hill equation with n=1.03.

We propose that the observed cooperativity in the dispro-
portionation of hydrogen peroxide by 1 at the higher base
concentrations originates in cooperative binding or coopera-
tive kinetics. A plausible initial reaction of 1 with H,O, and
one that is consistent with our previous studies (vide infra) is
illustrated in Scheme 1.% Reaction of 1 with H,O, most likely

A\

AR s
Nor(l ONar \ NoyQ] 02 N
_—MnL /Mn\ _—MnZ + 0O,

\o? <r Q::H H? H
MnV |Mn"’ MnV ?Mn"’ Mn" Mn'"
nIV
1 2 3

Scheme 1. Initial reaction of 1 with H,O,. For the polydentate, Mn'-

coordinated bpea ligand, N, and N, represent the nitrogen atoms of the
pyridyl and ethylamine moieties, respectively.

occurs via coordination of hydroperoxide to the more labile
Mn!"! site. The enhanced lability of 1 at the Mn!" site arises
from elongation along the Mn'-N,-O,,, axis due to Jahn-
Teller distortion of the d; Mn! center.?8] Lability of the amine
nitrogen atom and flexibility of the bpea ligand at the Mn™
site of the dimeric complex [Mn,0,(OAc)(bpea),|(ClO,), (3)
has previously been proposed as a basis for the its reactivity
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with water or the hydroxide ion.*!l Similar distortion of the
Mn'" site of 1 could facilitate attack by H,O,.

The oxo bridges of 1 are nucleophilic, as demonstrated by
the enhanced oxo-bridge basicity of 1 by approximately 17
pK, units following one-electron reduction of 2 and by the
observation that 2 readily undergoes coupled e /H™ and
e /2H* processes.?™ Hence, the reaction of 1 with H,O, could
lead to oxidation to yield O, and a (Mn™);(Mn') tetramer (3;
Scheme 1) in a net 2e7/2H" process. The (Mn™);(Mn')
tetramer could subsequently bind a second equivalent of
hydroperoxide followed by reduction of H,0, and restoration
of 1 (Scheme 1).

The rate of H,O, disproportionation in our studies was
significantly affected by addition of the strong base Mes(tacn).
In control experiments, however, we observed that addition of
Me;(tacn) to H,O, in acetonitrile in the absence of 1 resulted
in only a very slow disproportionation of H,O,. Slow base-
catalyzed disproportionation of H,O, in the absence of a
transition metal complex is similar to that reported by
others.P> ¥ Tt is possible that a part of the effect of Me;(tacn)
in the present system could be base-facilitated deprotonation
of H,0,, similar to the effect noted above for other catalytic
manganese systems. The striking difference in our system,
however, is the sigmoidal behavior of rate with increasing
base concentration, which leads to catalytic cooperativity.

The catalytic cooperativity observed in the present system
could be due to either cooperative binding of hydroperoxide
or cooperative kinetics of disproportionation. A two-electron
reduction of the {Mn,O¢}** core of 1 leads to two additional
Mn™ ions (3; Scheme 1). Reduction of Mn' to Mn'" leads to
elongation of both the Mn—N bondsP* as well as along the
Jahn-Teller axis. In the absence of excess base, the proposed
final step in H,O, disproportionation involves H,O, reduction
and oxidation of the core to 1. This step must be accompanied
by contraction of the Mn—N bonds as well as the Jahn - Teller
axis. We propose that the higher Mes(tacn) concentration
could favor binding of two hydroperoxide ions in the
(Mn");(Mn'V) oxidation states and the possibility of a
subsequent concerted reduction and oxidation of hydrogen
peroxide. In this proposal, the kinetically cooperative dis-
proportionation cycle maintains the (Mn!!!);(Mn!) oxidation
state throughout and thus avoids the energetic hurdles
associated with expansion and contraction of the {Mn,Og}
core.

In conclusion, we have shown that one-electron reduction
of the tetranuclear complex 2, which exhibits very little
reactivity toward H,O,, leads to the more catalytically active
complex 1. The sigmoidal dependence of the disproportiona-
tion rate for 1 on Me;(tacn) concentration is consistent with a
base-mediated mechanism such as the one proposed. Addi-
tion of the Me;(tacn) promotes crossover from a system
exhibiting Michaelis—Menten kinetics to a catalytically
cooperative kinetic system, to render a greatly more efficient
catalyst. This proposal also incorporates the principal feature
that we feel makes 1 catalytically active while 2 is relatively
inert: a labile Mn'"! site for the initial binding of hydroperoxo
anion.
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A Practical Asymmetric Synthesis of
Enantiomerically Pure 3-Substituted
Pyroglutamic Acids and Related Compounds™**

Vadim A. Soloshonok,* Chaozhong Cai, and
Victor J. Hruby*

In recent years, tailor-made y-constrained amino acids have
emerged as critically important key structural units in the
de novo design of peptide-based drugs with enhanced recep-
tor selectivity and stability to metabolic degradation.[’?
Incorporation of these amino acids in strategic positions of a
peptide chain allows rational design of the three-dimensional
topographical structure of the peptide and, thus, opens a new
avenue for exploration of the fundamental chemical — physical
basis for peptide-mediated biological information transfer.?!
In particular, to explore the topographical requirements of
the recently discovered human melanocortin receptors,®! we
need a series of hitherto unknown conformationally con-
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