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The bacterial small-molecule three-hybrid system described
herein should provide a robust platform for high-throughput
assays based on protein—small molecule interactions. The
Mtx —SLF heterodimeric ligand can be prepared readily and
gives a strong transcription readout in the E.coli RNA
polymerase three-hybrid system. Notably, the levels of tran-
scriptional activation with the Mtx —SLF three-hybrid system
are comparable to those with the direct protein—protein
interaction, despite the fact that one noncovalent interaction
has been replaced with two. The ECs, for lacZ transcription is
greater than the Ky of either Mtx or SLF for FKBP12.5!
Currently we are carrying out in vitro experiments to examine
the relationship between lacZ transcription and the Ky, of the
ligand —receptor interaction. Three-hybrid systems provide an
in vivo alternative to affinity chromatography that can be
used to evolve proteins that recognize a particular small
molecule, to screen a library of small molecules based on
binding to a particular protein, or to screen cDNA libraries to
find the protein targets of drugs or to classify proteins based
on their small-molecule interactions. Because of the high
transformation efficiency and rapid doubling time of E. coli,
this system should increase the number of proteins that can be
tested in three-hybrid assays by several orders of magnitude
compared with yeast systems. A bacterial assay should be
particularly advantageous in molecular evolution experiments
in which in the order of 108 variants may be necessary to alter
protein function. Based on our results, we believe that Mtx
will provide a versatile anchor for presenting a variety of
different small molecules.
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Proton-Induced, Reversible Evolution of O,
from the Os'Y - Sulfoximido Complex
[Os" (tpy)(CD,{NS(0)-3,5-Me,CoHa}]**

My Hang V. Huynh,* David E. Morris, Peter S. White,
and Thomas J. Meyer*

O, activation in biological systems is a key step in
respiration with O, activation achieved by a complex series
of steps involving binding to an Fe —heme, electron transfer,
and, ultimately, atom transfer to a reducing substrate.l]
Kinetic difficulties in the electroreduction of O, to H,O in
fuel cells create a significant over-voltage which limits
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performance.”) Similarly, water oxidation in
photosynthesis is a complex process involving
multiple electron transfer based on a four-
manganese-center cluster.!

The mechanistic difficulties in the reduction
of O, or the oxidation of water arise from the
thermodynamic instability of one-electron in-
termediates such as OH* or the O, ion and the
requirement for multiple-electron pathways to
avoid them. Mechanisms for the activation or
evolution of O, must accommodate two oxygen
atoms and a net four-electron change.! We
report here the remarkable reactions of the cis
and trans isomers of the Os!V—sulfoximido
complexes, [Os™(tpy)(Cl),{NS(O)CsH;Me,}]
(2; tpy=2,2":6",2"-terpyridine and C¢H;Me, =
3,5-Me,C¢Hj;), and their Os!Y —sulfilimido ana-
logues, [Os"™(tpy)(C){NS(H)CsH;Me,}]* (1),
towards proton-gain or loss-induced evolution
and addition of O,, respectively.

When cis-[OsY!(tpy)(Cl),(N)]* is treated with
Me,C,H;SH in CH;CN [Eq. (1)], a rapid reac-
tion occurs to give cis-1*. Further reaction of 1*
with O — NMe; in CH;CN occurs to give cis-2 [Eq. (2)]. An
analogous reactivity was reported earlier for the trans
isomer.P!

CH;CN/HPF,

cis-[(tpy) (C1l),0s"'=N]" + 3,5-Me,C(H;SH ————»

H
%
cis-[(tpy) (C1),0s"=N-5

AN
CgHsMe,

1+

H +
/
cis-[ (tpy) (C1),0s™=N-8
CgHsMe,

+ O=NMe,

1+
0
: v 4
cis-[(tpy) (C1),0s =N—S\
CgHiMe,
2

Both cis products, 1'% and 2! have been isolated, the
former as its PF,~ salt, in 95 and 85 % yields, respectively. In
10:1 (v/v) CH5CN:H,O, 1" undergoes solvolysis in a few
minutes to give cis-[Os"(tpy)(Cl)(NCCH;)(NSC,H;Me,) |+
which undergoes further solvolysis to give cis-
[Os™(tpy)(NCCH3;),(NSC4H;Me,) |** over a few hours. This
chemistry will be reported elsewhere.

Compound 1*-PF¢ was also characterized by X-ray crystal-
lography of crystals grown by slow diffusion of Et,O into a
CH,CN solution. The structure (Figure 1) shows that the
distorted octahedral arrangement of ligands at the Os center
in the parent nitrido complex is retained in the protonated
sulfilimido product. The Os—N(tpy) bond lengths range from
1.992(9) to 2.091(11) A with the shortest Os—N(tpy) bond
trans to the longer chloride bond. The Os—N(sulfilimido) and
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CH,CN
———-

+ HNMe," (2)
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Figure 1. ORTEP diagram (thermal ellipsoids set at the 30 % level) and labeling scheme for
1+-PF;.

N1-S1 bond lengths of 1.947(11) A and of 1.645(12) A,
respectively, are consistent with multiple bonding.®l The
angle N1-S1-C11 102.8(7)° is consistent with pseudo sp® hy-
bridization at the S atom of the sulfilimi-
do ligand. The Os—N(sulfilimido) bond
length, the bent angle Os1-N1-S1
124.6(6)°, and the diamagnetism of the
complexes (as shown by 'H NMR spec-
{1) troscopy) are all consistent with a d* spin-
paired Os!Y complex. There are structural
similarities with the related Os!V com-
plexes, cis-[Os"(tpm)Cl),({(N(H)N(CH,),-
Oo}]* (tpm = tris-(pyrazol-1-yl)metha-
ne),k  cis-[Os™(tpy)(Cl)(NCCH;){NN-
(CH),O}*",P1  and  cis-[OsV(tpy)-
(NCCH,),{NN(CH,),O}>*.I""

When one equivalent of HPF, as
HPF, - H,O is added to CH;CN solutions
of either cis- or trans-2, immediate color
changes occur from dark green
(Amax(cis) =444, 592, and 696 nm and
Amax(trans) =404, 586, and 714 nm) to bright red (A (cis) =
460 nm and A, (trans) =466 nm) with noticeable gas evolu-
tion. There is no competition from solvolysis under these
conditions. UV/Vis spectral changes with incremental addi-
tions of HPF, for the trans isomer are shown in Figure 2.
Based on molar extinction coefficients,>”) the conversion
from 2 into 17 is quantitative. The evolved gas was shown
to be O, by oxygen-electrode measurements. The amount of
gas evolved was consistent with the 2:1 ratio in Equa-
tion (3).010

Attempts to follow the reaction by stopped-flow mixing
were unsuccessful because it is too rapid even at —50°C in
either 2:1 (v/v) CH;C(O)CH;:CH;CN or CH,;C(O)CHs,.
Based on the spectral changes in Figure 2, H is required as
a stoichiometric reagent, and the energetics of protonation to
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Figure 2. Spectral changes upon sequential addition of aliquots of HPF
(60 wt % solution in H,O) in CH;CN to 1.13 x 10~*M trans-2 in CH;CN and

inset, the reverse reaction between trans-1T and bpy in air-saturated
CH,CN.

/O CH,CN
2 cis-[{tpy) (Cl)ZOsIV:N—S + 2 ——
CcH;Me
2 sHaMe,
/H
2 cis-[(tpy) (C1),0s™=N-§
1" CgH;Me,

form 1* are presumably required to drive the reaction to
completion. By inference, H* is also required for the
activation of the O, evolution process, but the mechanistic
details remain obscure.

Remarkably, the O, evolution chemistry is reversible. When
2,2'-bipyridine (bpy) is added in stoichiometric amount to air-
saturated CH;CN solutions of 1%, the UV/Vis spectrum
changes quantitatively to that of 2 (Figure 2 inset). Addition
of bpy deprotonates 17 to give [Os™(tpy)(Cl),(NSCsH;Me,) |
which undergoes O, oxidation to give 2 [Eq. (4)]. An uptake
of O, was observed at the oxygen electrode but was difficult to
quantify because of the large O, background in air-saturated
solutions. Attempts to measure the kinetics of these reactions
with added bpy by stopped-flow mixing in either 2:1 (v/v)
CH;C(O)CHj;:CH;CN or CH;C(O)CH; at —50°C were also
unsuccessful because the reactions were too rapid.

It is possible to generate O, catalytically from O «— NMe;
based on the reactions in Equations (2) and (4). Addition of
HPF; in large excess to 2 in CH;CN in the presence of
100 equivalents of O« NMe; results in rapid O, evolution.
The O, evolution was quantitative based on O «+— NMe; as

H +
: v /
cis-[(tpy) (Cl),0s" "=N-5 + bpy + % 0O,
1+ CgH Me,
2:1 (v/v)
CH;C (0) CH3/CH;CN ' - /o
cis-[(tpy) (C1l),0s "=N-§

or CH,C(O)CH;4 ) CeHyMe,
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+ Hbpy” (4)
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measured by the oxygen electrode. The net reaction is shown
in Equation (5).

2
+ O=<NMe, —— % O, + HNMe," (5)
CH,CN/HPF

+

H

Catalytic activation of O, towards oxidation of PPh; to
OPPh; in CH;CN has been reported for trans-[Os™-
(tpy)(CI1),(NS-3,5-Me,C¢H;) |JPF; but is rate limited by
O-atom transfer from trans-[Os™ (tpy)(Cl),{NS(O)CsH;Me,}]
(2) to PPh;.F!

Initial observations show that the reactivity reported here is
general for the series cis- or trans-[Os" (tpy)(Cl),{NS(O)Ar}]/
[Os™(tpy)(CL),{NS(H)Ar}]* with Ar=3,5-Me,CsHs,
4-MeC¢H,, and C4Hs. It is a novel example of O, evolution/

activation based on a ligand, in this case,
one electronically activated by the Os—N
multiple bond. These reactions are re-
markable both for their occurrence and
for the rates at which they occur.
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The coordination chemistry of dioxygen (O,) is of
interest in the context of bioinorganic chemistry and
oxidation catalysis. Catalytic transformations utilizing
O, as the oxidant are considered environmentally
benign; however, they typically require “activation” of
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the dioxygen by a metal center. Whereas the chemistry of
chromium—a common ingredient in oxidation reagents—is
replete with high-valent oxo (O*") or peroxo (O,*") com-
pounds, there exist few superoxo complexes of chromium
resulting from the binding of gaseous O,, and none that have
been structurally characterized.l'l In a recent report on the
insertion of O, into the chromium - carbon bond of [TpBuMe-
Cr-Ph] (Tp™®»Me=hydrotris(3-tert-butyl-5-methylpyrazolyl)-
borate) we provided spectroscopic evidence for a reactive
Cr'! superoxide intermediate (A, Scheme 1), and we pro-
posed a “side-on” bonding mode for the superoxo ligand.?
Herein we describe the synthesis and structural character-
ization of a stable Cr'™ superoxide complex that supports our
earlier assignment.

Key to our investigation was the synthesis of a coordina-
tively unsaturated Cr'' precursor that would not suffer
insertion of a coordinated O,, for example, into a chromi-
um-carbon bond. Thus we prepared [Tp®*MeCr(pz’H)]-
BARF (1, pz’H =3-tert-butyl-5-methylpyrazole, BARF =
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) by reaction
of [TpBMeCr(pz’H)Cl] with NaBARF (see Scheme 1). Com-
plex 1 featured the characteristic cis-divacant octahedral
structure of four-coordinate [Tp®*MeCrX] derivatives;?
hence it should be able to coordinate O,. Indeed, exposure
of a diethyl ether solution of 1 at — 78 °C to excess O, caused a
rapid color change from blue to red. Warming to room
temperature followed by standard work-up of the reaction
mixture yielded [Tp®*MeCr(pz’H)(O,)]|BARF (2) as a dark
red solid in high yield. The solid-state IR spectrum of 2
showed an O—O stretching vibration at 1072 cm~". In the
product of the reaction of 1 with '®O, this band was shifted to
1007 cm~L. These values are consistent with an assignment as a
superoxo complex of chromium(ir).*! The effective magnetic
moment of 2 (u.(295 K) =2.8(1) up) must result from strong

BARF —
NaBARF
Et,0, RT
* BARF ~
"
Scheme 1. Synthesis of precursor 1 and chromium superoxo complex 2.
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