COMMUNICATIONS

halamide A was revised unambiguously to the one represent-
ed by structure 24 (ent-1).

In summary, we have accomplished the first synthesis of
(+)-salicylihalamide A and revised the absolute configuration
of the natural product to 125,13R,15S. Our approach features
a highly efficient, trans-selective ring-closing olefin metathesis
for the assembly of the 12-membered salicylate skeleton and
can be readily adapted to obtain the natural enantiomer.
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Clean and Efficient Catalytic Reduction of
Perchlorate**
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Even though perchlorate is a strong oxidizing agent
thermodynamically [Eq. (1)], its reactions are very slow

ClO, +2H" +2¢” — ClOy™ +H,0 1)
E°=123V

because it is nonlabile.'3] Consequently, perchlorate salts are
often used to adjust ionic strength in kinetics and electro-
chemical investigations. Perchlorate is also a poor complexing
(“innocent”) anion.[ In 1997, C10,~ was found in ground and
surface waters in several U.S. western states at concentrations
up to 3700 mg L. For example, 30 % of the wells sampled
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in California were contaminated with perchlorate, and 9%
exceeded the state’s provisional action level of 18 pg L[
The oxoanion ClO,~ targets the thyroid gland and muscle
tissue.’) Most perchlorate in the environment comes from
defense and aerospace activities since ammonium perchlorate
is an ingredient in rocket fuels.’! Perchlorate poses serious
challenges for remediation due to the high solubility of its
salts (in both water and organic solvents) and its extreme
chemical inertness. Therefore, typical water treatment tech-
nologies such as ion exchange, carbon adsorption, and air
stripping are not effective.’! Recent research efforts have
focused on bioremediation as a possible treatment for
perchlorate-contaminated water.'"2l We discovered in our
laboratory that the simple oxorhenium(v) coordination
complexes 1-3 (hoz=[2-(2'-hydroxyphenyl)-2-oxazoline],

|| ©
o’ |\
OH, K/O

[Re(O)(hoz),Cl] 1 [Re(0)(hoz),(OH,)]OTF 2

[Re(O)(saldmpen)Cl] 3

OTf = trifluoromethanesulfonate, saldmpen = [N,N'-bis(sali-
cylidene)-1,3-diamino-2,2'-dimethylpropane]) are effective
catalysts for the reduction of perchlorate with sulfides under
mild conditions [Eq. (2)].

ReV=0 Cat. X -
s + Cl
~R2

R

The reduction of perchlorate and other oxoanions by
methylrhenium dioxide (CH;ReO,-nH,0, or MDO) has
been reported.'* ¥ Nevertheless, the need for highly acidic
media and the facile polymerization of MDO rendered this
system impractical.' Another setback was the fact that the
product, methylrhenium trioxide (MTO), required strong
reducing agents such as hypophosphorus acid to regenerate
MDO.

The occurrence of the reaction in Equation (2) was
established by the following: 1) sulfoxide is the only organic
product in the 'H NMR spectra; 2)the stoichiometry
ClO,:R!ISR?=1:4 is based on the yield of sulfoxide as
determined by 'H NMR spectroscopy under conditions in
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which ClO,~ is limiting; 3) the product from perchlorate, Cl-,
is precipitated and isolated as AgCl upon the addition of
AgBF, at the end of the reaction. The reactivity of the
rhenium catalysts 1-3 was probed under steady-state con-
ditions with a variety of sulfides and 0.8 % catalyst (Table 1).

Table 1. Catalytic reduction of ClO," with sulfides.?!

Entry  Substrate Catalyst 1 or 2 Catalyst 3
t[h]  yield [%]®  r[h]  yield [%]M

1 CH;SCH; 4 100 48 69

2 CH,;CH,SCH,CH; 4 100 48 62

3 (C¢Hs)SCH,; 5 96 48 69

4 (CsHs)SCH,! 7 83 - -

5 (C¢Hs)S(C4Hs) 7 87 38 57

[a] Conditions: 0.0030Mm catalyst, 0.092m LiClO,, 0.50 M sulfide in CD;CN/
D,0 (v/v 95/5) at 20°C. [b] Yield of sulfoxide. [c] In the presence of 0.10M
LiCL

Catalysts 1 and 2 gave rise to identical results, indicating that
the two precursors yield the same active catalyst. On the other
hand, the rhenium-saldmpen compound 3,["] even though
reactive, was clearly inferior to 1 and 2. The catalytic kinetics
are independent of the nature of the sulfide; aryl and alkyl
sulfides give comparable conversion rates. Thus the rate-
determining step (RDS) involves the reaction of perchlorate
and oxorhenium(v). Addition of LiCl showed product inhib-
ition (Table 1, entry 4).116]

The catalytic reaction proceeds initially through oxidation
of the rhenium(v) complex (green) to a cationic dioxorhe-
nium(vii) complex (red),!'”! followed by the rapid reduction of
dioxorhenium(vii) back to oxorhenium(v) with organic sul-
fides. This color change of the rhenium complex is significant
because spectrophotometric methods for the detection of
perchlorates are nonexistent.['*]

The reaction of perchlorate with oxorhenium(v) complexes
1 and 2 was studied by stopped-flow spectrophotometry,
following the newly formed peak at 500 nm due to the
dioxorhenium(vir).'”! The two rhenium complexes display
identical kinetics; compound 1 undergoes chloride dissocia-
tion initially to give [Re(O)(hoz),(OH,)]* with Cl- as the
counteranion. The kinetics were first-order in [Re]; and
saturation in rate was observed with respect to [CIO,"]
(Figure 1). The kinetics were conducted in CH;CN and the
rate was independent of the H,O concentration over a wide
range (0.70-5.3M). At saturation in [ClO,7], k. from the
nonlinear least-squares fitting is 0.34 4+ 0.05 s™!. When chlo-
rate (ClO;™) was used as the oxidant (in place of perchlorate)
the kinetics were first-order in [Re]; but zero-order in
[ClO57], even at concentrations as low as 0.0050M ClO;~
(Figure 1). It is worth noting that k,,,, at the plateau for both
perchlorate and chlorate is the same (~0.35 s7), indicating a
RDS that is dependent on the catalyst but not the oxoanion
[Scheme 1, Eq. (3)].2" Indeed, substitution reactions of these
oxorhenium(v) complexes are dissociative, and intermediate
[I] in Scheme 1 is most likely a five-coordinate complex.

Since the red dioxorhenium(vii) complex persists over a
reasonable amount of time (see below), its reaction with
sulfides was investigated independently by stopped-flow
spectrophotometry. Solutions of dioxorhenium(vii) were pre-
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Figure 1. Concentration dependencies for the oxidation of [Re(O)-
(hoz),(OH,)]* to [Re(O),(hoz),]* by ClO,~ (o) and ClO;~ (m) as measured
by stopped-flow kinetics.

[Re(O)hoz), (O] == [1]

[1]+Clo;” —£— [Re(0), (hoz), | +ClO;

Scheme 1. Mechanism of ClO,~ reduction by [Re(O)(hoz),(OH,)]" (k;=
0.34 £0.05s7!, k_i/k, =0.80 + 0.16 mol L™!). [I] = intermediate.

, _ ~dICIO] _ kky[Re][CIO, ] 3
de k_| +k,[ClO,-]
pared from the reaction of LiClO, or pyridine-N-oxide and
complex 2 in situ, then mixed with sulfide, and the decay of
the peak at 500 nm was
monitored.?!l The second-
order rate constants for a
few sulfides were deter-
mined (Scheme 2).?2l The
trend in the kinetics is in
agreement with the cation-
ic dioxorhenium(vi) com-
plex acting as an electro-
philic oxygen donor. Sulf-
oxides are much less
reactive than their corre-
sponding sulfides;?? this
fact is consistent with the
observation that under
steady-state catalysis sulf-
oxide is the only product
and no sulfone is detected.
The second-order rate con-
stants for most sulfides,
Ph,S being the excep-
tion, are much larger
than kP (k*° =k k,/k_ =
0.43 Lmol-!s!, Scheme 1)
for the perchlorate reac-
tion with rhenium(v). Thus,

k= 0345t
ko

ka

ko2

=1.25L mol?
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under catalytic conditions rhenium is dominantly present as
oxorhenium(v).

In the absence of a reductant, sulfide, the red dioxorhe-
nium(vi) complex decomposes with first-order dependence
on [Re] and [H,0] (k,=2.84+02x10"*Lmol's™;
Scheme 2).2%1 The rate of decomposition is independent of
[CIO4]. The formed yellow compound [(hoz)Re''O;] is
inactive; it is reduced by neither sulfides nor phosphanes.
This decomposition pathway, however, is insignificant
under steady-state conditions since the catalyst is present
dominantly (>99%) in the oxorhenium(v) form (see
above), which is indefinitely stable, and the reduction of
[ReV(0O),(hoz),]* by most sulfides is faster than decomposi-
tion (k3> k).

Since aryl sulfides absorb in the UV range much more
intensely than sulfoxides, we studied the kinetics of catalytic
reduction of perchlorate with thioanisole, PhSMe, at 260 nm.
A typical kinetic trace is shown in Figure 2 a. The rate is zero-
order with respect to [PhSMe], first-order in [ClO,~], and
first-order in catalyst ([1]y). Thus, the RDS is the reaction of
perchlorate with 1. The rise in absorption following the zero-
order consumption of PhSMe is due to the formation of the
dioxorhenium(viy) species once PhSMe is depleted. Under
these conditions, PhSMe is limiting (1.0-2.0 mm) and ClO,~ is
in excess (0.0050 —0.025m). The program KINSIM®?4 was used
to simulate the kinetics under these conditions (Figure 2b).
The simulated data clearly show that the major form of the
catalyst under steady-state conditions is rhenium(v), and
dioxorhenium(vir) only evolves after PhSMe is depleted.
From a plot of the initial rate (V;) versus [1];[ClO,], an
experimental second-order rate constant was computed and
found to be 0.334+0.04 Lmol's~!, which is in excellent
agreement with that determined independently by stopped-

k2 [CIO47]

+  Clog

fast 3[1]

ks [RISR?]

CI-
+

O

Re
O/

3 [Re(0)z(hoz),]*

N
~o

inactive

ky=2.8x10“4L moltst

Scheme 2. Mechanism and rate constants for the catalytic reduction of perchlorate.
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Figure 2. a) Time profile for the oxidation of thioanisole (PhSMe),
monitored at 260 nm (pathlength 1.00 mm), with ClO,~ as catalyzed by
complex 1. Conditions: [PhSMe]=2.0 mwm, [LiClO,] =0.022m, [1]=3.0 x
10~*m, [H,0] =1.0M in CH;CN at 20.0°C. b) Simulated kinetics using the
program KINSIM, showing the evolution of the dioxorhenium(vii) com-
plex after the zero-order consumption of PhSMe.

flow methods for the reaction of 1 with ClO,~ (kk,/k_q,
Scheme 2).

Complexes 1 and 2 are promising catalysts for the chemical
treatment of perchlorate because of the following advantages:
1) They are stable towards air and moisture; 2) they show very
little decomposition even after hundreds of turnovers;?®
3) they are easily prepared from the readily available
compound [Re(O)Cl;(OPPh;)(Me,S)];2% 4) the reduction of
perchlorate proceeds cleanly to sulfoxide and chloride;?” and
5) the oxazoline ligands employed in these catalysts are easy
to make from inexpensive and commercially available starting
materials.?8! Furthermore, the ligands could be easily func-
tionalized by straightforward organic synthesis,*’! and thus,
these catalysts could be tethered to a resin or support,
allowing the treatment of perchlorate heterogeneously. In
addition to the possible application to remediation, the color
change associated with the reaction of 1 with C1O,~ could be
utilized in analysis of perchlorate at submillimolar levels
based on the molar absorptivity of the dioxorhenium(vi)
product.
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