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Effective and Catalytic Reduction of
Perchlorate by Atom Transfer—Reaction
Kinetics and Mechanisms

Mahdi M. Abu-Omar

Department of Chemistry and Biochemistry,
University of California, Los Angeles,

Los Angeles, CA 90095-1569, USA

The reaction kinetics and mechanisms of catalytic reduction of perchlo-
rate and chlorate ions by organic thioethers are described. Oxazoline
and thiazoline oxorhenium complexes serve as efficient catalysts for the
reduction of perchlorate under mild conditions by a pure oxygen atom
transfer mechanism. The observed rate law features saturation kinetics
with respect to oxo donor (perchlorate or chlorate) concentration. The
factors that make this new family of catalytsts effective and viable have
been delineated including different pathways of catalyst deactivation
and inhibition. Comparisons to other transition metal complexes that do
react controllably with perchlorate are presented.

INTRODUCTION

Perchlorate (C104~ ) holds a special place among the inorganic oxyanions
in that it is weakly coordinating and when used as the counter anion with
transition metal complexes it furnishes high-quality single crystals that are
often difficult to obtain with other inorganic anions. However, perchlorate’s
most fascinating chemical property is its dual character. In aqueous media
under ambient conditions, ClO4 ™ is very inert, but in the solid state its salts
are potentially explosive, especially in the presence of organic ligands.
Ammonium perchlorate continues to be an important ingredient in propulsion
systems, both as a solid oxidant when reacted with powdered aluminum as a
reducing agent and as an energy booster.''! Even though perchlorate is a rea-
sonably strong oxidant thermodynamically (Eq. 1), its reactions in solution

are very sluggish due to kinetic barriers.**! Of particular interest is perchlo-
rate’s reduction by divalent transition metals (Eq. 2), which either does not
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occur in solution under ambient conditions or takes place at rates that are mis-
erably slow."*™ As a matter of fact, Taube used Cr(aq)2+ solutions prepared
in 1.0M HCIO, in his infamous inner-sphere electron transfer experiment
with (NH;)sCo''c?" 110! Despite the driving force, Cr?' is stable indefi-
nitely towards perchlorate as long as the perchlorate is free of chlorate
impurities; the latter does oxidize Cr(aq)2+.“l’12] Even labile reductants
such as Ti® react with perchlorate very slowly.™'?! As a consequence of this
kinetic inertness in aqueous solution, perchlorate salts are widely used to
adjust ionic strength in kinetics and electrochemical studies.

ClO; +2H" +2¢~ — ClO; +H,0  E° =123V (1)

ClO; +8M* +8H' — CI™ 4+ 8M> +4H,0

M = 3d metals : Fe, Cr, Mn, etc. @)

In 1997, perchlorate was discovered in aquifers and natural waterways
around the western United States.!'* Affected regions include southern Cali-
fornia, greater Las Vegas, and northwestern Arizona ( Figure 1). Since its orig-
inal detection as an environmental contaminant and by 1999, environmental
releases of perchlorate have been reported in many states in the Midwest and
Northeast (Figure 2)./"* Although the complete sources of perchlorate in the
environment are not always traceable, the majority of perchlorate contamina-
tion probably resulted from previously legal dumping of wastewater from
military installations. Aerospace and military programs consume ~ 90% of
the NH,ClO, produced each year.''>! Perchlorate toxicity stems from its
irreversible binding to the thyroid gland, inhibiting the production of vital
hormones.”"® The proposed oral human health risk benchmark is
0.9 pg/kg-day, and it is an estimate of the amount of perchlorate, which, when
ingested daily over a lifetime, is anticipated to be without adverse health
effects.'* Based on available information about the risk to human health,
a provisional action level of 18 pug/L has been adopted by the state of Cali-
fornia, which resulted in closing more than 30 wells in California.!'”" In 1999,
the United States Environmental Protection Agency’s Office of Water con-
cluded that there was sufficient chance for perchlorate contamination
throughout the country to merit adding perchlorate to the Unregulated Con-
taminants Monitoring Rule (UCMR).“S]

Perchlorate poses serious challenges for remediation due to the high
solubility of its salts in both aqueous and organic solvents, and due to
its kinetic inertness toward reductants in solution.""®~*" Therefore, typical
water treatments such as precipitation, carbon adsorption, and air stripping
are not effective. Anion exchange and microbiological reduction of perchlo-
rate have attracted most attention in remediation research.””>*! Microbes
most likely utilize nitrate reductases in the reduction of perchlorate under
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FIGURE 1 Observed perchlorate contamination in water supplies in the southwestern
region of the United States (source: http://www.epa.gov/ncea/perch.htm).

anaerobic conditions, since perchlorate is not reduced in the presence of
nitrate. Another approach to developing a practical treatment of perchlorate
is the employment of chemical catalysts, since the barrier to perchlorate
reduction is kinetic.

As will be shown in this article, we have developed a new class of molec-
ular rhenium oxotransferases that contain the anionic phenoxy-oxazoline or -
thiazoline as ancillary ligands (Figure 3). The oxazoline ligand is found in the
siderophores mycobactin and agrobactin.'”’*®! These systems are highly
effective in catalyzing oxygen atom transfer (OAT) from perchlorate to
organic thioethers at record rates under mild conditions and present clean
reaction chemistry that makes them ideal for quantitative studies. Fully
detailed mechanisms for their oxo transfer reactions will be presented based
on extensive chemical kinetics, spectroscopic identification of relevant inter-
mediates, substrate variation, and electronic effects. The reaction kinetics and
mechanisms reveal the factors that control the rate of these important OAT
reactions.
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FIGURE 2 States with identified environmental releases of perchlorate (source:
http: //www.epa.gov/ncea/perch.htm).

SYNTHESIS OF CATALYSTS

A functional catalyst must be easy to prepare and modify. Additionally, a
catalyst must be stable toward water and air, and its resting state should
have a prolonged bench life. The oxazoline (Hhoz) and thiazoline (Hthoz)

,,Rlél\\CI
=N N ‘n, ”LO I
ES (,) \/? < g /l\ o- n —CFs

L= OH2 or CH3CN

E = 0, [Re(0)(hoz),Cl], 1 E =0, [Re(O)(hoz),(L)]OT, 2
E =S8, [Re(0)(thoz),Cl], 1a E =S8, [Re(0)(thoz),(L)]OT, 2a

FIGURE 3 Rhenium oxazoline and thiozaline catalysts. Abbreviations: hoz =2-(2’-
hydroxyphenyl)-2-oxazoline, thoz =2-(2’-hydroxyphenyl)-2-thiazoline, and OTf=
trifluoromethanesulfonate.
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ligands employed in our catalysts are easy to make from inexpensive and
commercially available starting materials in two steps.””*>%! Furthermore,
the ligands are easily functionalized and modified (electronically and steri-
cally), since they are synthesized from ethyl salicylate derivatives and
amino alcohols; the latter is obtained by LDA reduction of amino acids.
The ligands are isolated on multi-gram scale reproducibly in access of
85% yield. Two methods can be employed in the preparation of complex
1, Egs. 3 and 4. The use of Re(O)Cl3(OPPhs)(SMe,)!! affords higher
yields (80%), but produces toxic dimethylsulfide as a byproduct.*?! Also,
Re(O)Cl5(OPPh3)(SMe,) is prepared from Re(O)Cl5(PPh3),** on ~5¢g
scale over a period of days while Re(O)Cl;(PPhs), is synthesized in quanti-
tative yields (> 95%) directly from KReO, in a one-pot synthesis at ~25¢g
scale in a few hours. Even though the precursor Re(O)Cl3(PPhs), affords
lower yields of 1, it reduces the time and number of steps required in the
synthesis. Synthesis of the rhenium thiazoline complex la requires the
use of [NBuy][Re(O)Cly] as a precursor, Eq. 5.°* [NBu,][Re(O)Cl4] is
highly reactive with moisture, and thus the synthesis of 1a has to be done
with dry solvent under inert atmosphere. Both complexes 2 and 2a are made
in quantitative yields (~95%) from the metathesis of 1 and 1a, respec-
tively, with AgOTf.

Re(O)Cl, (OPPh3)(SMe; ) + 2Hhoz
2 6-lutidene

EtOH reflux,3 h
yield = 80%

+ 2[H — lutidene|Cl (3)

Re(0)(hoz),Cl + OPPh; + Me,S

Re(O)Cl,(PPhs), + 2Hhoz
2,6-lutidene

EtOH, reflux,3 h
yield = 45%

Re(O)(hoz),Cl + 2PPh; + 2[H-lutidene]Cl  (4)

[NBuy][Re(O)Cly] + 2Hthoz
2,6-lutidene

——————— Re(0)(thoz),Cl + NBu4Cl 4 2[H-lutidene]Cl  (5)
E{OH,25°C,30 mins
yield = 68%

The rhenium complexes 1-2 are air and water stable and have a bench life
of years. These properties are extremely attractive because they reduce the
amount of time spent on catalyst preparation and provide the researcher with
greater flexibility in tailoring and exploring their catalytic chemistry. Both 'H
NMR spectra and single crystal x-ray structures of complexes 1-2 show the
chloride ligand cis to oxo in complexes 1 and 1a, and the solvent ligand
(whether H,O or CH;5CN) trans to the Re = O bond.
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CATALYTIC REDUCTION OF Cl104~
BY PURE ATOM TRANSFER

Both oxazoline rhenium catalysts 1 and 2 exhibit comparable activity
in reducing perchlorate with sulfides under ambient conditions, Eq. 6, indicat-
ing that the two precursor complexes yield the same active catalytic spe-
cies.®> The stoichiometry of the reaction was established based on the
yields of isolated sulfoxide under conditions of limiting C10, "~ ; and addition
of AgBF, at the end of reaction yields a quantitative amount of AgCl. Under
steady-state conditions the rate of perchlorate reduction is independent of the
nature of sulfide (Table 1). Aryl and alkyl sulfides give comparable conver-
sion rates. For comparison purposes, we prepared oxorhenium(V) saldmpen
[NV, N -bis-(salicylidene)-1 ,3—diamino—2,2’—dimeth%/l?ropane] and investigated
its activity for perchlorate reduction (Table 1).°! Although the saldmpen
complex displayed some activity, it was clearly inferior to the oxazoline com-
plexes. For example, under conditions in which reaction 6 is complete in less
than half an hour with 1 or 2 as catalyst, the oxorhenium(V) saldmpen com-
plex required two days for only 69% conversion.

7 1or2 i
or 1
4 S\ =+ — - 6
e S [ 4R1/S\R2 + Ccr (6
0

The catalytic kinetics is first-order in rhenium and perchlorate, shows
zeroth-order dependence on [sulfide], and approaches a turnover number of
360 h=' (0.10 s~ ). A typical time profile for the oxidation of thioanisole
demonstrating zeroth-order dependence on [PhSMe] is shown in Figure 4.

TABLE 1. Catalytic reduction of perchlorate by organic thioethers.

Catalyst: Re(O)(hoz),Cl Catalyst: Re(O)
or Re(O)(hoz),(OTf) (saldmpen)Cl
R;S(O)R, R;S(O)R,
Entry Substrate t/hr. % yield t/hr. % yield
1 Me,S 2 100 48 69
2 Et,S 2 100 48 62
3 PhSMe 2 98 48 69
4 PhSMe 6" 83 - -
5 Ph,S 4 90 38 57

Conditions: [Re] =0.0020 M, [LiClO,] =0.10 M, [Sulfide] =0.50 M at 20°C.
YLiCl]=0.10M
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FIGURE 4 Time profile for the oxidation of thioanisole (PhSMe), monitored at
260nm (path length 1.00 mm), with ClO,~ as catalyzed by rhenium(V) oxazoline
complex 2. Conditions: [PhSMe] =2.0 mM, [LiClO4] =0.020 M, [2] =2.0 x 1074M
at 293 K.

Thus, the rate-determining step (RDS) involves the reaction of perchlorate
and oxorhenium(V). After a couple of hundred turnovers, the catalyst activity
is significantly compromised, not due to deactivation, but rather due to prod-
uct inhibition. Chloride inhibits the reaction since it competes with perchlo-
rate for coordination on rhenium. The thiazoline rhenium complexes are
comparable in their catalytic activity to the oxazoline analogues. Neverthe-
less, the details of their reaction kinetics do differ, as will be shown in a later
section.

KINETICS AND MECHANISM OF OXO TRANSFER FROM
PERCHLORATE

The catalytic reduction of perchlorate proceeds via an OAT mechanism in
which the RDS is the oxidation of the rhenium(V) complex to a cationic dioxo-
rhenium(VII) complex and the reduction of C10,~ to ClO; . In the absence
of sulfide (or a reductant), complex 2, which is green in color, reacts with
ClO,~ to give a red compound, A,,,x =500 nm. The kinetics of this reaction
was investigated on the stopped-flow and featured first-order dependence
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FIGURE 5 Dependence of the observed rate constant on perchlorate concentration
for the oxidation of complex 2.

on (2) and saturation in rate with respect to [C1O,~ ], Figure 5. The reaction
kinetics for OAT from CIO5; ™ also display saturation in rate, Figure 6. It is
worth noting that while rate saturation sets in at high concentrations (0.10 M)
for C104 ™, it is clearly evident at low concentrations (0.0050 M) for C105 ™ .
Since the oxidation of 2 by ClO; ™ is faster than by ClO, , the RDS in the
catalytic reduction of perchlorate is the initial OAT from ClO,~ to afford
chlorate; the subsequent steps all the way to C1™ are fast. The fact that dif-
ferent plateau values (saturation rates) are observed is in agreement with a
prior equilibrium mechanism in which the oxo donor anion coordinates to
the rhenium catalyst followed by O-atom transfer, Scheme 1 and Eq. 7.

d[L,Re(0),]  k,  nky[ClO;]

@ R Lo 7

Other organic oxygen donor substrates such as PyO react with complex 2
to give dioxorhenium(VII), and feature saturation kinetics with &, values that
are approximately two orders of magnitude faster than that observed for
CIO, ™ . The rate constants alongside the driving force for the oxygen atom
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FIGURE 6 Dependence of the observed rate constant on chlorate concentration for
the oxidation of complex 2.

transfer reactions for C10,~ and ClO3; ™ are summarized in Table 2. Chlorate
reacts faster with complex 2 not because it is a better oxo donor than perchlo-
rate, but rather because it is a better ligand (Table 2). Note that the values of
k> for both oxyanions are comparable but the values of K differ significantly.
The temperature dependence of OAT (k) was determined for ClO3 ™ in the
limit of substrate saturation (Table 2). The enthalpy of activation for C10; ™~
is consistent with what has been measured for other OAT systems."**~**! The
entropy of activation, however, is much smaller than previously observed for
OAT reactlons of rhenium and molybdenum complexes.***"! Typical values
of AS* for oxo transfer from substrates to metal complexes have been
noted in the range of —80 to —140J mol ' K~! . AS* for ClO5 ™ is only

0 0
o, k1 [CIO,] o,, 11100CIOn 4 Or,_IL.O Bl
Q p III\N N’R ‘N'\ N ,R?< + ClOp1
k1 \)

gy

SCHEME 1 Mechanism of oxo transfer from oxyanions of chlorine.

o.)
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TABLE 2 Kinetics data for oxo transfer from substrate ClO,~ and ClO;~ to
complex 2.*

AS*/3
Oxo donor Kiky/ —AG"rxnb/ AHi/kJ mol !
(X0) K/ M k/s7' MT'sT! kImolm' molm! KT
Clo,~ 541 0.09+1 0.45 75
Clo;~ 208+26  0.1344+ 15 63 54+1  —28+3
0.002

 The reactions with C10,~ and ClO;~ were carried out in 9:1 v/v CH3CN:H,O at
293 K. Activation parameters for k, in the limit of substrate saturation were deter-
mined over a temperature range of 278-308 K.

"From reference [48].

—28J mol ' K, which indicates minor geometrical changes in the transi-
tion-state from the adduct precursor complex [ReV-OClO,].

One of the most attractive features of the reaction kinetics of our rhenium
oxazoline system is the separation of the oxo donor coordination step from
the atom transfer event. For most systems the kinetics are first-order in the
transition metal complex and in the oxo donor substrate, and as a result the
kinetic information is a composite of ligand substitution (oxo donor coordi-
nation to the metal center) and oxo transfer.®**!! Furthermore, in some
instances ligand substitution is rate determining.*®

The most significant structural reorganization along the reaction pathway
takes place during the formation of the adduct complex [L,(O)Re"-
OCIO,, _ 1], Scheme 1. The solvent ligand (H,O or CH3CN) is coordinated
trans to the oxo ligand, and because of its electronic configuration (d°), the
OAT product is cis-(hoz),Re(O), " . Therefore, the substitution reaction with
oxo donors such as Cl04~ and ClO3;~ could give initially the trans adduct,
which has to rearrange to cis prior to atom transfer. That possibility is less
favored on the basis that most ligands (for example, C1~ and O =PRj3) other
than solvent molecules coordinate cis to the Re = O bond. The mechanism of
ligand substitution in this case would be relevant to understanding how the
oxo donor adduct is formed.

Since substitution reactions of 2 follow a dissociative mechanism, we
investigated the fluxional behavior of complexes 2 and 2a by variable tem-
perature 'H NMR. The solvated complexes were found to be in dynamic
equilibrium with five coordinate species, Figure 7. The coalescence tempera-
ture for the oxazoline complex 2 in CD;CN is 263 K and the first-order rate
constant (kp) in either direction at the coalescence temperature, according to
the approximate equation k= 7(dv)/ v/ 2, is 200s . The thiazoline complex
exhibits similar behavior and has a coalescence temperature of 275K and
kp=160s" 1, Scheme 2. Therefore, the formation of the precursor adduct
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FIGURE 7 Variable temperature 'H spectra of complex 2 in CD;CN showing the
aromatic region.

with oxygen donor substrates proceeds through a five-coordinate intermedi-
ate, and the rapid kinetics of formation of this adduct facilitate OAT. In sum-
mary, it is desirable to have a stable yet fluxional ligand system that can
accommodate with ease the necessary geometrical changes for binding oxo
donor substrates. It is clear from the kinetic constants that the rhenium oxazo-
line complex 2 is more labile than its thiazoline analogue, 2a. However, in
both cases the formation of the five-coordinate intermediate is fast relative
to the rate of oxo transfer.

o
O/, ||| QO/, 111N k11CI04] Qoi R|||\OCIO3
) E N I >

re\

, I (6] k_¢ I ;_E

L = H,0 or CH3CN |
E=0,ky(263K)=200s
E=S,kp (275K)=160s!

SCHEME 2 Mechanism of ligand substitution for rhenium oxazoline and thiazoline
complexes.
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In conclusion, OAT from ClO,~ proceeds via the formation of a precur-
sor adduct [Lz(O)ReV-OCIO3], which is supported by saturation kinetics. The
bulk of the activation barrier to oxo transfer is enthalpic. The factors that con-
trol the rate of OAT are facile precursor adduct formation, the resemblance of
the adduct precursor complex to the transition state structure, and minimiza-
tion of the reorganization energy required to make products from the precur-
sor complex.

KINETICS AND MECHANISM OF OXO TRANSFER FROM
DIOXORHENIUM(VII), THE ACTIVE CATALYST

The red dioxorhenium(VII) complex 4 can be prepared in situ by the stoi-
chiometric reaction of 2 with PyO. Even though 4 decomposes with water
(vide infra), it persists for weeks in dry acetonitrile. Therefore, its reactions
with organic thioethers and other substrates were investigated under
pseudo—first-order conditions on the stopped-flow. The progress of reaction
was monitored at 500 nm, where complex 4 absorbs but not 2. Another method
of following oxo transfer to substrate from 4 that verifies the integrity of com-
plex 4 is employing sequential mixing on the stopped-flow. A stoichiometric
amount of PyO and 2 were mixed to allow for complete formation of dioxo-
rhenium(VII) followed by the addition of excess sulfide (or other O-acceptor)
after a programmed time delay. In this second method, the formation of 4 is
followed to completion, and it is reacted immediately with substrate. The
values from both methods were in total agreement. The second-order rate con-
stants (k3) for the reactions of 4 with thioether substrates are summarized in
Table 3. The rate constants of oxo transfer to substrate amazingly span seven
orders of magnitude over a range of >200kJ mol ' in driving force.

TABLE 3 Second-order rate constants for the oxo transfer reaction: (hoz),-
Re(0), * + Y— (hoz),Re(0) ¥ + YO.

Substrate (Y) k3 293K)/Lmol ™' s™'  — AG®.,/kJ mol ™! o
H;CSCH; 7500+ 300 25

H;CS(O)CH; 0.8540.05 134

CH;CH,SCH,CH; 6900+ 200

(CH3);CSC(CH3)3 1400+ 50

(p-OCH;-CH,)SCH; 1271+ 100 —0.27
(C¢Hs)SCH; 110+ 8 16 0.00
(p-Cl-C¢H,)SCH; 2.640.2 +0.23
(p-CN-C¢H4)SCH; 0.091+0.005 +0.66
(CeHs)S(C6Hs) 1.140.1 8

(C¢Hs)sP > 10° 242
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— R —+t

FIGURE 8 Transition-state structure of oxygen atom transfer to substrate.

The general trend of the rate constants (k3) is indicative of electrophilic
oxo transfer from 4 to the substrate. Aryl sulfides are less reactive than alkyl
sulfides, and sulfides are much more reactive than the corresponding sulfox-
ides, which explains the high product selectivity. Furthermore, only a lower
limit can be put on the reaction of 4 with PPhs, since the reaction is faster
than the stopped-flow dead time. In order to probe the electronic sensitivity
of OAT from complex 4, we determined the rate constants for a few phenyl-
methyl sulfide derivatives containing susbtituents in the para position (Table
3). The structure-reactivity correlation of Hammett was employed to gain
insights into the nature of the transition state."**) The plot of log(k3H/k3X)
versus oy, yielded a reaction constant p = — 4.61 0.4 (R =0.991). The nega-
tive sign of the reaction constant indicates a positive charge buildup on the
sulfur in the transition state and is in agreement with nucleophilic attack of
substrate on an electrophilic oxo ligand. The large value of p demonstrates
that the reaction is much more sensitive to electronic variation than benzoic
acid, the reference substrate for the Hammett linear free energy relationship.
A proposed structure of the transition state is given in Figure 8.

THERMODYNAMIC CONSIDERATIONS AND
DEACTIVATION OF THE CATALYST

The thermodynamics of the ReV(O), 2, and ReVH(O)z, 4, couple have been

determined by means of thermodynamic cycles.””! For the reaction
(hoz),Re""(0), — (hoz),Re"(0) + 1/20,, AG® is <84kl mol '. Even
though the reactions of 4 with sulfides are not exergonic, the rates of oxo
transfer are fast. The transition state resemblance to the initial sulfoxido
product, (hoz),Re(O)(O =SR,), is responsible for the low reorganization
energy of atom transfer, and hence the fast kinetics. It is worth noting that
the second-order rate constants (k3) for sulfides are larger than Kk, (apparent
second-order rate constant, Scheme 1 and Table 2) for perchlorate reduc-
tion. Therefore, under steady-state (catalytic) conditions the formation of
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dioxorhenium(VII) 4 is rate-determining (Figure 4 shows zero-order depen-
dence in [sulfide]) and the dominant form of the catalyst is rthenium(V), 2.

In the absence of an oxo acceptor (sulfide), the red dioxorhenium(VII)
complex 4 hydrolyzes to (hoz)Re(O)s, 5, with first-order dependence on
[Re] and [H,0] (k4 [293K]=[2.840.2] x 10~* L mol ' s 1.5 Interest-
ingly, the resulting neutral trioxorhenium(VII) is not active in OAT reactions.
It neither reacts with sulfides nor with organic phosphines. The three n-donat-
ing oxo ligands stabilize the -+ 7 oxidation state. However, under dry condi-
tions, complex 4 per51sts for days, and it has been fully characterized by mass
spectrometry and 'H NMR. Crystallization of 4 in the glove box yielded sin-
gle crystals after a few days of a neutral amidato complex, 6, Figure 9, which
contains a ring-opened oxazoline hgand in accordance to Eq. 8. The Re-N(2)
(anionic amidato ligand) distance is 2.018(3) A versus an Re- N(1) (neutral
oxazoline ligand) distance of 2.272(3) A. The C(16)-0O(6) distance of the ami-
dato ring-opened ligand is 1.235(4) A, which is consistent with a C = O dou-
ble bond. However, some electron delocalization with the amidato nitrogen is
evident in the structural data as the C(16)-N(2) distance is 1.380(5) A versus
C(17)-N(2) distance of 1.490(4). The latter distance is typical for C-N single
bond and the earlier distance (C[16]-N[2]) is between a single and a double
bond, and similar to C-N distance observed in aromatic rings. We also
observe similar delocalization in the oxazoline ring ligands; for example,
the C(7)-O(5) distance is 1.332 (4) A versus C(8)-O(5) distance of
1.470(4) A. The C(18)-Cl distance is 1.794(4) A which is in the expected
range for a C-Cl single bond.

[~ It

0, O
’h..R !3[&0 _ 4-Tdays,N, ; O, (I)l//o Cl
\N/ |\N/\ C] _____________ N ’Re\ /\/
O \;—o T edi R N;=
0 redissolve ! (0] 0

(8)

In order to better understand the role of 6 in catalytic oxo transfer from
perchlorate, we decided to measure the kinetics of oxo transfer from 6 to
thioethers. Upon dissolution of crystalline 6 into acetonitrile, it reverted to
the cationic complex 4, Eq. 8. Even though puzzling at the offset, this obser-
vation can be understood in light of the synthesis of the oxazoline ligand.
Following the reaction of ethyl salicylate with amino alcohol, the amide prod-
uct is treated with thionyl chloride to replace the OH group with a better
leaving group, namely, Cl. The oxazoline ring is then closed upon treatment
with mild base. Therefore, the amidato ligand in complex 6 is activated for
ring closure by the Lewis acidic rthenium center. The X-ray structure of 6 also
provides support for this ring closing mechanism as the amidato ligand shows
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FIGURE 9. Structure of dioxorhenium(VII) complex 6 showing 50% probability el-
lipsoids and atom labeling scheme. Selected bond lengths (/f\) and angles (°): Re-
01=1.717(3), Re-02=1.712(3), Re-03=1.917(2), Re-0O4=1.970(2), Re-N1=
2.272(3), Re-N2=2.018(3), C16-06=1.235(4), C16-N2=1.380(5), Cl17-
N2 =1.490(4), C18-Cl1 =1.794(4), C7-N1=1.286(4), C9-N1=1.485(4), C7-O5 =
1.332(4), C8-05=1.470 (4), O1-Re-02 =102.36(13), O4-Re-N2=83.17(11), C17-
N2-C16=113.8(3), 06-C16-N2=120.53), CI-C18-C17=109.5(3), C9-NI-
C7=107.3(3), N1-C7-O5 =117.3(3), and C7-0O5-C8 =106.3(3).

some electron delocalization in the solid-state structure. The C(16)-N(2) dis-
tance is significantly shorter than C(17)-N(2) and the expected value for a
C-N single bond (vide supra), Figure 9 and Eq. 9.
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The ring opened amidato product is not pertinent to catalyst deactivation,
since it takes place over a period of days and the resulting complex (6) repairs
itself by reverting back to the active form of the catalyst, complex 4. The
hydrolytic decomposition pathway to give complex 5 is insignificant under
steady-state conditions because the catalyst is present predominantly
(>99%) in the rhenium(V) form, which is stable indefinitely, and the rate
of oxo transfer to sulfides is much faster than deactivation by water
(k3>>ky4). In fact, the only noticeable deceleration is due to product (CI" )
inhibition. Once chloride is removed by precipitation with AgBF,, the cata-
lyst regains full activity in successive cycles without any sign of catalyst loss
even after thousands of turnovers.

COMPARATIVE KINETICS OF S VERSUS O IN THE
SECOND COORDINATION SHELL: THIAZOLINE VS.
OXAZOLINE

Metalloenzymes utilize non-covalent interactions in their active sites to
control substrate binding as well as to tune substrate activation and accessi-
bility of the transition state.'****! Thiazoline analogue of oxazoline (Figure 3)
was investigated in the context of oxo transfer chemistry because it allows
direct comparisons between oxygen and sulfur in the second coordination
sphere of rhenium. Both thiazoline complexes 1a and 2a were successfully
synthesized and fully characterized (lH NMR, MS, x-ray, and elemental anal-
ysis). The phenoxy-thiazoline ligand chelates rhenium through the anionic
phenoxide oxygen and the neutral thiazoline nitrogen (Figure 10). The sulfur
of thiazoline does not bind to rhenium. Complex 2a, which is green in color,
reacts with perchlorate to give a red dioxorhenium(VII) complex, 4a, similar
to that observed for the oxazoline complex. The rate constant for the reaction
of 2a with ClO, ™ is less than that measured for 2 by a factor of two. How-
ever, when the rate of OAT from the dioxorhenium(VII) complexes, 4 versus
4a, were compared, the rate of oxo transfer from the thiazoline complex 4a
was found to be 20 times faster than that measured for its oxazoline counter-
part, complex 4, Table 4. This difference is much larger than the factor of two
or three observed for oxo transfer from substrate. Furthermore,
(thoz),Re¥™(0), " (4a) is less stable than complex 4 and is more susceptible
to hydrolysis (k™% [293K]=[5.0+0.3]x 10™° compared to k"=
[28+02]x 10"*L mol ' s 1.

The differences in reactivity and stability between the dioxorhenium(VII)
oxazoline and thiazoline complexes can be understood by considering the
size differences between sulfur and oxygen as well as the extent of n-elec-
trons delocalization in the respective ring structures. Since sulfur has larger
and more diffused 3p orbitals than oxygen, its ability to m-conjugate with
the C =N double bond is less than that of oxygen in oxazoline, Eq. 10. This
rationalization is supported by structural data on oxazoline and thiazoline
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FIGURE 10 Structure of rhenium(V) thiazoline complex 1a showing 50% probabil-
ity ellipsoids and atom labeling scheme. Selected bond lengths (;\) and angles (°): Re-
03 =1.688(3), Re-C1=2.3669(11), Re-O1 =1.997(3), Re-02=1.983(3), Re-N1 =
2.111(3), Re-N2=2.103(4), C7-N1=1.298(5), C9-N1=1.474(5), C7-
S1=1.743(4), C8-S1=1.795(6), C6-C7=1.457(6), C16-S2=1.754(4), Cl17-
S2=1.798(7), O1-Re-03=165.13(15), CI-Re-O3=102.62(13), NI1-Re-0O2=
166.10(13), C1-O1-Re = 127.4(2), and C7-N1-Re = 127.6(3).

TABLE 4 Comparison of the kinetic constants for rhenium thiazoline versus oxazo-
line complexes.”

Reaction® ky/M~ s !
(thoz),Re(0), © + 'Bu,S—(thoz),Re(0) © + ‘Bu,S(0) 27,000
(hoz),Re(0)> ¥ + '‘Bu,S—(hoz),Re(0) T + 'Bu,S(0) 1400
(thoz),Re(0), © + PhSMe—(thoz),Re(0) * + PhS(O)Me 2300
(hoz),Re(0), ¥ + PhSMe—(hoz),Re(0) © + PhS(O)Me 110

“Rate constants were measured in acetonitrile at 293 K.
PKinetics determinations for the thiazoline complex were performed by sequential
stopped-flow techniques.
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complexes. For instance, the x-ray of complex 1a (Figure 10) shows no delo-

calization of the C=N r-electrons with sulfur, C(7)-S1=1.743(4) A and
C(8)-S1=1.795(6) A. In contrast the structures of rhenium(V) oxazoline
complexes as well as dioxorhenium(VII) complex 6 (see Figure 5 above) dis-
play significant delocallzatlon of the n-electrons with oxygen. The distance
between oxygen and the sp carbon (the 2 position) in the oxazoline ring is
in the range 1.32-1.36 A, Wthh is significantly shorter than a C-O single
bond and shorter than the C(sp ) —O distance (1.45-1.48 A) in the oxazoline
ring. Therefore, the oxazoline ligand stabilizes the higher oxidation state of
rhenium (47) more effectively than thiazoline.

Q—«Zj — Q—i] (10)
OH OH

The possibility that the lack of stability of (thoz),Re""(0), " (4a) is ori-
ginating from ligand oxidation at sulfur was explored. No evidence of ligand
oxidation was found, and addition of exogenous free ligand (Hthoz) did not
affect the kinetics of decomposition and no oxidized ligand (Hthoz-SO) was
recovered. Furthermore, the kinetics of decomposition of complex 4a is first-
order and not second-order in rhenium.

Since the RDS in perchlorate reduction is oxo transfer from ClO,~ to
rhenium(V), the thiazoline complex (2a) is not a better catalyst than its oxa-
zoline analogue (2), despite its enhanced rate of reaction with thioether
substrates (oxo acceptors). On the contrary, the lower stability of the dioxo-
rhenium(VII) thiazoline complex 4a makes it the inferior catalyst of the two.

THE FULL CATALYTIC MECHANISM, SOME
COMPARISONS TO OTHER TRANSITION METAL
COMPLEXES, AND FUTURE DIRECTIONS

Simple rhenium oxazoline and thiazoline complexes are versatile catalysts
for a variety of OAT reactions. A testament to their remarkable activity is
their ability to catalyze perchlorate reduction efficiently by pure oxo transfer,
an extremely challenging reaction. The kinetics of oxo transfer from
substrates to give a cationic dioxorhenium(VII) as well as the kinetics from
the latter (the active form of the catalyst) to acceptor substrates is
impressively fast. For example, the turnover rate for perchlorate reduction
by rhenium(V) oxazoline catalyst 2 is 360h~ '. All of the chemical trans-
formations that have been fully characterized (chemically and kineti-
cally) are presented in the catalytic cycle in Scheme 3. The RDS is oxo
transfer from perchlorate to form the dioxorhenium(VII) complex 4, and
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SCHEME 3 The catalytic cycle and all the characterized reactions for OAT with
complex 2 illustrated for the reduction of perchlorate with organic thioethers.

the substitution kinetics of rhenium(V) complex 2 in coordinating solvents
such as acetonitrile or mixtures of water and acetonitrile are rapid.

Chemical reduction of perchlorate under ambient conditions is very diffi-
cult and rare even with transition metal complexes. The potent reductant
Criaq does not react with perchlorate and is totally stable in 1.0 M HCIO,
solution! "1 As a consequence, catalytic reduction of perchlorate is rare. How-
ever, there are few examples of certain transition metal complexes that do
react with perchlorate in a controlled fashion even in dilute solutions. Table 5
presents a list of these metal complexes and their rate of reaction with per-
chlorate and chlorate ions. It is evident from Table 5 that the rate of reaction
is not dictated by the thermodynamlc driving force of reaction as evidenced
by the entries for Cr** and Eu” . As advocated by Taube and has been shown
for our rhenium oxotransferase system, the reduction of perchlorate must pro-
ceed via OAT and formation of a favorable M = O bond."

Methylrhenium dioxide reduces perchlorate with a second-order rate con-
stant that is an order of magnitude faster than that for our rhenium oxazoline
complex 2.1*! However, methylrhenium dioxide cannot be an effective cat-
alyst for perchlorate reduction for two reasons. Methylrhenium trioxide, the
product from the reaction with perchlorate, requires strong reducing agents
such as organic phosphines or hypophosphorus acid to regenerate the di-
oxide. Secondly, under steady-state (catalytic) conditions the reduction of
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TABLE 5. Rate constants for the reduction of perchlorate and chlorate ions in a con-
trolled fashion by certain transition metal complexes.

k/Lmol~'s™!

Transition metal AG° /K]
complexes mol ! T/°C  ClO4~ ClO5;~ Ref.
[(hoz),Re(O)(OHy)] * 75 20 045 15 [35]
CH;Re0,(0OH,), 218 25 7.1 4% 10* [45]
[V(OH,)s* * 213 50 2x107° [4]
[V(OHL)6)* + 213 20 18 [49]
[V(OHL)6)* + 201 50 3x107° (4]
[Ru(NH;)6)* * ~117 25  3x107* 32x107%  [50]
[Ru(H,0)¢)* + ~117 25 32x107% 3x10°? [5]
Ti(Hedta) 25 2x107° [51]
[L,Mo,(H,0), 138 21 2x1073 (7]

(u-OH),* T L=14,7=

triazacyclononane
[Fe(H,0)e]* " nr 2x1072 [11]
Eu, " 28 ~1078 (6]
[Cr(OH,)g]* " 88 25  nr 39 [11]

methylrhenium trioxide is rate controlling, and the rate constant for that reac-
tion is slow, 3 x 107 2L mol ~! g~ 1140 Therefore, the reduction of ClO,
catalyzed by methylrhenium trioxide is more than an order of magnitude
slower than by our rhenium oxazoline complex. Furthermore, the facile poly-
merization of methylrhenium dioxide, which renders the catalyst inactive, is
another setback.

Worthy of special mention in the context of catalytic reduction of perchlo-
rate is an older study in which molybdate and tungstate are the active cata-
lysts for perchlorate reduction by stannous chloride in concentrated acidic
media."***”! The molybdate catalysis is observed in 2.5M sulfuric acid,
and the tungstate catalysis in 10 M hydrochloric acid. The kinetics for the ear-
lier system are complex with fractional dependences, but Mo'" was suggested
as the active catalyst. In contrast, the reduction of perchlorate catalyzed by
tungstate was proposed to proceed via a W"! perchlorate adduct. These stud-
ies are in need of re-examination.

Our rhenium systems demonstrate that minimization of nuclear reorgani-
zation is crucial in promoting OAT reactions, and minimization of precursor
adduct to product structural changes are likely responsible for the efficient
kinetics. Further insights into transition-state structures along the reaction
pathways can be sought by computational methods employing density func-
tional theory (DFT).
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The oxazoline and thiazoline ligands are easily functionalized by straight-
forward organic synthesis, and thus the catalysts presented herein can be teth-
ered to solid support or incorporated into mesoporous materials, extending
the catalysis to heterogeneous systems. From a practical standpoint, effective
heterogeneous catalysts are needed for any practical method for perchlorate
destruction. In summary, rhenium oxazoline and thiazoline complexes are
very promising molecular oxotransferases that could be utilized in other chal-
lenging reductions; examples would include NO;~ and NO reduction, deoxy-
genation of epoxides, and the use of environmentally relevant reagents such
as N,O in novel O-atom transfer reactions under mild conditions. Efforts
along these general directions are currently underway in this laboratory.
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