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Abstract: Oxygenation of sulfides to the corresponding sulfoxides by a distinct bis(u«-oxo)dicopper(lll)
complex has been accomplished for the first time using 2-(2-pyridyl)ethylamine derivative LP¥'8 (N-ethyl-
N-[2-(2-pyridyl)ethyl]-a,a-dideuteriobenzylamine) as the supporting ligand. Detailed kinetic analysis has
indicated that the reaction consists of two distinct steps, where the first quick process is association of the
substrate to the bis(u-oxo)dicopper(lll) complex (ki) and the second slow process is intramolecular oxygen
atom transfer from the copper—oxo species to the substrate in the associated complex (kz). The rate constant
k, of the second process is rather insensitive to the oxidation potential of the substrates, suggesting that
the oxo-transfer reaction proceeds via a mechanism involving direct oxygen atom transfer rather than a
mechanism involving electron transfer.

Introduction
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Oxygen atom transfer from metabxo species to organic or
inorganic substances is ubiquitous not only in a wide variety
of biological processes but also in numerous catalytic oxygen-
ation reactiond.Much attention has so far been focused on the
oxygen-transfer reactions catalyzed by iron porphyrin complexes
as well as a series of model compounds of non-heme iron
oxygenase$. Recently, a great deal of information on the
structure and physicochemical properties of copper/dioxygen
species has also appeared to provide valuable insight into
dioxygen activation mechanism by copper monooxygenases.
Among a series of copper dioxygen complexes so far reported,
(u-n%n?-peroxo)dicopper(ll) and big¢oxo)dicopper(lll) com-
plexes have recently attracted much attention, since they are
considered as possible active oxygen intermediates of copper
monooxygenases carrying a dinuclear metal active cénter.

With respect to the ability of oxygen atom transfer including
hydroxylation reaction of these copper/dioxygen species, the
(u-n%mn?-peroxo)dicopper(ll) complex has been demonstrated
to hydroxylate aromatic ring of the supporting ligdras well
as phenolic compounds as external substratddechanistic
studies have suggested that the aromatic hydroxylation by the
(u-n%:n?-peroxo)dicopper(ll) complex proceeds via an electro-
philic aromatic substitution reaction mechaniéﬁnAn 0XO0-
transfer reaction mediated by a-{%#n?-peroxo)dicopper(ll)
complex has also been reported recently, in which the amine
moiety of the supporting ligand is converted into the corre-
spondingN-oxide’”

The bisf-oxo)dicopper(lll) complex, on the other hand, has
been shown to undergmtramolecular aliphatic ligand hy-
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Scheme 1 for 3 h atthis temperature. After evaporation of the solvent, 30 mL of
G ,“/O\CuIII ether was added to the remaining residue and the insoluble material
u\o/ was removed by filtration. The separated solid was further washed with
R-S-R' R-S-R'

additional ether (30 mLx 3), and the combined ether solution was
concentrated to give an organic material, from which methyl phenyl
sulfoxide was obtained in 83% yield by column chromatography{SiO
chloroform/ether).

Cr}—/_’} LPyiee Kinetics. Bis(u-oxo)dicopper(lll) complex, [Cliz(LPY*E),(u-O),]-
(PR)2 (1), was generated in situ by the reaction of [C8'8)]PFs

. . . . (1.0 x 10* M) and dry Q gas (introduced by gentle bubbling for a
little is known about the oxygen transfer reaction from the bis- few minutes) in a UVvis cell (1 cm path length) which was held in

(u-oxo)dicopper(lll) complex to exogenous substrafeshus, a Unisoku thermostated cell holder designed for low-temperature
Itis highly desired to Investigate the reactivity of his§xo)- experiments (fixed withint0.5 °C).11 After generation of the bisf
dicopper(lll) complex towardintermolecular oxygen atom  oxo)dicopper(lll) complex, excess,@as removed by bubbling Ar
transfer reaction not only to uncover the dioxygen activation gas into the solution of the bjg(oxo)dicopper(lil) complex for 10 min
mechanism by copper monooxygenases but also to develop arbefore addition of the substrate. During the bubbling of Ar gas, no
efficient catalyst for selective oxidation by dioxygen. spectral change of the hisfxo) complex was observed at this

We report herein the first example of oxygenation of sulfides temperature. Then the reaction was initiated by adding an excess amount
to the corresponding sulfoxides by a distinct bisko)dicopper- of the s_,ulflde substra_te into the soluthn, and the rate constants were

: ; Bz determined by following the decrease in absorbance at 400 nm due to
(1) complex supported by bidentate ligan@ B (N-ethyl-N- ) :
. . . . 1 the bisfi-oxo)dicopper(lll) complex.

[2-(2-pyridyl)ethyl]-a,a-dideuteriobenzylamine) (Scheme'l).

Detailed kineti vsis has indicated that th fi d Electrochemical MeasurementsSecond harmonic ac voltammetry
etailed kinetic analysis has Indicated that the reaction procee S(SHACV) was employed to determine the one-electron-oxidation

via a direct oxygen atom transfer in a binary complex formed tentials £9,,) of sulfidest® SHACV measurements were performed

between the substrate and the metato species, providing  ysing a BAS 100B electrochemical analyzer in deaeratedOBH
further insight into the reactivity of non-heme dinuclear transi- containing 0.10 M BiN*PR;~ as a supporting electrolyte at 298 K.

tion metal-oxo species. Reactivity of the:{;%7?-peroxo)- The platinum working electrode was polished with alumina suspension

dicopper(ll) and the bigf-oxo)dicopper(lll) complexes in the  and rinsed with acetone before use. The counter electrode was a
oxo-transfer reaction has also been compared to provide valuableplatinum wire. The measured potentials were recorded with respect to
insight into the ongoing interest in the reactivity difference an AG/AgNG; (0.01 M) reference electrode. Tt values (vs Ag/

between the peroxo and the bisgxo) complexed® AgNO3) were converted to those vs SCE by addition of 0.29 V.
Theoretical Calculations. The heat of formationAHs) values of
Experimental Section sulfides and the corresponding sulfoxides were calculated using the

PM3 semiempirical molecular orbital meth&dThe calculations were

. _ . performed using the MOL-MOLIS program, version 2.8, obtained by
copper complex were commercial products of the highest available pjin industries, Ltd. Final geometries and energetics were obtained

: o >
purity _and were furt_her purified by the stanq§rd methods beforé’use. by optimizing the total molecular energy with respect to all structural
Especially, the sulfide substrates were purified carefully to remove a variables

trace amount of impurities. Synthesis and characterization of the

bidentate ligand B¥'82 and the cuprous complex of’{282 have been Results and Discussion

reported elsewheré.UV —vis spectra were measured using a Hewlett-

Packard HP8453 diode array spectrophotometer with a Unisoku Bis(u-oxo)dicopper(lll) complex supported by the bidentate
thermostated cell holder designed for low-temperature measurementsligand (LPY1B) was generated in situ by treating [QLPY153-
Mass spectra were recorded on a JEOL JMS-700T Tandem MS station.(CH3CN)]PFs with dry O, gas in acetone at a low temperature
'H NMR spectra were recorded on a JEOL FT-NMR GX-300 gg reported previoush15 Addition of thioanisole (1.0< 103
spectrometer. M) to an acetone solution df(5.0 x 10-5 M) at —80 °C under

Product Analysis. Bis(u-oxo)dicopper(l1l) complex, [Cliz(L™*%)- anaerobic conditions resulted in a spectral change shown in
(u-O)al(PFs)- (1), was generated in situ by treaing [(WP)(CHs- Figure 1. The characteristic absorption band at 400 ans (

CN)]PFs (148 mg, 0.3 mmol) with @gas at—80 °C in anhydrous PP .
i 16 500 M~ cm™t) due tol (spectrum A) was rapidly converted
acetone (200 mL) for 20 mik. Excess @ was then removed b
( ) @ Y to spectrum B fmax = 398 nm,e = 8620 M1 cm™), the

bubbling Ar gas into the solution for 15 min. A cold solution &0 h ” - . ]
°C) of thioanisole (124 mg, 1.0 mmol) in 3 mL of anhydrous acetone INtensity of which further decreased slowly as shown in the inset
was added into the solution by cannulation, and the mixture was stirred Of Figure 1. Thus, the present reaction consists of two distinct
steps. From the final reaction mixture, the oxygenation product,

General. All chemicals used in this study except the ligand and the

(8) :(La:}.)&Mer.]g?péa—tﬁS%E;s H(%I)feln, ﬁl /g.; ]'I_olilzna& WN.Bk.Am. |_(|3he|_r|n.”803986|_ methyl phenyl sulfoxide, was isolated in 83% yield based on
. toh, S.; Taki, M.; Nakao, H.; Holland, P. L.; 16 : : : :
Tolman, W. B.; Que, L., Jr.; Fukuzumi, ngew. Chem., Int. ER000, l An |sotope-labellng experlment USIr‘@Oz (95% pure)
39, 398-400. instead of'%0, demonstrated that the oxygen atom source of

(9) Tolman and co-workers reported an aromatic ligand hydroxylation with a
distinct bisf-oxo)dicopper(lll) complex: Holland, P. L.; Rodgers, K. R.;

Tolman, W. B.Angew. Chem., Int. EA999 38, 1139-1142. However, (13) The SHACV method provides a superior approach to directly evaluating
mechanistic details have yet to be clarified. the one-electron redox potentials in the presence of a follow-up chemical
(10) For the reactivity studies of bisoxo)dicopper(lll) complexes, see also: reaction, relative to the better-known dc and fundamental harmonic ac
(a) Mahadevan, V.; DuBois, J. L.; Hedman, B.; Hodgson, K. O.; Stack, T. methods. See: (a) Bond, A. M.; Smith, D.A&nal. Chem1974 46, 1946-
D. P.J. Am. Chem. Socl999 121, 5583-8854. (b) Mahadevan, V.; 1951. (b) Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng, J}PAm.
Henson, M. J.; Solomon, E. I.; Stack, T. D. R.Am. Chem. SoQ00Q Chem. Soc199Q 112 344-355. (c) Patz, M.; Mayr, H.; Maruta, J.;
122, 10249-10250. Fukuzumi, SAngew. Chem., Int. Ed. Engl995 34, 1225-1227.
(11) Taki, M.; Itoh, S.; Fukuzumi, SJ. Am. Chem. SoQ001 123 6203— (14) Stewart, J. J. Rl. Comput. Cheml989 10, 209, 221-264.
6204. (15) In addition to the spectral data df reported previously! a solution
(12) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of Laboratory resonance Raman spectrumloih acetone was taken at92 °C: »(1O-
Chemicals 4th ed.; Pergamon Press: Elmsford, NY, 1996. complex)= 609 cnr%; v(*80-complex)= 578 cm! (S1).
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Figure 1. Spectral change (300 s interval) observed upon addition of
thioanisole (1.0x 103 M) into an acetone solution df (5 x 10% M) at
—80 °C. Inset: Time course of the absorbance change at 400 nm.
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Figure 2. Time course of absorbance change in the first process of the
reaction between [Clp(LPY1B),(u-O)z](PFs)2 (5.0 x 107> M) and thio-
anisole (1.62< 1073 M) in acetone at-94°C. Inset: First-order plot based

on the absorption change at 400 nm.

the product was indeed dioxygen; th® incorporation was
889%17

The time course of the initial rapid process [(A) to (B) in
Figure 1] could be followed when the reaction was carried out
at a lower temperature-@4 °C). Figure 2 shows the time course
of the absorption change at 400 nm in the reaction with
thioanisole at—94 °C, which obeys first-order kinetics as
demonstrated in the inset of Figure 2. The initial rapid process
in the reaction ofl with other sulfides also followed first-order
kinetics at—94 °C to give the pseudo-first-order rate constants
kobs(1y Plot of the pseudo-first-order rate constkgiti)against
the substrate concentration provided a linear line with an
intercept as shown in Figure 3, where the plots for the reactions
of thioanisole and diethyl sulfide are presented as typical
examples. This indicates that the initial rapid decrease in
absorbance at 400 nm is due to a process to reach an equilibriu
betweenl and an intermediate compl@q(see Scheme 2). The

(16) Formation of the sulfoxide products from other sulfides has been confirmed
by GC—MS, although limited quantity of the starting copper(l) complex
supported by the deuterated ligand prevented us from performing the large-
scale experiment for product isolation.

(17) A somewhat lower content 810 (88%) in the product could be attributed

to a copper-mediated exchange of the oxygen atoms between the sulfoxide

product and water molecule during the workup treatment. Oae, S.; Price,
C. C. Sulfur Bonding Ronald Press: New York, 1962.
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Figure 3. Plots ofkeps(ryagainst substrate concentration for the first process
of the reaction of [CU z(LPY189,(u-0O);](PFs)2 with (A) thioanisole and with
(B) diethyl sulfide in acetone at94 °C.

Scheme 2
/) ky
cut o\cUm + R-S-R' 2 Products
~ k
(o) 1
1
Table 1. Kinetic Parameters for the Reactions of 1 with Sulfides
sulfide E%aNV  kPYMsTt o koPefsl Ko/M—1 kotd/s—1
p-MeO—CgH,SMe  1.13 82.4 24102 3.4x 10 1.6x 103
p-Me—CgHisSMe 1.24 34.4 1.2 102 29x1C 8.9x 104
CsHsSMe 1.34 5.7 9.6¢ 104 6.0x 1C® 7.2x 104
p-Br—CgH,SMe 1.41 1.2 24104 52x 10 6.5x 104
PhS 1.43 0.03 6.x 105 55x 1® 5.1x 104
Me,S 1.37 13.1 35104 38x10* 7.7x 104
Et,S 1.57 0.94 1.8¢10% 50x 10 7.0x 104

2 One-electron-oxidation potentials vs SCE determined by SHACV (see
Experimental Sectionf Determined at-94 °C. ¢ Determined at-80 °C.
dThe experimental error is withift5%. € The experimental error is within
+10%.

slope of the linear line corresponds to the rate constant for the
forward reactionk;) and the intercept affords the rate constant
of the backward reactionk(;). The rate constants for the
reactions with other thioanisole derivativgsX —CgHsSMe, X
= OMe, Me, Br) as well as those of diphenyl sulfide and
dimethyl sulfide have also been determined similarly, and the
values are listed in Table 1.

The ki/k—1 ratio corresponds to the formation constaldj (
of the intermediat®. The K value can also be obtained from
the absorbance chang&A = A — A) in the first rapid process,
which increases with increasing substrate concentration to reach
a constant value as shown in Figure 4. ThenKhealues for
CeHsSMe and EfS have been determined by fitting the data to
eq las (6.2£ 0.7) x 1® M~ and (6.94+ 1.4) x 1(* M1,
respectively®

AA = AA K]sulfide]/(1+ K[sulfide]) Q)
The K values thus determined from the absorbance change in
igure 4 agree within experimental errors with the values
determined from thég/k-; ratio, (6.0+ 0.6) x 10° M~ and
(5.04 0.5) x 10* M1, respectively. Such an agreement strongly
supports the formation of an intermediate comp?ex
In a series of thioanisoles, thevalue for the forward reaction
increases with increasing electron donor ability of the para

(18) See Supporting Information (S2) for determination of khealues.
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Figure 4. Plots of AA (= Ap — A) against substrate concentration [(A)
thioanisole, (B) diethyl sulfide] for the first process-a94 °C in acetone.

substituents (OMe> Me > H > Br), suggesting that th&;
process involves coordination of the sulfur atom to the metal
center. The order d{; values of MeSMe> PhSMe> EtSEt>
PhSPh may reflect mainly the steric effects of the alkyl and/or
aryl groups of the substrates in the coordination process of the
sulfur to the copper. In contrast to the forward reaction kthe
value for the backward reaction decreases with decreasing dono
ability of the para substituent of the thioanisole derivatives. Such
an electronic effect of the para substituents on the backward
reaction may implicate that there is g-p, or d—p, type
interaction to stabilize the intermedigtén which the aromatic
ring of the substrate acts as an electron acceptor. The signifi-
cantly smallek-; value of PhSPh (6.% 10-°s™1) as compared
to that of PhSMe (7.0x 10* s71) is consistent with such
interpretation. The opposite substituent effects on the forward
and backward reactions render the ovetgllvalues rather
constant in the series of thioanisoles [280) x 10° M1,
Table 1]. Overall, the least sterically hindered sulfide, i.e.,
dimethyl sulfide, exhibits the large&t value.

Stack and co-workers have suggested that coordination of

exogenous substrates such as alcohols to the metal center o

the bisfi-oxo)dicopper(lll) core is prerequisite for thaehy-
drogenationof the substrate¥2 Such an interaction between
the sulfide and the bigtoxo)dicopper(lll) core also plays an
essential role in thexo-transfer reactiorfScheme 1), although
the structural details of the intermediaehave yet to be
elucidated-®

The second slow process was then followed at the higher
temperature £80 °C), demonstrating that it was also a first-
order reaction, but that the first-order rate const&pisfy) of

this process is independent of the substrate concentration (Figuré/hich the slope becomes much smalle2(3

5) (i.e., kobs(2)= k2 in Scheme 1). This clearly indicates that the
second slow process isumimolecularreaction of the intermedi-
ate2 to the products. A plot of lo§; vs the oxidation potentials
of the substrates=) is shown in Figure 6, where the slope
of the straight line is significantly smalH0.94).

Recently, Watanabe and co-workers have demonstrated tha
oxygenation of sulfides by compound | of horseradish peroxi-

dase involves the electron-transfer process as the key step, i

(19) The absorption maximum @f(Amax = 398 nm) is only slightly red-shifted
from 1 (Amax = 400 nm), but the extinction coefficient & 8620 M1
cm™1) becomes much smaller as compared tg = 16 500 Mt cm™).
Resonance Raman bandfv(160-complex)= 609 cn1?) is also slightly
shifted to 598 cm! upon addition of the substrate @92 °C in acetone.

10® [thioanisole] / M

Figure 5. Plot of kops(2) against substrate concentration for the second
process of the reaction between [G(L PY1B),(1-O),](PFs)2 and thioanisole
in acetone at-80 °C.
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Figure 6. Plots of logk, against oxidation potentiaEf,y) of sulfides for
the oxo-transfer reaction Hyin acetone at-80°C (@) and by (TMP)FeV
=0 in CHyCl; at —50 °C (O) (Data are taken from ref 20).

which the slope of the same type of plot is largely negative
(«—10.5).20 If the variation of free energy change of electron
transfer is directly reflected in the transition state of electron
transfer, the slope will be equal teF(2.3RT) 1 (F is the Fraday
constant), which is-16.9 at 298 K. The slope 6f10.5 thereby
indicates that 63% of the variation of free energy change of
electron transfer is reflected in the transition state of electron
transfer, which is commonly observed for electron-transfer
reactiong! In contrast to this, the oxygenation of the same series
of sulfides by an iron(IV}-oxo porphyrinsz-cation radical in

the model system proceeds via direct oxygen atom transfer, in
)20 This indicates
that the rate of direct oxygen atom transfer is rather insensitive
to theE%x value, showing a sharp contrast with the oxygenation
via electron transfer. Thus, the even smaller slop®.94)
observed in Figure 6 indicates that the oxygenation of thioanisole
by the bis(-oxo)dicopper(lll) complex proceeds via a direct
pxygen atom transfer mechanism rather than a mechanism
involving an electron-transfer process. The similar reactivity of
ulfides despite the large difference in &gy values may be
ascribed to the small enthalpy change of the oxygen-transfer

(20) Goto, Y.; Matsui, T.; Ozaki, S.; Watanabe, Y.; Fukuzumi).SAm. Chem.
So0c.1999 121, 9497-9502.

(21) Eberson, LElectron-Transfer Reactions in Organic ChemistBpringer-
Verlag: Berlin, 1987.
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reactions among sulfides employed in this study, since the Supporting Information, S3). In this case, the tridentate ligand

calculated difference in heat of formatiof;) between sulfides

may cover the C#O, core more efficiently than the bidentate

and the corresponding sulfoxides (see Experimental Section) isligand does, leading to the lower accessibility of the substrate

rather constant<{27.3 kcal mot? for p-MeOGsH4,SMe, which
gives the largedt; value, and-27.0 kcal mot? for PhpS, which
gives the smallest; value; see Table 1).

to the {«-n%n?-peroxo)dicopper core as compared to that in the
case of the big(-oxo)dicopper core. The direct comparison of
the intrinsic reactivity between tha-(;%,?-peroxo)dicopper(ll)

Stack and co-workers have demonstrated that the reactivityand the bigg¢-oxo)dicopper(lll) is thereby difficult in the oxo-

of the (u-%n?-peroxo)dicopper(ll) supported BY,N-dimethyl-
N,N-di-tert-butylethylenediamine in the oxygenation reaction
of triphenylphosphine is much higher than that of the /bis(
oxo)dicopper(lll) with the same ligand in 2-methylhydrofut&h.

Although the mechanistic details about the oxo-transfer reaction

transfer reaction, which requires a precoordination of the
substrate to the metabxo center. More systematic studies using
outer sphere electron-transfer reactions will provide further
insight into the intrinsic reactivity of the GID, species.

In conclusion, the first detailed study on the oxo-transfer

have not been clarified yet, they suggested that the accessibilityreaction by a distinct bigtoxo)dicopper(lll) complex has

of the substrate (PBhto the Cuy/O, core is important for
dictating such a difference in reactivity. Namely, the fisko)-
dicopper core is more condensed as compared touthyé: {>-
peroxo)dicopper core, since the €Gu distance in the former
(~2.8 A) is significantly shorter than that in the latter system
(3.5-3.6 A).

In our case (sulfoxidation reaction), however, the reactivity
of the (u-n%n?-peroxo)dicopper(ll) generated by using a tri-
dentate ligand (E¥28z N,N-bis[2-(2-pyridyl)ethyl]e,a-dideu-
teriobenzylamin€f23 is much lower than that of the bjis(

oxo)dicopper(lll) complex with the bidentate ligand’(t&) (see

(22) Synthesis and characterization of ligarfd2€2 [Cul(LPY2B)] T, and its fi-
n?n?-peroxo)dicopper(ll) complex have been reported by Karlin et al.:
Sanyal, I.; Mahroof-Tahir, M.; Nasir, M. S.; Ghosh, P.; Cohen, B. I.;
Gultneh, Y.; Cruse, R. W.; Farooq, A.; Karlin, K. D.; Liu, S.; Zubieta, J.
Inorg. Chem 1992 31, 4322-4332. More information is available in
ref 5.

(23) Oxidative N-dealkylation of the ligand sidearm (self-decomposition) in the
(u-nZn?-peroxo)dicopper(ll) complex of 28z reported by Karlin et aP?
was much slower than the oxygenation reaction of thioanisote8&°C
in acetone (S3).
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demonstrated that the sulfoxidation by the hisko)dicopper-

(I complex proceeds via a direct oxygen atom transfer
mechanism via formation of a binary complex between the
substrate and the metabxo species. Although sulfoxidation
reaction by the copper/dioxygen species has not been found in
biological systems, the present results will shed light on the
ongoing interest in the structure/reactivity relationships of the
non-heme active oxygen complexes.

Acknowledgment. We are grateful to Mr. Kanji Shimoosako
(Osaka University) for the SHACV measurements. This work
was partially supported by Grants-in-Aid for Scientific Research
on Priority Area (Nos. 11228205, 11228206) and Grants-in-
Aid for Scientific Research (Nos. 11440197 and 12874082) from
the Ministry of Education, Science, Culture and Sports, Japan.
The authors also acknowledge Dr. Shigenori Nagatomo and
Professor Teizo Kitagawa of the Institute for Molecular Science
for their help in obtaining the Raman data.

Supporting Information Available: Resonance Raman spec-
tra of the acetone solution of (**0O and 80 derivatives)
measured at-92 °C (S1), double reciprocal plots (1A vs
1/[sulfide]) for determination of theK values (S2), and
comparison of the reactivity between the hisio)dicopper(ll)
complex and theu(-12n?-peroxo)dicopper(ll) complex in the
sulfoxidation reaction at-80 °C (S3). (PDF) This material is
available free of charge via the Internet at http://pubs.acs.org.

JA016023A



