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Abstract: The kinetics of the reactionja an oxygen-bound intermediate, of [@INO2-XYL)][CIO 4]2*CHs-

CN to [Cu(NO,-XYL-O-)(OH)]?t, where the bridging arene is hydroxylated, have been examined with use
of resonance Raman spectroscopy. A resonance Raman peak characteristic of peroxide bound in a side-on,
u-n%n? geometry is observed upon oxygenation of BOMO,-XYL)] for both intramolecularly and
intermolecularly bridged complexes. The decay of the intramolecularly bridged peroxide stretatb@t

cm~1 and the growth of the phenolate stretch of the product at 1323 wrare monitored over time with use

of an excitation wavelength of 406.9 nm. Both the decay of the peroxide stretch and the growth of the phenolate
stretch were found to be first order, and the rate constants are consistent, within experimental error, with the
peroxide intermediate reacting directly to form the hydroxylated product. The possibility of an unobservable
amount of a big¢-oxo isomer which is in rapid equilibrium with the side-on peroxide species, and that is
responsible for the hydroxylation reaction, is considered. An upper limit for the concentration of fire bis-
oxo isomer in a solution of [GINO»-XYL)(O,)]?" was determined. This gives the lower limit for its rate of
reaction to form the phenolate product, which is approximately 1000 times faster than the decay of the peroxide
intermediate. A comparison of the reactivities of the side-on peroxide anddi®-isomers with respect to
electrophilic aromatic substitution is made by using frontier molecular orbital theory. This correlation, in
conjunction with the estimated, relative rates of reaction for the two isomers to form phenolate product, leads
to a molecular mechanism in which the side-on peroxide isomer is likely to be the reactive oxygen intermediate
in these systems.

Introduction Scheme 1
Tyrosinase (EC 1.14.18.1) is an oxygenase that occurs widely i PY Bk g e+
in bacteria, fungi, plants, and mammals. The enzyme is (/Cu'
responsible for the hydroxylation and oxidation of phenols to N \py . ki <Py H PY”>
o-quinones. Chemical and spectroscopic studigshave shown N H(D) L+ 0, Ky N\éu\ _gu,N
that tyrosinase contains a coupled dicopper active site very ’ <~ O [_)
similar to that of hemocyanin. Oxygenation of the dicopper(l) PY’Cu —PY PY PY-
core yields a stable oxy form with an absorption spectria. [Cus(R-XYL)2* [Cux(R-XYL)(O)IZ*
(e, M~1 cm1) 345 (26 000), 520 (CD), 590 nm (1000)) very T2
similar to that of oxy-hemocyanimax (¢, M~ cm™1) 345
(20 000), 485 (CD), 570 nm (1000)), which is known to possess ko
a side-on (ow-12%n?) peroxo bridging geometry. —> N 20, —\
A number of copper complexes containing dinucleating PY—\——CU" u"le
ligands where two bis[2-(2-pyridyl)ethyllamine (PY2) tridentate PY M
ligands are linkedia the amino nitrogen by a xylyl spacer ([&u
(H-XYL)] 2*) have been synthesizédReaction of dioxygen [Cu"(R-XYL-O)(OH)I**
* To whom correspondence should be addressed at Stanford University. with [Cuy(H-XYL)] = produces a copper(ll)-peroxide intermedi-
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(2) Wilcox, D. E.; Porras, A. G.; Hwang, Y. T.; Lerch, K.; Winkler, M.~ (OH)]?* has been confirmed by X-ray crystallography, and
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oxygen atoms in this compound is dioxygerThis reaction
involves the activation of oxygen for hydrocarbon oxygenation
and has relevance to the mechanism of reaction of tyrosinase
or other copper monooxygenases.

By substitution of NQ parato (NO»-XYL), or F at (XYL-
F), the site of arene ring hydroxylation (Scheme 2), it has been
possible to slow the hydroxylation process to the point that the
substituted [Cp(XYL)(O2)]?" intermediates are stabilizeet80
°C) and can be observed spectroscopicaflyThe absorption
spectra of [C(NO2-XYL)(02)]?" (Amax (¢, M~ cm1) 358
(20 000), 435 (5000), and 530 nm (1200), acetone and dichlo-
romethane) and [GUXYL-F)(02)]1?" (Amax (e, M~1 cm™2) 360
(18 700), 435 (4400), 515 nm (1300), acetone and dichlo-
romethane) are similar to those obtained for oxy-hemocyanin
and oxy-tyrosinase with the exception of an additional, reason-
ably intense band at 435 nm.

Recently, novel dicopper bjg-oxo cores ([Ce(u-O),]%")
have been structurally and spectroscopically charactefiZéd.
It has been shown that the hisexo dicopper cores capped by
sterically hindered N,NN"-trisubstituted 1,4,7-triazacyclononane
(TACN) ligands undergo facile interconversion with a pQu
n%n?)-0,]%" core upon change of solveht.The absorption
spectrum obtained for the hisoxo Cu(ll) moiety, [(TACNP™),-
Cuy(u-0)7]?t, is very different from that of the side-on peroxide
isomer, with bands at 324 & 11 000 M1 cm™1) and 448 nm
(e = 13000 M1 cm™1). These findings suggest that the
absorption spectra observed for JNO»-XYL)(02)]?* and
[Cu(XYL-F)(02)]?" may be due to a mixture of [Gu-
n%n?)-02)%" species and [Gu-O),]>" species, the additional
band (relative to the side-on bridged structure) at 435 nm being
derived from the [Cp(u-O);]?" core. Either or both of these
oxygen species could be responsible for the hydroxylation
reaction. The nature of the oxygen intermediates present in
[Cux(NO-XYL)(02)]?" and [Cy(XYL-F)(02)]?* and a discus-
sion of their catalytic competence are presented below. This
is an important and timely study since, as emphasized in ref
39, it is possible that an unobservable amount of the:hiso
isomer is responsible for the observed reactivity.
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Figure 1. UV —vis absorption spectra of [GINO,-XYL)(O 2)][CIO4]2
(top, y axis offset by 5000 M! cm™2, for clarity) and [Cu(XYL-F)-
(O,)][CIO4)2 (bottom) in dichloromethane solution-aB0 °C. Peroxide
7*, ands*, to Cu(ll) charge-transfer bands are indicated by arrows.
The presence of the*, band was established from higher sensitivity
scans and resonance Raman excitation profiles.
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Experimental Section

The substituted [Cu(XYL)][CIO 4]2»1CHCN precursors for solution
samples were prepared as reported previotislResonance Raman
spectra were obtained with a Princeton Instruments ST-135 back-
illuminated CCD detector on a Spex 1877 CP triple monochromator
with 1200, 1800, and 2400 grooves/mm holographic spectrograph
gratings. The excitation was provided by Coherent 190C-K-kKand
Innova Sabre 25/7 Ar CW ion lasers. A polarization scrambler was
used between the sample and the spectrometer. Spectral resolution
was <2 cnt. Samples for solution Raman spectra were prepared by
dissolving substituted [Cx(XYL)][CIO 4]2*1CHCN in CH,Cl, or CHs-
COCH; in an NMR tube and oxygenating at95 °C. The sample
tube was spun with an air-driven NMR spinner and coole¢ 180 K
by a N-flow system. Integrated peak intensities used to monitor
concentrations were measured relative to the 700*qreak of CH-

Cl, or to the 790 cm! peak of CHCOCH; for solution samples.
Isotopic substitution of the £~ oxygens was achieved by oxygenation
of the complex with'€O, (Isotech, 99% labeled).

Results and Analysis

Identification of the Side-On Peroxide Species. The
electronic absorption spectra obtained for JMO,-XYL)-
(O2)]#* and [Cy(XYL-F)(O2)]?* in CH,Cl, at ~200 K are
shown in Figure 1. The charge-transfer spectra o{(SO,-
XYL)(02)]?" and [Cu(XYL-F)(02)]* are very similar; both
exhibit an intense absorption feature~860 nm, a less intense
band at 435 nm, and a weak feature~a8530 nm. These
absorption spectra show similarities to those obtained for
[Cux(NNPY2)(O:2)]2" (where N are binucleating ligands with
PY2 groups linked by —(CH,)— groups,n = 3, 4, 5}23but
are distinct from the absorption spectra of thg?r? peroxo
species in [Cu(HB(3,5-z)%)]%"(0,) (where HB(3,5-Rpz)s
is hydrotris(3,5-dialkyl-1-pyrazolyl)borate, R Ph,'Pr, Bn)}415
and those of [Cpu-O)]%" cores isolated by Tolman and
Stack?~1! The absorption bands at 350 and 538 nm observed
for [Cu(HB(3,5-i-Pgpz))]?+(02) have been assigned as per-

(8) Karlin, K. D.; Cruse, R. W.; Haka, M. S.; Gultneh, Y.; Cohen, B. I.
Inorg. Chim. Actal986 125 L43-L44.

(9) Halfen, J. A.; Mahapatra, S.; Wilkinson, E. C.; Kaderli, S.; Young,
V. G.; Que, L.; Zuberbhler, A. D.; Tolman, W. B.Sciencel996 271,
1397-1400.

(10) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Pan, G.; Wang, X.;
Young, V. G.; Cramer, C. J.; Que, L.; Tolman, W. B.Am. Chem. Soc
1996 118 11555-11574.

(11) Mahadevan, V.; Hou, Z. G.; Cole, A. P.; Root, D. E.; Lal, T. K;;
Solomon, E. I.; Stack, T. D. Rl. Am. Chem. Sod 997 119 11996~
11997.

(12) Karlin, K. D.; Tyekla, Z.; Farooq, A.; Haka, M. S.; Ghosh, P.;
Cruse, R. W.; Gultneh, Y.; Hayes, J. C.; Zubietalnbrg. Chem.1992
31, 1436-1451.

(13) Karlin, K. D.; Haka, M. S.; Cruse, R. W.; Meyer, G. J.; Farooq,
A.; Gultneh, Y.; Hayes, J. C.; Zubieta, J. Am. Chem. Sod 988 110,
1196-1207.

(14) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; Hashimoto,
S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, &. Am. Chem.
Soc 1992 114 1277+1291.

(15) Baldwin, M. J.; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitajima, N.;
Solomon, E. 1.J. Am. Chem. Sod 992 114, 10421-10431.
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Figure 2. Resonance Raman spectra obtained~drmM solutions

of 180, and 80, [Cu(NO,-XYL)(O2)]?" in acetone with an excitation
wavelength of (A) 413 and (B) 363.9 nm. Peaks sensitive to oxygen
isotope substitution are labeled with their Raman shifts; an asterisk

denotes peaks derived from acetone solvent.

oxide 7*, and 7*y to Cu(ll) charge-transfer bands, respec-
tively,15 characteristic of thei-%%? structure; an absorption
band at 435 nm is not present in the spectrum of [Cu(HB(3,5-
i-Propz)s)]2t+(Oy).

To probe the origin of the absorption band at 435 nm,
resonance Raman spectra-eff mM solutions of [Cy(NO,-
XYL)160,]2" and [Cyp(NO,-XYL) 180,]2+ in acetone, at-180
K, were obtained by exciting into this absorption band, using
an excitation wavelength of 413 nm. A single Raman peak is
observed at 747 cm, which shifts with180, substitution to
707 cnrt (Figure 2A). This peak is assigned to the symmetric
O—0 stretch of a side-on bound peroxide, based upon its
frequency and isotope shift (40 cA). No oxygen isotope-
sensitive peak at600 cnt? (in a solution of [CY(NO,-XYL)-
0,]%" in acetone or dichloromethane (vide infra)) which is the
symmetric stretch of the big-oxo dicopper core in [(TACN
Cu)(u-0),](ClO4),,*° was observed. Therefore the additional
absorption band at 435 nm seen for JNO,-XYL)(O 2)]?" and
[Cux(XYL-F)(O2)]?* is not due to the presence of a hissxo
species. Raman peaks at 277 and 1085!care observed
(Figure 2B) in the spectrum of an approximately 4 mM solution
of [Cuy(NO,-XYL)160;]%" in acetone, at~180 K using an
excitation wavelength of 363.9 nm (nearly coincident with the
highest energy ligand-to-metal charge-transfer (LMCT) band,
Figure 1)!® In analogy to the vibrational data obtained for the
side-on peroxide dicopper core in [Cu(HB(3,5:8453)]2*(02),*°
the peak at 1085 cni (isotope shift of 41 cm?) is assigned to
the overtone of the asymmetric €@ core stretch and the peak
at 277 cnit is assigned to the symmetric €O stretch, which

(16) Enhancement of the-€D stretch from the high-energy LMCT band
at~360 nm is very weak since the donor orbital is strongly-@ubonding
in charactet?
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Figure 3. Resonance Raman spectra obtained with an excitation
wavelength of 406.9 nm of solutions &0, (dashed line, top) and
180, (solid line, top) [CY(NO2-XYL)(O2)]?" in dichloromethane. The
bar at~600 cn1? indicates the intensity of a peak that would be due
to the presence of 1% of bis-oxo species in solution. The difference
spectrum is shown (bottom) and peaks sensitive to oxygen isotope
substitution are labeled with their Raman shifts; an asterisk denotes
peaks derived from dichloromethane solvent.

1200

primarily involves copper motion and hence shows no isotope
shift upon80, substitution. A resonance Raman profile of the
277 cn1t, Cu—0O stretch shows it is associated with the 435
nm absorption band, thus this absorption band must be assigned
as a @2~ — Cu charge-transfer transition of the side-on bridged
structure. The origin of this additional band for the pGut
n%n?)-0,]2" structure is presently being investigated.

Possible Presence of a Big-oxo Complex. It has been
proposed that there exists a rapid equilibrium between the two
copper core isomers, where 3 bound as a side-on peroxide
or a bisg-oxo specie$. Thus, in a solution of [CH{NO,-XYL)-
0;]?*, a small amount of big-oxo isomer, undetectable with
resonance Raman, could be present and responsible for the
observed reactivity. The resonance Raman peal680 cnt?,
diagnostic of the big~oxo, dicopper core, shows unusually
strong enhancement when exciting into the absorption band at
~400 nm, and therefore is a very sensitive probe for low
concentrations of the bjg-oxo isomer. Resonance Raman
spectra were obtained for solutions of BOMO,-XYL)] 2"
oxygenated witH%0, and80; in dichloromethane to establish
an upper limit for the concentration of the hisexo isomer
that could be present in solution. The difference Raman
spectrum in the region of 600 cthshowed no isotope-sensitive
peak (Figure 3). By using the ratio of the intensity of the noise
to the CHCI, peak at 700 cm* and comparing this intensity
ratio to that d a 1 mM solution of [(Ltw)2CwpO5]2+ in CH,Cl,
(where Lyy is tetramethyl-1,2-cylclohexane diamirié)the
upper limit of the concentration of big-oxo isomerin a 4 mM
solution of [Cy(NO2-XYL)(O,)]*" was found to be 0.005 mM
and the ratio of side-on peroxide isomer to pigxo is
1:<0.0013.

Intramolecular Peroxide Formation. During the course of
these studies, some interesting concentration effects have been
observed. Resonance Raman spectra of a concentratd (
mM) solution of [Cy(NO,-XYL)(O2)]?" in acetone®O,, and
180, at 406.9 nm excitation at+180 K are shown in Figure
4A. Two peaks are observed at 747 and 733 §rthe peak at
747 cmt is very similar to that observed for the low-
concentration solution [GINO,-XYL)(02)]2". The new peak
at lower energy (733 cm), which shifts 38 cm! upon
substitution with'80, and which becomes more intense as the
concentration of the Cu(l) solution increases, is assigned to a
symmetric G-O stretch of intermolecularly bound-7?72
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of the hydroxylation reaction by observing the disappearance
of v(0-0) at ~750 cm of [Cu(NO.-XYL)(O2)]2* in dichlo-
romethane and acetone, and the appearaneg-of) at 1320
cm 1 of [Cuy(NOx-XYL-O-)(OH)] 2" using an excitation wave-
length of 406.9 nm (Figure 5). Aliquotsf@ 4 mM stock
solution of [Cy(NO,-XYL)(O2)]?" in dichloromethane and
acetone were oxygenated concurrently and maintained b
695 707 ] K. Atintervals over a period of several hours resonance Raman
] spectra were recorded; a fresh aliquot was used for each
spectrum to minimize the effects of photodecomposition of the
r ] oxygenated complex. The intensities of the-O stretch and
000 e 700 80 900 1000 C—O stretch for [Ca(NOx-XYL)(O2)]?" in dichloromethane and

3000 ——————
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Raman Shift (cm™) acetone as a function of time are plotted in Figure 6. Over the
1600 —— same time period, spectra of aliquots of a 4mM solution ob{Cu
i * B | (XYL-F)(O2)]2" in acetone were recorded as a control for the

stability of a peroxide bound xylyl system that does not decay
via hydroxylation of the arene ring. The concentration of {Cu
(XYL-F)(O2)1?" remained constant throughout the experiment,
and there was no detectable amount of phenoxo-bridged
dicopper complex formed. The decay of the side-on bound
peroxide species in [GINO,-XYL)(O2)]?" in dichloromethane
and in acetone at 195 K followed first-order kinetics with rate
constants of 6.% 10°5s 1+ 0.7 x 10%stand 9.4x 1075
s14+ 1.2 x 1075 s71, respectively, as determined from the
400 e T T R s00 1000 intensity Qf the peroxide stretch at750 chl. with respect to
Raman Shift (cm) solvent ¢ide suprg and assuming 100% side-on peroxide at
Figure 4. (A) Resonance Raman spectra obtained with an excitation timet=0s. T_hese results are C_O”S'Stent with a rate constant
wavelength of 406.9 nm of-8 mM solutions of*0, and 20, [Cu,- calculated previously for the reaction of [ENO,-XYL)(O2)]**
(NO-XYL)(O2)]2* in acetone. Peaks sensitive to oxygen isotope (0 [Clp(NOx-XYL-O-)(OH)]?* at 183 K in dichloromethane of
substitution are labeled with their Raman shifts; an asterisk denotes1.7 x 107° s71.5 The relative concentration of the phenolate
peaks derived from acetone solvent. (B) Resonance Raman spectrgoroduct was determined by comparing the intensity of/ibep)
obtained with an excitation wavelength of 406.9 nm of solutions of at 1320 cm! to the intensity of this peak in a solution of 100%
190, and**0, [Cux(XYL-F)(O,)]*" in acetone. Peaks sensitive to oxygen phenolate product; all spectra were normalized by using the
isotope substltutlor) are labeled with their Raman shifts; an asterisk intensity of solvent at 700 cm (dichloromethane) or 790 crh
denotes peaks derived from acetone solvent. (acetone). The rate constants for the formation of the phenolate

. e product in dichloromethane and acetone of &A05 + 0.7
peroxide (where peroxide is bridging between the copper atoms 105stand 7.1x 105 + 1.1 x 105 s, respectively,

of two binuclezzir .molecules). Resonance Raman spectra Qf [CU were determined (using a first-order equation for growth) from
(XYL-F)(OZ)] in acetone at~180 K at 406.9 nm excitation plotting IN(([O—Olo — [C—OJ—)/[O—OJio) vstime. These
are shown in Figure 4B. The spectrum shows a peak at 735 a5 are in accord (within experimental error) with the side-
cm " that is assigned as the symmetric-O stretch of an  , heroxide species reacting directly to form the phenolate
intermolecularly bound peroxide; this is based upon its low product. However, the viability of the bis-oxo species as the

:‘reqlljellncy which is similar to that observed2+for the intermo- o4 ctive intermediate needs to be assessed. Therefore, since
ecularly bound peroxide in [GINOz-XYL)(O2)]*". Incontrast 0 nner |imit established for the concentration of thebis-

> . .
t0 [Cp(NO-XYL)(O 2_)] g .the |ntermoleculazli pero>.<|de stretch 50 isomer is approximately one thousandth of the concentration
was observed exclusively in [@IXYL-F)(O2)]" solutions, over ¢ e side-on peroxide isomer ([hisoxo]/[side-on peroxide]

the range of-3—8 mM initial concentrations of the dicopper- — —  9013), the calculated lower limit of the rates of reaction
(I) complex, indicating that the fluoride substituent at the ¢ . he bisu-0xo0 isomer to phenolate product at 195 K in

position of arene ring hydroxylation interferes with the intramo- jichioromethane and acetone are 0.05 and 0.8Gespectively

lecular binding of Q. No oxygen isotope sensitive qeak approximately 1000 times faster than the rate that would be
indicative of a bist-oxo species was observed-a600 cnt?. associated with the [GQu-12:77?)-0,]2* isomer reacting directly
Kinetics of Hydroxylation. Attack of the 2-position of the give product.

arene ring by [Cy(R-XYL)(O)]?" leads to hydroxylation and
formation of the phenoxo and hydroxo doubly bridged dicopper-
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(1) complex [Cp(R-XYL-O-)(OH)]?*.” The absorption spec- Discussion

trum of [C(XYL-O-)(OH)]*" has a phenolate to copper(ll) Resonance Raman spectroscopy has identified two species
charge-transfer band at 440 fiemd resonance Raman into this present in high-concentration solutions of FUO,-XYL)-

band (using 488.0 nm excitation) shows the symmetrie @3 (02)]2*; two peaks assigned as the-O stretch of peroxide
vibration of [Cty(XYL-O-)(OH)]*" at 1307 cm*.}” Anintense  pound in au-727? geometry have been observed at 735 and
resonance Raman peak is observed in o(N®;-XYL-O- ~750 cnrl. Solutions of initial Cu(l) concentrations in the

)(OH)]?Tat 1320 cm* with 406.9 nm excitation, which is also range of 3-8 mM of [C(XYL-F)] 2* yielded a single Raman
assigned to the symmetric<O stretch. Using resonance peak at 735 cm! upon oxygenation. An oxygenated, low-
Raman spectroscopy it was possible to monitor the time coursecgoncentration solution of [GINO,-XYL)] 2* (=4 mM) showed
(17) Pyrz, J. W.; Karlin, K. D.; Sorrell, T. N.; Vogel, G. C.; Que, L. @ Single Raman peak at 747 cin Due to the concentration
Inorg. Chem.1984 23, 4581-4584. dependence of the peaks at 735 artb0 cnt! they have been
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Figure 5. Resonance Raman spectra obtained with an excitation wavelength of 406.9 nm-df M solution of [Cy(NO,-XYL)(O2)]?" in
acetone. (Left) The decay of the-@ stretch at 750 cnt. (Right) The growth of the €0 stretch at 1320 cri. An asterisk denotes peaks derived
from acetone solvent.

100 T T T T lated benzene ring. It was postulated that at higher concentra-
0-O stretch ] tions of the dicopper(l) complex an intermoleculasnding
] process may become favorable and the resulting cluster species
] is incapable of arene hydroxylation due to the unfavorable
geometry of the bridging oxygen for xylyl attaékTherefore
the appearance of a resonance Raman peak associated with an
intermolecular peroxide generated upon oxygenation of a high-
concentration solution of the binuclear copper(l) complex{Cu
(NO,-XYL)] 2" is consistent with previous results. In a similar
study, only a small amount3%) of hydroxylated product was
C-O stretch ] recovered from an oxygenated solution of jJCUYL-F)O,]%+
0 in CH,Cl,; the major product from isolation was intact [Eu

0 5000 T000Y oconey | o000 EeQWO (XYL-F)]2"8 This result was ascribed to the presence of an

electronically deactivated ring and a strongEbond; however,

the data obtained from resonance Raman indicate that the major

B =2} [ord
o o [=]

N
o

Concentration (arbitrary units)

10 LT product from oxygenation contains peroxide bound intermo-
2 ol 0-O stretch F lecularly, and therefore inactive toward arene ring hydroxylation.
o Resonance Raman data obtained for{GID,-XYL)(0 2)]2*
£ el and [Cy(XYL-F)(0O,)]?>" show peaks associated with dioxygen
) L bound as peroxide in a-n%n? geometry. No vibrations
5 [ associated with the presence of a §s0);]?" core have been
g 40 observed for oxygenated solutions for a range of initial Cu(l)
g i concentrations. Oxygenation of a related ligand system, where
S ?r } 4,7-diisopropyl-1,4,7-triazacyclononane ligands are tethered by
L COstreteh : amxylyl linker ([(M-XYL Pr4)Cu(CHsCN)J2), vielded both
0l e an intermolecularly bridged bisz-oxo complex (“dimer-of-
0 5000 10000 15000 20000 25000 dimer” and/or oligmeric complexes) and an intramolecularly
Time (seconds) bridged side-on peroxide isom&!® Oxygenation of related
Figure 6. Concentration of side-on peroxide and phenolate product diisopropyl-substituted TACN ligands, in which one of the
as determined from the integrated intensities'@f o) andvc-o) as a nitrogen donors is bonded to GR|, gave binuclear, big-oxo
function of time for [CYU(NO-XYL)(O2)]*" in acetone (top) and  cores!8 with the exception of jf-XYL iPr4)Cu(CHsCN)J?t-
dichloromethane (bottom). (vide suprd indicating that the relatively stiffn-xylyl linker

assigned to intermolecular and intramolecular peroxide-bridged holds the copper atoms sufficiently far apart to inhibit the
copper complexes, respectively. The possibility of intermo- formation of a binuclear, intramolecular hisexo species,
lecular oxygenation occurring with thesexylyl containing characterized by a CtCu distance of approximately 2.8 At
dinucleating ligands has been proposed previotishnalysis is interesting to note that for solutions of [QQNOZ-XYL)(Oz)]2+
of the dinucleating ligand (obtained by extraction) after room- and [Cy(XYL-F)(O2)]?* in acetone and dichloromethane, there
temperature oxygenation of solutions of [gR-XYL-H)]2"
(where R= NO,, ‘Bu, F, and CN) in dichloromethane showed  (18) To'hma”' W. BAcc. CT.em-_Rfagw 30, 227h_?37- - paldnch
% (depending on the concentration of Cu(l) used in _(19) Mal apat_ra, S, Kaderl,_S., Llobet, A.,_Neu od_, Y.-M.; Paldnche
that 10-25% (dep 9 : \ T.; Halfen, J. A.; Young, V. G.; Kaden, T. A.; Que, L.; Zubéer, A.
the reaction solution) of the product did not contain a hydroxy- D.; Tolman, W. B.Inorg. Chem 1997, 36, 6343-6356.
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Scheme 4

is no evidence for the presence of a bisxo species even when

Pidcock et al.

(ca. —1.5 eV). Results of electronic structure calculations for
the side-on peroxide cofeand the bisz-oxo coré?38 can be
used to establish the frontier molecular orbital description and
thus gain insight into the relative reactivities of the two cores.
To facilitate comparison of the molecular orbital descriptions
of the two isomers, results were used from SG&3W density
functional theor§#—2°for both CyO, cores with the same ligand
set: [(NH)aCua(e-%72)02]2 3 and [(NH)4Cuo(u-0)]2+.2031

dioxygen is bound intermolecularly and hence when the The LUMO of theu-#2%5? peroxide isomer (LUM@ge-on peroxidd

constraints on the CuCu distance are relaxed. Therefore it

is calculated to have an energy ©b.4 eV and comprises an

appears that neither the electronic structure of the N-donor antibonding interaction between Cwedz (70%) and G~ n*,

ligands nor the geometric constraints of theylyl linker favor
formation of a bist-oxo isomer for the complexes [@INO,-
XYL)(02)]2* and [Cu(XYL-F)(02)]%.

It has been proposé€ that the hydroxylation of the arene
ring proceedsia direct electrophilic attack of the ring by the

(14.5%). The LUMO of the bigroxo core (LUMQis—,—oxo)

is described by 62% Cu,d, and 20% @& o* in an
antibonding configuration at-6.0 eV3® However, the LU-
MO+1 of the bisu-oxo core is situated only-0.2 eV above
the LUMO and is very similar to the LUMO of the side-on

oxygen-bound intermediate as evidenced by the lack of a peroxide isomer in both orbitals and coefficients (68% Guy

deuterium kinetic isotope effect at the position of arene ring

hydroxylation (thereby precluding H-atom abstraction as the

rate-determining stegy, the increase in the rate of product
formation with the addition of electron-donating substituents
to the arene ringand identification of products from an NIH
shift reaction when methyl is substituted at the 2-position of
the arene ring! Reactivity studies have shown that both the
side-on peroxide complexes [€&NNPY;)(02)]%" and the bis-
u-0xo complex [(TACNMCu)(u-O);]>" exhibit electrophilic
behavior: [Cu(NNPY2)(0)]2" reacts with PPfito yield O=
PPh and oxidizes 2,4-diert-butylphenol to 3,35,5-tetratert-
butyl-2,2-dihydroxybiphenyl under an inert atmosphéte;
[(TACNBMCu)(u-O),]%" reacts with ferrocene in the presence
of HBF4EtO, to give [CpFel" and generates 2 equiv of
monomeric Cu(ll)-semiquinone complexes upon reaction with
catecholg3 The analysis of the kinetic data obtained for the
reaction of [CU(NO-XYL)(O2)]?" to [Cu(NOx-XYL-O-)-

and 14%ax*,).31 Thus, the possible GO, core molecular
orbitals which can participate in the reaction contain thé& O
7*, and o* orbitals. From the X-ray crystal structure of the
product (Figure 7A), it can be seen that the-O—C2—-C5
vector is close to linear but the arene ring is tilted approximately
35° to the plane of the GO, plane. A reaction pathway
involving the o* (oxygen component of LUM@s—,—oxo) iS
possible for both the big-oxo and the side-on peroxide isomers;
although theo* containing molecular orbital for the side-on
peroxide core is calculated to be at a much higher enerdyQ

eV) than that of the big~oxo core (6.0 eV), it has a greater
oxygeno* orbital coefficient of ~60%. Approach of the*
along the C5C2—-02-01 axis would lead to a symmetry-
forbidden overlap (no net bonding) with the orbitals of
HOMOgenzene(Figure 7B, bottom). However, the oxygeri
orbital could interact with HOM@nzenelf it approached ther
orbitals of the arene ring either above or below the plane. For

(OH)J?" suggests that either the side-on peroxide isomer reactsa nonzero overlap betweeri and HOMOhenzendthe arene ring

directly to form the phenolate product at a rate~af x 105

would have to tilt away from the GO, core (Scheme 5,

s 1 or, to be the dominant species responsible for the formation bottom). Due to the square-based pyramidal geometry of the

of the product, a small amount of hisexo isomer present in
equilibrium reacts> 1000 times faster than the observed decay
of the peroxide species.

If the bis.u-0xo0 isomer is the reactive oxygen intermediate,

5-coordinate Cu(ll)’s, the angled orientation of the arene ring
(and hence the amino nitrogens oriented on the same side of
the CyO; core) would require the two tridentate nitrogen donor
units to be in an “eclipsed” configuration, and this axial

its greater reactivity must be ascribed to a more electrophilic ligands on the opposite side of the L4 plane to the arene
character than the side-on peroxide isomer. A considerationring, to minimize steric repulsion between the arene ring and

of the reactivities of the big-oxo and side-on peroxide isomers
can be made with use of frontier molecular orbital theory. In
general the important frontier orbitals for electrophilic attack
are the LUMO (lowest unoccupied molecular orbital) of the

electrophile and the HOMO (highest occupied molecular orbital)

of the nucleophilej.e. the LUMO of the CyO, core and the
HOMO of arene ring. A small HOM©LUMO splitting will
yield a large interaction energy for the reaction. Also the

symmetry of the interacting orbitals and the coefficients of these

orbitals in the relevant frontier molecular orbitals have to be
considered. If the arene ring of [Qi-XYL)(O2)]2" is

the pyridine rings. In fact, an X-ray crystal structure of a related

(24) Johnson, K. H.; Norman, J. G., Jr.; Connolly, J. WC@mputational
methods for Large Molecules and Localized States in Sdfigsum: New
York, 1973.

(25) Slater, J. CThe Self-Consistent Field for Molecules and Solids:
Quantum Theory of Molecules and SojitcGraw-Hill: New York, 1974;
Vol 4.

(26) Connolly, J. W. DSemiempirical Methods of Electronic Structure
Calculation, Part A: Technique$lenum: New York, 1977.

(27) Cook, M. R. Ph.D. Thesis, Harvard University, 1981.

(28) Case, D. AAnnu. Re. Phys. Chem1982 33, 151-171.

(29) Cook, M. R.; Case, D. AQCPE 1982 33, 21-22 (No. 465).

(30) Henson, M. J.; Mukherjee, P.; Stack, T. D. P.; Solomon, E. I. To

approximated to benzene, the HOMO is degenerate andbe submitted. Note: The Amsterdam density functional program gives

comprises the MO’s shown in Scheme 4.
The energy of the HOMO, estimated from the ionization
potential, is—9.2 eV and the LUMO is to much higher energy

(20) Cruse, R. W.; Kaderli, S.; Karlin, K. D.; Zubéthier, A. D.J. Am.
Chem. Soc1988 110, 6882-6883.

(21) Nasir, M. S.; Cohen, B. I.; Karlin, K. DI. Am. Chem. S0d 992
114, 2482-2494.

(22) Paul, P. P.; TyektaZ.; Jacobson, R. R.; Karlin, K. . Am. Chem.
Soc 1997, 113 5322-5332.
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1996 118 11575-11586.

results in accord with those obtained from SCE&-8W, performed with
an adjusted sphere radius of 2.95 Bohr for copper.

(31) Crameeet al. have performed calculations using multiconfigurational
ab initio theory on the side-on peroxide and pisxo isomers; the LUMO
of the bisu-oxo and side-on peroxide isomers are described by an
antibonding interaction between the Cu-¢¢ and oxygent*,, with the
LUMO(side-on peroxide)~1.1 eV below that of the LUMO(big-0x0) 32
The descriptions of the energies and composition of the frontier molecular
orbitals for both the side-on peroxide and pi®xo cores appear to be
relatively independent of the type of calculation usall ifitio and Density
Functional Theory).
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Figure 7. (A) Views of the X-ray crystal structure of [G(H-XYL)-
(O-)(OH)P?* (left) perpendicular to the GO, plane and (right) parallel
to the CuO; plane. Ligand backbone removed for clarity. (B) (Left)
lllustrations of the molecular orbitals containing, (top) ando*
(bottom) viewed from perpendicular to the £y plane. (Right)
Interaction of ther*,, (top) ando* (bottom) with the HOMO of benzene
viewed along the 0102 axis.
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system (where one carbon atom is removed from the xylyl
linker) [Cl(UN—O-)(OH)?" shows that the equivalent €5
C2—02-01 vector is no longer linear; the arene ring is at an
angle of 143 to the CuyO, core, and the axial pyridines are
orientedcis and on the opposite side to the arene Ahglrhe
crystal structure of the product gti-XYL-O-)(OH)]%" 7 shows

the axial pyridines to be in siansconfiguration, indicating the
arene ring remained approximately parallel to the@ucore
during attack, thereby decreasing the likelihood of an angled
approach by the &~ ¢* containing molecular orbital.

Due to the dihedral angle of35° of the arene ring with
respect to the G0, plane, the G~ z*, orbital, present as
approximately 14% of both the LUM{e on peroxide and
LUMO+1pis—,—oxo Would have a symmetry allowed interaction
with HOMOyenzene (Figure 7B, top). Since the energies of
LUMOside-on peroxidedNd LUMOH1is—,—oxo @re separated by only

(33) Nasir, M. S; Karlin, K. D.; McGowty, D.; Zubieta, J. Am. Chem.
Soc 1991 113 698-700.
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~0.4 eV, and the coefficients of these MO’s are very similar,
the reactivity of both isomers toward electrophilic attack of the
arene ring viar*, is expected to be comparalste.The same
conclusion can be reached by using the results of the calculations
of Crameret al32 due to the similarity of the LUMO for the
bis-u-oxo and side-on peroxide cores. Further, from copper
K-edge studie€? there is significant additional charge donation
from copper to the oxo in the bjg-oxo isomer relative to the
side-on peroxide structure, which is consistent with SQF-X
calculations®® and would disfavor electrophilic attack by the
oxo-bridge. Certainly there appears to be little evidence to
suggest that the bjg-oxo isomer is more reactive in arene ring
hydroxylation and hence the “fast” reaction rate of the /is-
oxo isomer in comparison to the side-on peroxide species (which
is required by the large concentration difference in solution
observed with resonance Raman) is not supported by the MO
description of the relative reactivities. However, hydrogen atom
abstraction reactions which may proceea the o* molecular
orbital of the CyO, core appear to be favored by the pissxo
isomer due to the deeper energy of thecontaining MO 6.0

eV) compared with that of the side-on peroxide cord 0 eV),

as observed experimentally by Tolmanal 2319

Tyrosinase exhibits striking similarities to the coupled bi-
nuclear copper site in hemocyarfinThe main difference
between the two sites appears to be the higher accessibility of
the tyrosinase active site to exogenous ligai¥dSyrosinase
activates @ for reaction with phenols oxygenating them to
o-quinones. The side-on bound peroxide is activated for
cleavage due to the presence of some peroxideharacter in
the HOMO, which weakens the -@ bond3® It has been
demonstrated that the monophenol substrate binds directly to
the copper at the active site and undergoes an associative
rearrangement toward the equatorial plane for hydroxylation.
Since the phenol substrate is a good electron donor ligand,
coordination of substrate to the copper center would shift
electron density into the LUMO, which is antibonding with
respect to both the CuvO and G-O bonds. The question of
whether bond scission occurs prior to or concomitant with
substrate activation is as yet unansweted.

However, the observation of inter- and intramolecular side-
on peroxide isomers in solution with use of resonance Raman,
the results obtained from the kinetic study of the reaction of
[Cup(NO2-XYL)(02)]%" to [Cl(NO2-XYL-O-)(OH)] 2" and the
application of frontier molecular orbital theory to the relative
reactivity of the side-on peroxide and hisaxo isomers indicate
that hydroxylation of the arene ring in [@XYL)(O2)]?*
complexes is likely to occur via a*, mechanism involving
direct attack by thew-2%1? peroxo dicopper core.
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