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Abstract: Mechanistic studies on the aliphatic ligand hydroxylation in a copper complex of tridentate ligand
la{N,N-bis[2-(2-pyridyl)ethyl]-2-phenylethylamireby O, have been performed in order to shed light on the
structure and reactivity of the active oxygen species of our functional model for copper monooxygenases
(Itoh, S.; et al.J. Am Chem Soc 1995 117, 4714). When the copper complex [Glia)(ClOy),] was treated

with an equimolar amount of benzoin and triethylamine in,Chlunder Q atmosphere, efficient hydroxylation
occurred selectively at the benzylic position of the ligand to provide oxygenated praaldt,N-bis[2-(2-
pyridyl)ethyl]-2-phenyl-2-hydroxyethylamifequantitatively. An isotope labeling experiment usit,
confirms that the oxygen atom of the OH group2mmoriginates from molecular oxygen. Spectroscopic analyses
using UV-vis, resonance Raman, and ESR on the reaction d{{@J* and Q at low temperature show that
au-n%n?-peroxodicopper(ll) complex is an initially formed intermediate. Kinetic analysis on the peroxo complex
formation indicates that the reaction of the Cu(l) complex and the monomeric superoxocopper(ll) species is
rate-determining for the formation of ther%n2-peroxodicopper(ll) intermediate. When ligabdis replaced

by 1,1,2,2-tetradeuterated phenethylamine derivdtard,, a relatively small kinetic deuterium isotope effect
(ka/kp = 1.8 at—40 °C) is observed for the ligand hydroxylation step. The rate of the hydroxylation step is
rather insensitive to the-substituent of the ligand [(PyCGlEH,).NCH,CH,Ar, 1a Ar = C¢Hs; 1b Ar =
p-CHsCeH4, 1c Ar = p-ClCgH4, and1d Ar = p-NO,CgH4)], but it varies depending on the solvent (THF
acetone> CH3;0H > CH,Cl;). Thep-substituent, the solvent, and the kinetic deuterium isotope effects suggest
that O-O bond homolysis of the-12%r?-peroxodicopper(ll) intermediate is involved as a rate-determining
step in the aliphatic ligand hydroxylation process. Based on the results of the kinetics and the crossover
experiments, we propose a mechanism involving intramolecutdd 6ond activation in a big-oxodicopper-

(1N type intermediate for the ligand hydroxylation reaction.

Introduction using simple metal complexes have been also performed to
. . . . provide valuable insight into the £binding mode and its
There has been considerable interest ipbibding and activation mechanism at several metal centers not only in the

-activation by “Oﬂ'heme m_etalloenzy €s. Several types of enzymatic systems but also in catalytic processes of organic
mono- and multinuclear iron/copper centers of Carrier :
seynthe5|s.

enzymes and oxygenases have been characterized by extensivi During the past decade. there has been much proaress in Cu/
spectroscopic studies, and some of their deoxy and oxy forms 9 pastc ’ prog
' » .~ O, chemistry. Karlin and co-workers reported the first example
have been structurally identified by recent X-ray crystallographic ST T .
of aromatic ligand hydroxylationin a dinuclear copper(l)

investigation$. Model studies on @binding and activation complex by G (Scheme 1), opening the current research field

T Osaka University. of Cu/Q; bioinorganic chemistry247.8 Reversible @-binding
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to a series of dinuclear copper(l) complekasd the first crystal F G
structure ofransyu-1,2-peroxodicopper(ll) complex (in Chart +
1)1° have attracted many researchers in the related area. N Me (j 1
Kitajima_ and Moro-oka's group reported another type of X /o\cu/N
u-peroxodicopper(ll) complex k_mavmg//em?:n2 core @)11 that NN
is finally concluded to exist in the enzyme active site of Me N cfg'_'oo\ P Me
oxyhemocyanirt? Introduction of a sterically hindered sub- Lul >0
. . . (o] N
stituent such as theert-butyl group into the ligand face of the N W N
O»-binding pocket made it possible to isolate a monomeric D e O
superoxocopper(ll) species in a similar side-on fash@n'¢14 H

Tolman and co-workers have further extended the Gu/O
chemistry to provide valuable information about the-O  in CH,Cl, at—80°C, where a hydrogen atom abstraction occurs

activation mechanism at copper ion centers (Schem& 2.  only from the methine carbon of the isopropyl substituent with
They also qbserved for_mation ofwnz:nz-peroxodicopper(ll) a little amount ofN-dealkylation £15%)15 When the sub-
species ) in the reaction of [-PTACN)Cu(CHCN)]* (i- stituent of the TACN ligand is replaced by benzyl group; @

PrTACN = 1,4,7-triisopropyl-1,4,7-triazacyclononane) with O bond homolysis takes place to afford hissxodicopper(lll)
(9) (a) Karlin, K. D.; Haka, M. S.; Cruse, R. W.; Gultneh, ¥.Am mterme@ateE L.mder the Same experimental C(;Ingltléﬁsivlorg

Chem Soc 1985 107, 5828. (b) Karlin, K. D.; Cruse, R. W.; Gultneh, Y.;  interestingly, interconversion between tpe;“#?-peroxodi-

Faroog, A.; Hayes, J. C.; Zubieta,J.Am Chem Soc 1987, 109, 2668. copper(ll) species and the hisexodicopper(lll) species is

(c) Karlin, K. D.; Haka, M. S.; Cruse, R. W.; Meyer, G. J.; Farooq, A.; i i
Gultneh, Y.; Hayes, J. C.; Zubieta,J.Am Chem Soc 1988 110, 1196. observed just by changing the solvent between@jaind THF,

(10) (a) Jacobson, R. R.; Tyékl&Z.; Faroog, A.; Karlin, K. D.; Liu, S.: where the.oxidativexl-d.ealkylatipn occurs efficiently from the
Zubieta, J.J. Am Chem Soc 1988 110, 3690. (b) Tyekla Z.; Jacobson, bisu-oxodicopper(Ill) intermediaté’*® Stack and co-workers
R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.; Karlin, K. 0. Am Chem have recently demonstrated that a similar disxodicopper-

Soc 1993 115, 2677. . - )
1) (2) Kié\jima, N.; Fujisawa, K.; Moro-oka, Y. Toriumi, K. Am (1) species F) can be generated by starting with a copper(l)

Chem Soc 1989 111, 8975. (b) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; complex with a bidentate ligand such as ethylenediamine
Moro-oka, Y.; Hashimoto, S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.;  derivatives (Chart 2)?20 In this case, a novel trinuclear Cu-
Nakamura, AJ. Am Chem Soc 1992 114, 1277.
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W. B. J. Am Chem Soc 1994 116, 9785. 1996 118 11575.



2892 J. Am. Chem. Soc., Vol. 120, No. 12, 1998 Itoh et al.

(INCu(ID)Cu(lll) mixed valence complex with twaqiz-0xo Scheme 3
bridges () is also formed, probably due to the reaction between

the bisu-oxodicopper(lll) intermediate and another Cu(l)

species® Krebs and co-worker reported another type of
tetranuclear Cu(lk) us-peroxo species! which was produced

by the treatment of Cu(ll) ion and the bidentate phenolate J/NI

diamine ligand with 3,5-diert-butyl catecolate (reductant) under
aerobic condition&®d Py Py
In contrast to the quantitative aromatic ligand hydroxylation 1a
reaction observed in a series of dinuclear copper(l) complex
0, systems;20 quantitative aliphatic ligand hydroxylations
still very rarel819a.21 |n this context, we have recently found
that quantitative ligand hydroxylation occurs selectively at the
benzylic position of the substrate moiety of the ligand, when
[CU'(18)(ClOy)7] (I, 1a = N,N-bis[2-(2-pyridyl)ethyl]-2-phe-
nylethylamine) is treated with an equimolar amount of benzoin
and triethylamine under £atmosphere (Scheme %).Such a
system can be regarded asfunctional modelfor copper PY o, PY
monooxygenases catalyzing alkane hydroxylation reactions such
as particulate methane monooxygenase (pMMO), dopamine
p-hydroxylase ([pH), or peptidylglycine a-amidating mo-
nooxygenase (PAM). Here, we have performed mechanistic
studies of the aliphatic ligand hydroxylation reaction (Scheme J
3) to demonstrate that the benzylic hydroxylation occurs via a

o O

H
g  EtoN

(r?t,HgC;IQ , under Ar 2) 0,
’ rt,24h

NH,4OH aq OH
Py

I P Y T
< .*”;cuig:c'ufp ™
Py

2a 100%

rate-determining ©0 bond homolysis of a-7%#n?-peroxodi-
copper(ll) complex formed from [C(La)]* and Q during the
course of the reaction.

product analyses of the crossover experiments.

Results and Discussion

Aliphatic Ligand Hydroxylation (Product Analysis and
Stoichiometry). During the course of @activation process in
enzymatic systems, electrons are injected intoaDa metal

center from an external electron donor, such as ascorbate in

DBAH and PAM?23® To mimic such a process, we first tried to

examine the reaction of the Cu(ll) complex of tridentate ligand
laand Q in the presence of a reductant (Scheme 3). The Cu

(1) complex [CU'(1a)(ClOy),] (I in Scheme 3¥ was treated

with an equimolar amount of the 1,2-enediolate derived from
benzoin and triethylamine, which is used as a model of

(19) (a) Mahadevan, V.; Hou, Z.; Cole, A. P.; Root, D. E.; Lal, T. K;
Solomon, E. I.; Stack, T. D. Rl. Am Chem Soc 1997 119, 11996. (b)
DuBois, J. L.; Mukherjee, P.; Collier, A. M.; Mayer, J. M.; Solomon, E. |.;
Hedman, B.; Stack, T. D. P.; Hodgson, K. @.Am Chem Soc 1997,

119 8578. (c) Cole, A. P.; Root, D. E.; Mukherjee, P.; Solomon, E. |;

Stack, T. D. PSciencel996 273 1848. (d) Reim, J.; Krebs, BAngew
Chem, Int. Ed. Engl. 1994 33, 1969.

Mechanisms of the hydroxylation
process are discussed on the basis of the results of kinetics an

ascorbaté® in CH,Cl, at room temperature f&® h under Ar.

The mixture was then stirred under an atmospheric pressure of
, for 24 h. The hydroxylated ligand®2a was isolated
uantitatively (100%) after an ordinary workup treatment of the

reaction mixture with aqueous NBH and following extraction

by CH,Cl, (Scheme 3%

The mass spectroscopic analysis of the modified ligaad
obtained in the same reaction wittO, (96% content) clearly
showed that the oxygen atom of the OH group came from
molecular oxygen (more than 95% &0 was incorporated;
peak height of M:(M*+ 2) = 11:100). The stoichiometry of
O, to Cu(ll) in this reaction was determined as 1:1 by a
manometric measurement. The ligand hydroxylation was only
observed in the presence of all reaction components together,
i.e., benzoin, triethylamine, and,@n addition to the copper
complex.

The same reaction as shown in Scheme 3 occurred when
[Cul(1a)]PFs was treated with @in CH,Cl,. In this case,
however, the yield of hydroxylation was not more than 50%
based on the Cu ion, and the stoichiometry of Gub®came
2:1. Such a stoichiometry indicates clearly that 2 equiv of
electrons and 1 equiv of Qare required for the single ligand
hydroxylation process (50% conversion). Starting from Cu(l),
the isolated yield of the hydroxylated ligand reached the

(20) (a) Gagne, R. R.; Gall, R. S.; Lisensky, G. C.; Marsh, R. E.; Speltz, maximum value (50%) in about 5 h, while starting from Cu(ll)

L. M. Inorg. Chem 1979 18, 771. (b) Nasir, M. S.; Karlin, K. D.; McGowty,
D.; Zubieta, JJ. Am Chem Soc 1991, 113 698. (c) Casella, L.; Gullotti,
M.; Pallanza, G.; Rigoni, LJ. Am Chem Soc 1988 110, 4221. (d) Gelling,
0. J.; Meetsma, A.; Feringa, B. lnorg. Chem 199Q 29, 2816. (e) Sorrell,
T. N.; Vankai, V. A.; Garrity. M. L.Inorg. Chem 1991, 30, 207.

(21) (a) Sprecher, C. A.; Zuberbler, A. D Angew Chem 1977, 89,
185. (b) Urbach, F. L.; Knopp, U.; Zubetbigr, A. D. Helv. Chim Acta
1978 61, 1097. (c) Thompson, J. S. Am Chem Soc 1984 106, 8308.
(d) Patch, M. G.; McKee, V.; Reed, C. Anorg. Chem 1987, 26, 776. (e)
Koziol, A. E.; Palenik, R. C.; Palenik, G. J. Chem Soc, Chem Commun
1989 650. (f) Capdevielle, P.; Maumy, Mletrahedron Lett1991 32,
3831. (g) Amade E.; Alilou, E. H.; Eydoux, F.; Pierrot, M.; Rgdier, M.;
Waegell, B.J. Chem Soc, Chem Commun1992 1782. (h) Allen, W. E.;
Sorrell, T. N.Inorg. Chem 1997, 36, 1732.

(22) Itoh, S.; Kondo, T.; Komatsu, M.; Ohshiro, Y.; Li, C.; Kanehisa,
N.; Kai, Y.; Fukuzumi, SJ. Am Chem Soc 1995 117, 4714.

(23) Stewart, L. C.; Klinman, J. Annu Rev. Biochem 1988 57, 551.
(24) Crystal structures of the copper(ll) compleand dimeric copper-
(I1) complexJ of the hydroxylated ligan@a (Scheme 3) have been reported

in ref 22.

in the presence of benzoin and triethylamine, it took about 24
h to reach completion. When hydroquinone (1 equiv), a more
powerful reductant than benzoin, was used as an electron donor,
the rate of the reaction became as fast as that starting from Cu-
(). The yield of hydroxylation was lower (62%), however,
probably because hydroquinone itself reacted witht® be
oxidized to benzoquinone under the present reaction conditions.
These results indicate that the reduction of Cu(ll) to Cu(l) is
the rate-determining step in the benzoin/triethylamine system
at room temperature.

Reaction Intermediate. The hydroxylated ligan®a was
also obtained in 33% yield when [€{1a)(ClO,),] was treated
with H2O; (10 equiv) in CHOH for 18 h under Ar. On the

(25) Itoh, S.; Mure, M.; Ohshiro, YJ. Chem Soc, Chem Commun
1987 1580.
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Figure 1. Spectral change observed upon introduction 9f&s into the THF solution of [C(L)]PFs (2.5 x 1073 M) at —80 °C in a 1 mmpath
length UV cell: (A) Q-adduct formation, 30 s interval; (B) ligand hydroxylation, 5 min interval.

S 1
3
1802 704 c
2 80
—~ 800
i-:«o.s - 3
'2 <, soof
3 < 100}
160 746 :
2 < 200}
<
haed c 1 1 1
0 20 40 60
T T T T T T 1 0 1 |Tirne /s
550 600 650 700 750 800 850 0 50 100 150
Raman shift, cm™ ' Time/s

Figure 2. Resonance Raman spectra obtained with 514.5 nm excitation Figure 3. Time course of the absorption change at 362 nm in the
on frozen (77 K) acetone solutions of (A) [G-%0,)(1a-da)2](PFs)2 reaction of [CY(1)]PFs (2.5 x 102 M) and & in THF at —80 °C.
and (B) [Cu 2(u-120,)(1a-da)2](PFe)2. Inset: second-order plot based on the absorbance change at 362 nm.

other hand, the reaction witkrt-butyl hydroperoxide, cumene
hydroperoxide, om-chloroperoxybenzoic acidrtCPBA) gave
no hydroxylation product under the same experimental condi-
tions as those with 40,26 These results together with the
stoichiometry mentioned above (Cu(1}:©& 2:1) indicate that
a u-peroxodicopper(ll) species is involved as a reaction
intermediate.

Figure 1 shows the spectral change observed upon introduc-
tion of O, gas into a THF solution of [C(1a)]PFs at —80 °C.
The Cu(l) complex itself has no characteristic absorption in the
visible region, but introduction of £yas into the solution causes
a drastic spectral change. After a few minutes, we obtained a
spectrum with a strong absorption at 362 nm together with a

small one around 526 nm (Figure 1A). The final spectrum Mediate ataround 600 cth o
shown in Figure 1A is very close to that reported fepZy?- At the prolonged reaction time, the characteristic spectrum

speciesB in Chart 1 and in Scheme 2. Essentially the same ©Of the u-n%n*peroxodicopper(ll) species gradually decreases
spectrum was obtained independently in the reaction of{Cu €ven at the low temperature as shown in Figure 1B, which
(18)(ClOy)2] and HO- (10 equiv) in the presence of a base such corresponds to the ligand hydroxylation reaction as discussed
as triethylamine. Furthermore, this species was ESR silent, below.

indicating that there is a strong anti-ferromagnetic interaction  O2-Binding Process. Figure 3 shows the time course of the

between the two cupric ions as seen in the case of pthgr absorption change due to formation of the;%»?2-peroxodi-
n? core system&l15 copper(ll) complex at the low temperature in THF. In order to

Resonance Raman spectra of the intermediate provided akeep the @concentration constant, dioxygen gas was continu-
further evidence of the-1%,2-peroxodicopper(ll) core structure.

Figure 2 shows the resonance Raman spectrum obtained with
514.5 nm excitation on a frozen (77 K) acetone solution of
[Cu"(u-1%02)(1arda)2](PFs)2 (1a-ds = N,N-bis[2-(2-pyridyl)-
ethyl]-1,1,2,2-tetradeuterio-2-phenylethylamine). A character-
istic absorption is observed at 746 chihat shifts to 704 cmt
upon0, substitutior?” The observeao—o value at 746 cmt

and the isotopic shiftAv = 42 cnt?) are very close to those
reported for the structurally characterizedy?n?-peroxodicop-
per(ll) complex by Kitajima et al! and other related sys-
tems!>28confirming thatu-peroxodicopper(ll) complex formed

in the present system hasuan®n? core. There is, however,
no evidence for formation of the bisoxodicopper(lll) inter-

(27) High reactivity of theu-peroxodicopper(ll) complex has precluded
(26) Ralier et al. reported that the ligand hydroxylation occurs only at getting a solution resonance Raman spectrumg& °C: Itoh, S.; Nakao,

the o-position of one pyridine nucleus in the reaction of Cu(l) complex of H.; Fukuzumi, S.; Mukai, M.; Kitagawa, T. Unpublished results.

the same ligandawith iodosylbenzene: Rygier, M.; Amadéj E.; Tadayoni, (28) Sorrell, T. N.; Allen, W. E.; White, P. Snorg. Chem 1995 34,

R.; Waegell, B.J. Chem Soc, Chem Commun 1989 447. 952.
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Figure 4. Eyring plot for the formation of tha-»2n?peroxodicopper- Figure 5. First-order plot for the ligand hydroxylation process in THF
(I) intermediate in THF. at —80 °C.
Scheme 4 oxocopper(ll) intermediate and another Cu(l), is rate-determin-
Kon ing. The activation parameters for the formation of the
[Cu'(1a)]" + O, —=__ [Cu'(1a)(0,)]" monomeric superoxocopper(ll) intermediate (the first step) and

of the formation of theransu-1,2-peroxodicopper(ll) complex (the

second step) were reported ABl* = 32 4+ 4 kJ mol?, ASF =

144 18 JK'I mol~t andAH* = 144+ 1 kJ mol!, AS" = —78

+ 2 J K mol™%, respectively?! In the case of-PrTACN
ligand system (see, Scheme 2), superoxocopper(ll) complex
formation (the first step) is the rate-determining step and the
i i i activation parameters areH* = 37.2+ 0.5 kJ mot? andASf
ously supplied by gentle bubbling. Although there is a small — _g> 4 2 3 k-1 mol-1172 These values are close to those of
lag phase at the very beginning of the reaction due to the time e syperoxocopper(ll) complex formation with sterically more
required for Q-saturation |n'to the solutioff, the tlmg course hindered BQPA [bis(2-quinolyl)(2-pyridyl)methylamine] ligaf#.
after the lag phase can be fitted by second-order kinetics. Thetg the present system is closer to that of the Karlin's system
second-order rate constant was obtained as the slope of the lineay;i, regard to the @binding3? although the overall @binding

line of the second-order plot shown in the inset of Figure 3. ,5cess s irreversible at the low temperature. When the solution
The observed second-order rate constant was essentially constands ine u-nZn2-peroxodicopper(ll) complex of the present system
(11+ 1 M~1s™!) within a wide range of the initial concentrations ;a5 subjected to vacuum at the low temperatures (fr@8 to

of the Cu(l) complex from 0.45 to 5.9 mM. Thus, it can be ~_gg o). there was no spectral change due to the dissociation
concluded that the bimolecular reaction between the monomeric O, from the peroxo intermediaf&. Several factors such as

superoxocopper(ll) complex [¢(18)(O,)] " and another Cu-  gteric hindrance, hydrophobicity in the-®inding pocket, and

(I) complex is rate-determining (Scheme 4), although direct {he redox potential of the copper center may be responsible for

detection of such a monomeric superoxo species has not been,ch differences in reactivity of the Cu(l) complexes toward
successful yet? From the dependence of the rate constants on o

the reaction temperature shown as an Eyring plot in Figure 4 ~yinetics of the Benzylic Ligand Hydroxylation. In contrast
weriobtalned the activation enthalpyH) of 19.3+ 0.4 l‘f to the bimolecular @binding process, the ligand hydroxylation
m°|71 and the aczt!v?tlon entropA§’) of —91.6+ 2.0 J K° reaction (the second-phase process, Figure 1B) obeys first-order
mol ™ for theﬁf"? m*-peroxodicopper(l) complex formation.  yinetics with respect to the peroxo complex as indicated in

_In the Karlin's system shown in Scheme 1, reversible rig,re 5. The activation parameters are determinetlikis=
dioxygen binding to the dinuclear Cu(l) site occurs in a single g 14 1.0 kJ mot! andAS = —155+ 5 J K- mol-2 by the
observablelstep with the low activation enthalpyH’ = 8.2+ Eyring plot shown in Figure 6 (line H). Such a large negative
(1.1 kJ mof™) arl? thefrg()ely negative activation entropyt AS value suggests that the rate-determining step of the
= —146=+ 1 JK™'mol™).>> They suggested that theperoxo Ly qroxylation reaction requires a highly constrained transition
intermediate had a bept?7? core that underwent the aromatic  gtate as discussed below.

ligand hydroxylation reaction in Scheme 1. They also inves-  ginetic deuterium isotope effect on the ligand hydroxylation
tigated the reverslble formation Uhns—y-l,Z-peroxodmopper- process was examined usifig-d, as a ligand. As in the case
(I) complex using the monomeric Cu(l) complex with a o 15 only the benzylic position of the phenethylamine sidearm
tetradentate ligand (se® in Chart 1), where they detected a 55 hydroxylated in a 50% yield, when [Cla-ds)]PFs was
monomeric superoxocoppe.r(ll) intermediate. In such'a Case, treated with @ in CH,Cl, at room temperature for 24 h. The
the second step, the reaction between the monomeric supersy NMR spectrum of the organic product obtained in a similar
(29) Direct injection of aconcentrated solutiorf the Cu(l) starting workup treatment clearly showed that the ethylene group of the

materials into the solvent saturated with dioxygen at the low temperature pyridine sidearms remained intact and that all proton peaks of
may remove the lag phase observed in Figure 3, enabling us to detect the
initially formed Cu(l)-superoxo intermediate (Scheme 4). However, the (31) (a) Karlin, K. D.; Wei, N.; Jung, B.; Kaderli, S.; Zubétidar, A.

limited solubility of the Cu(l) starting materials in THF has precluded doing D. J. Am Chem Soc 1991, 113 5868. (b) Karlin, K. D.; Wei, N.; Jung,

rds | ki[Cu'(1)]"

[011”2(15’)2(022.)]2+

this experiment. B.; Kaderli, S.; Niklaus, P.; Zubeiller, A. D.J. Am Chem Soc 1993
(30) (a) Cruse, R. W.; Kaderli, S.; Karlin, K. D.; Zubéttdar, A. D. J. 115 9506.

Am Chem Soc 1988 110, 6882. (b) Karlin, K. D.; Nasir, M. S.; Cohen, (32) The follow-up reaction (ligand hydroxylation) prevents us from

B. I.; Cruse, R. W.; Kaderli, S.; Zubethler, A. D.J. Am Chem Soc examining the reversibility of the £binding at higher temperature (40

1994 116, 1324. °C).
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8 - Table 1. Solvent and Counteranion Effects on the UVis
Spectrum and the Formation and Decay Rate Constantmn(lk,)
of the u-n%n?-Peroxodicopper(ll) Complex at80 °C
A0k run solvent counteranién Ama® ki(M7tsl) 10%(s™)
X 1 THF PR~ 362 10.0 8.1
2 acetone PE 362 2.0 4.8
= 3 CHOH PR~ 362 2.0 3.1
-2 4  CHCl, PR~ 362 0.14 0.86
5 CHOH ClOy~ 362 21 3.2
6 CHOH CRSO;- 360 0.61 3.0
14 7 CHOH BPh~ 362 1.9 2.8
aThe counteranion effect was investigated mainly in,OH because
. of the low solubility of the CIG™ and BPhli™ salts in THF.? Although
4 4.5 5 5.5 the emax value could not be determined directly because of the
108 71/ K subsequent ligand hydroxylation reactida process), themax values

were estimated to be (1.560.06) x 10* M~ cm™! by computer curve

Figure 6. Eyring plot for the ligand hydroxylation of (H) [C(La)]- fitting of the second-order plot for thie process.

PR, and (D) [Cu(1a-ds)]PFs by O, in THF.
formation of theu-12n?-peroxodicopper(ll) complexk() and

the hydroxylated ligand fronia-ds were identical to those of  the ligand hydroxylation stefx{) were then determined in each

2a An Eyring plot for the ligand hydroxylation reaction of  solvent system. It is obvious that bokh and k, values vary

[Cu'(1a-ds)]PFs by O is also shown in Figure 6 (line D). The  sjgnificantly depending on the solvent. Although both of the

kinetic isotope effect (KIE) for the ligand hydroxylation process rate constants have no relation with dielectric constanbt

was 5.9 at-80 °C in THF, but the KIE value decreases to 1.8 dipole moment of the solvents, a solvent having an oxygen donor

at—40°C. The small KIE value shows a sharp contrast with apjlity such as THF enhances both processes. Interestingly, the

the case of [Ca(u-O)(L)2]*" (Scheme 2 and Chart 2), where  |igand hydroxylation K, process) proceeds most efficiently in

significant kinetic deuterium isotope effects were obseried: THF (run 1) which is the most favorable solvent for the
ko = 26 for L = i-Prs-TACN andku/ko = 40 for L = Bns- formation of bisu-oxodicopper(lll) species in the reaction of
TACN at—40°C in THF andka/kp = 3.0 for L = N,N,N',N'- [(i-PBTACN)CU(CHCN)]* and Q (Scheme 2), while it
tetraethylcyclohexanediamine at 2@ for the oxidative proceeds most slowly in Ci€l, (run 4) in which -5y
N-dealkylation process (€H bond cleavagelf19%% Similarly, peroxodicopper(ll) complex is a major component in iths-

Que et al. recently reported a very large kinetic deuterium TACN system.

isotope effect ofki/kp = 20 at—40 °C for the hydrocarbon Counteranions have been also demonstrated to affect the ratio

hydroxylation by a high-valent [Rgu-O)(TAP)]** species  of y-y2:2-peroxodicopper(ll) to big-oxodicopper(lll) speciek$®

[TAP = tris(2-pyridylmethyl)amine}* From the Eyring plot  Tolman et al. reported that ClO and Pk~ gave only bisx-

shown in Figure 6 are determined the activation parameters asoxo species in THF but that GEO;~ and BPh~ gave a 4:1

AHp* = 40.3+ 1.3 kJ mof! and AS* = —107+ 6 J K™ mixture of u-y%n2-peroxodicopper(ll) complex and bis-

mol™. The extrapolation of the Eyring plots gives the KIE oxodicopper(lll) complex. As seen in Table 1 (compare runs

value being unity at-16 °C, when the rate-determining step 3 and 5-7), the major species formed in the present system is

may be a process that precedes the hydrogen traftsfenus, alwaysu-n2:?-peroxodicopper(ll) complex, and the absorption

the O-0O bond cleavage may be involved as a rate-determining ratio Ags/Auzo is almost constant within the experimental error

step which is followed by the facile hydrogen transfer at the (10 + 0.5). The counteranion effects on both the-a@duct

higher temperature=—16 °C) as discussed in more detail formation processk{) and the ligand hydroxylation reaction

below. (k2) were, however, relatively small as compared to the solvent
Solvent and counteranion effects of the reaction of (Ga)] effects mentioned above.

and @ at —80 °C are summarized in Table 1. The spectrum

of active oxygen intermediate obtained in each solvent system X

(THF, acetone, CEOH, and CHCI,) has essentially the same

feature having almax at 362 nm due to thew-nZn? core.

Interconversion between then??-peroxodicopper(ll) species

and the bisz-oxodicopper(lll) species (Scheme 2) is not

observed by changing the solvent in the present system, since N 1a X=H

the absorption ratio between 362 and 430 nm in each solvent is f I 1b X =CH,

nearly constantAzedAs30= 10+ 0.4). This is consistent with Py Py }g ))Ezﬁ'o

the resonance Raman spectrum of the frozen acetone solution 2

(Figure 2), where no feature due to hisaxodicopper(lll)

species around 600 crhcan be seetf The rate constants for Electronic effects of the-substituents (%= H, Ch, Cl, NO,)

on the benzene ring of the liganda—d) have been also
(33) For the electrophilic aromatic hydroxylation reaction in the dinuclear examined both on th& andk; processes as Summar'zed n

cu(l) complex shown in Scheme 1, Karlin et al. reported the absence of Table 2. Because of the low solubility of [GLd)]PFsin CHs-

kinetic deuterium isotope effe€t This is reasonable since the electrophilic  OH, the substituent effect of the nitro group was examined in

attack of the peroxo species upon the proximate aromatic substrate is the : g
rate-determining step in their system: Nasir, M. S.; Cohen, B. I.; Karlin, acetone by comparing the reactivity of [k(:l.d)]PFs to that of

K. D. J. Am Chem Soc 1992 114, 2482. [Cu'(1a)]PFs under the same experimental conditions (runs 4
(34) Kim, C.; Dong, Y.; Que, L., JJ. Am Chem Soc 1997, 1129 3635. and 5). While the electron-donating substituent retards the O
(35) The direct hydrogen abstraction mechanism inghg:n?-perox- adduct formation processqu,% the electronic effect on the

odicopper(ll) core can be ruled out, since a large kinetic isotope efeglt ( . . . . .
ko = 18 at 25°C) was detected in the direct-Gi bond cleavage in the ligand hydroxylation processd) is negligible. Little effect of
u-1%n2 core of [Cu(u-02)(i-Pr-TACN);]2* in CHyClp.15 thep-substituent on thk, process also suggests that the benzylic
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Table 2. p-Substituent Effects on the Formation and Decay Rate ~ Formation of theu-;%n2-peroxodicopper(ll) complexK() as

Consotagtsl(l andk) of the u-n%n*Peroxodicopper(ll) Complex at an initial O-adduct is evident from the stoichiometry of Cy:O
—80°C = 2:1 and the spectroscopic characterization using—ig,
run X (ligand) solvent Amex Ki(M7ish)  10%: (s resonance Raman, and ESR. Generation of an identical UV

1 CHs(lb) CHsOH 360 0.39 3.1 vis spectrum in the reaction of [®(1a)(ClO,);] and HO, to

2 H (1a) CH,OH 362 2.0 3.1 that obtained in the reaction between [@a)]PFs and G is

3  Cl(19 CHOH 362 4.1 3.7 also an evidence for the formation of the;%#,2-peroxodicop-

g H&?ld) 223822 gg% %f ‘51:2 per(ll) complex. Involvement of the following ©0 bond

homolysis of the peroxo intermediate prior to the ligand
2 Counteranion: P§. hydroxylation reaction is implicated by (i) the small KIE values
(ko/ks = 1.8 at—40 °C and the extrapolated value of 1.0 above
—16 °C) and (ii) nop-substituent effect (Table 2) on tHe
process. The solvent effects (THFacetone> CH;OH > CH,-

Crossover Experiment. The oxidativeN-dealkylation reac- Cl,) on thek; process shown in Table 1 also suggest a significant
e o ; 2
tion in the Tolman bige-oxodicopper(lll) system (Scheme 2) contribution of the G-O bond homolysis of the peroxo

has been shown to be an intramolecular process in its diamond, - ) ; .
corel® On the other hand, Kitajima and IC;:o-workers reported intermediate as demonstrated in the T°|m3TACN ligand
thatu-n2n?-peroxodicopper(ll) complex [Cu[HB(3,5-Mez)]] - SySt?mlj In other qudsﬂ'nz:." >-peroxodicopper(l) comp lex
(O) (B in Chart 1; R= Me) spontaneously decomposes into (K) is not a real active species forzthg—ﬁ bonq activation.
the corresponding-oxodicopper(ll) complex via rate-determin- T.he 0-0 !oond homolysis .Of the-y R c%ge will produce a
ing O—0 bond homolysis of thg-peroxo species. In the later bls#-oxodlcopper(lII).-type intermediatd-I*° and/or a mono-
case, they proposed that the-O bond homolysis resulted in met_r Ic t(.:u(”)_to Spegei@isgiwgvfrkf?e Izalltg;lelybnegatlzj/e
formation of a monomeric Cu(H)O* species, which would react ac ';? 'in entropy A4S’ = | t the di T? ) Ot' serv? th
rapidly with the remained Cu(l) species via an intermolecular on thek; process may ruie out the Z'_rezc ormation ot the
pathway to provide the final-oxodicopper(ll) product’ Thus, nlwlonome?c Cu(l-o speuﬁs from the-7z -per(')xolflliopperbl
to determine whether the present ligand hydroxylation reaction (n compiex ). since Séic al‘ Process is e_ntrop:ccahy avorable,
proceeds via an intramolecular pathway through aubis- Producing a positiveAS’ value. Formation of the isotope

. ) L . ’
oxodicopper(lll)-type intermediate or via the-®l bond activa- ~ Scrambling products2a( ®OH) and2¢(**OH), in the double

tion involving an intermolecular process with a monomeric 'aP€ling experiment, however, indicates that the monomeric Cu-
Cu(ll)—O species, we performed a double-labeling experiment () ~O" species ) is also involved somewhere in the
by mixing CHCl, solutions of [Cll»(18)(1-1%0,)]2+ and [CW»- mechanism of the ligand hydroxylation reaction. We assume
(10)2(u-1%0,)]2* as has been done in theyRACN systemt that the mpnomeric C_u(IHO' s_peciesl(/l) is f_or_med f_rc_)m_ the
Only 2a(180H) and2¢(*%0H) in 1:1 ratio would be obtained if bl_s#-oxodlcqpper(lll) |nterm(_ad|atd_(), andM |slln equilibrium

the reaction occurs solely via the intramolecular pathway, With L. The isotope scrambling betwe& and*®0 may occur
whereas a mixture comprised of equivalent amount@agte- in this stage. The hydrogen abstraction from the benzylic
OH), 2a(150H), 20(260H), and2(*80H) would be produced if ~ Position of the ligand sidearm produciigandO or concerted

the hydroxylation reaction proceeds via the intermolecular OXY9en atom insertion producing and O occurs from

hydrogen transfer is not involved in the rate-determining step
of the benzylic hydroxylation process.

process. intermediate. intramolecularly®® No ligand scrambling in the
The double-labeling experiment using [G(La)x(u-180,)]2+ crossover experiment between [GLa)(ClO4),]2" and [CU',-
and [CU»(10)2(u-1%0,)]2+ at—80 °C gave us a mixture dfa(18- (10)2(u-1%02)1?* may rule out the intermolecular attack by bis-

OH), 2¢(160H), 2a(1%0H), and2(180H) in a 0.87:1:0.36:0.37 ~ #-0X0 specied. or by monomeric Cu(lh-O" speciesV on the
ratio. The two peroxo complexes prepared separately wereigand sidearm of another molecule. Thus, the intramolecular
mixed after removal of excess amounts®, and 1°0, by process in the big-oxodicopper(lll) type intermediate.§ is
placing the reaction vessel under vacuum. Formatic?e@f- the only pathway for the benzylic ligand hydroxylation, and
OH) and 2q(1%0H) in nearly 1:1 ratio as the major products We Propose that the monomeric CutHp® species ) is
indicates that the intramolecular process is the major pathway contributed only in the isotope scrambling betwé# and*?0.
for the ligand hydroxylation reaction. On the other hand, mixing - - -

(38) In this paper, the monomeric species formed from the peroxo

i | 2+ i

of a CH,Cl; solution of [Cd (1a)_(CIO4)2] and an equimolar intermediate by ©-O bond homolysis is described as Cu()*, although
amount of [Cll(1¢)2(u-180,)]2" in CH.Cl, at —80 °C gave us another canonical form Cu(I#O is also possible. In the present system,
only 2¢(150H) as the oxygenated product. This result suggests however, we could not characterize such a monomeric cejzpeigen

; 1 species, since it is just a transient reactive intermediate, if it is formed.
that neither exchange &0, and%0, at the peroxo stage nor (39) When [CU(PY,CH,CH,CHoP)](CIQ) (Py,CH,CHoCHoPh= NN-

the intermC"eCU'?r ligand hydro?‘)"aﬁon oceurs. ThU_Sv WE  bis[2-(2-pyridyl)ethyl]-3-phenylpropylamine) was used instead of (G-
assume that the ligand hydroxylation reaction proceeds intramo-(ClO,), thek, process significantly slowed{= 5.1 x 107°s™in CHzOH

lecularly in a bisxs-oxo diamond core intermediate and the at —80 °C) and the absorption ratio between 358 nm vs 430 nm became

. . smaller AgsgAsz0 = 5.8) as compared to that of [€4(1a),(u-0,)](ClO4)2
isotope scrambling produc&a(*®OH) and2c(*0OH) are pro- (AasdAszo = 10). These results suggest that bisxodicopper(ill) in?er-

duced by isotope exchange betwéé@ and!O through the mediate fmax= ca. 430 nm) can be accumulated to some extent when the
monomeric Cu(ll)-O" specie® as discussed below. IiganddhydrOX)Ellﬁ;ipn procg_ss bec?]r_nes slow.bOur attempt th; detect the bis-
ot : : : -oxodicopper(lll) intermediate in this system by resonance Raman spectrum
Meghanlstlc Consideration. On the baS|§ of all the res_ults . /\;/as not srfjrz:cessful though (Berreau, L. M.; Tolman, W. B.; Que,pL., Jr.
described above, we propose a mechanism for the aliphaticunpublished result). The low-temperatureg0 °C) UV—vis examination
ligand hydroxylation reaction, as illustrated in Scheme 5. on the reactions of [C(L)]* and Q in THF {L = Py,CH,Ph (N,N-bis[2-
(2-pyridyl)ethyl]benzylamine) and B€H,CH,CHCHjz (N,N-bis[2-(2-py-
(36) The electron-donating substituent would increase theidteraction ridyl)ethyl]butylamine) also showed the predominant formation of the?
between the copper center and the benzene ring, which may prevent then?-peroxodicopper(ll) species.
interaction of the copper center with dioxygen by a steric hindrance. Details ~ (40) With regard to the mechanism of the ligand hydroxylation process
about such interaction in the copper complexes will be reported elsewhere.in the bisg-oxodicopper(lll) core, Tolman et al. have proposed that both
(37) Kitajima, N.; Koda, T.; lwata, Y.; Moro-oka, Y0. Am Chem Soc the “hydrogen abstractieroxygen rebound” and “direct oxygen insertion”
199Q 112 8833. mechanisms are possibfe.
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If the O—O bond homolysis is solely the rate-determining species between our system and the Tolman or Stack systems.
step in the ligand hydroxylation process, the KIE value would In fact, Kitajima’s hydrotris(pyrazolyl)borate ligands afford only
be 1.0. The observed small KIE values in the present systemu-n2n?-peroxodicopper(ll) species and the-O bond homoly-
suggest that the ©0 bond homolysislk,) is much slower than  sis becomes the rate-determining step in its decomposition

the back reactionk() which competes with the facile -€H process’ Recent ligand modification experiments also dem-
bond activationKcy). In such a case, the observed rate constant onstrated that sterically less hindered amine ligands stabilized
(ko) is given by eq 1. bis-u-oxo dicopper(lll) specie¥d19 Thus, this steric factor
must also be taken into account for the difference in reactivity
k, = K ke/(k_p, + Kep) @ of the Cu/Q species between our system and others. Nonethe-

less, all of our kinetic results including kinetic deuterium isotope
The O-0 bond homolysis may be largely the rate-determin- effect, solvent effects, angtsubstituents effects as well as the
ing step, i.e.kcn > k-, but the ligand perdeuteration may result product analyses of the crossover experiments support our
in a significant decrease in the rate of the @ cleavage Kcp), proposed mechanism.
which becomes partially rate-determining. Litgesubstituent Very recently, Que and co-workers have reported that
effect observed on thk, process is also consistent with the jntermediate Q of SMMO (soluble methane monooxygenase)
proposed mechanism where the ligand hydroxylation processhas an F&—(u-O),—F€V diamond core structur®. Chan et
is not a rate-determining step. al. have also proposed that a hismxo-Cu(ll)Cu(lll) core
The oxygenated produd? dimerizes to from a thermody-  corresponds to the methane hydroxylation in pMMO (particulate
namically stable producl as has been demonstrated by the methane monooxygenag@kuggesting the mechanistic viability
X-ray analysis? For the [CU(18)(ClO4)-]/benzoin/triethy-  of the bisx-oxo high-valent dimetallic diamond core for the
lamine system, the C'e-OH complex Q) is reduced to a  dioxygen activation and hydrocarbon oxygenation.
cuprous state by the reductant that may participate in the
hydroxylation reaction again until all the ligand is hydroxylated. Experimental Section
According to this mechanism, the stoichiometry bdO,:
benzoin is 1:1:1, agreeing with the experimental results. The All chemicals used in this study except the ligands and the copper
autoxidation mechanism (reaction between the carbon centercomplexes were commercial products of the highest available purity
radical and external £1o0 generate an alkylsuperperoxo species and were fu_rther pL_Jrifie(_i by the standard methd$R spectra were
which undergoes radical chain reactions) has been ruled out'ecorded with a Hitachi 27030 spectrophotometer or a Shimadzu

since the benzylic hydroxylation reaction occurs in the same FTIR-8200PC. UV-vis spectra were measured using a Hewlett-

. . - Packard HP8452A diode array spectrophotometer with a Unisoku
1292
yield (50%) when the solution qf-74n2-peroxodicopper(ll) thermostated cell holder designed for low-temperature experiments.

complex () is allowed to stand at80 °C after removal of the 355 spectra were recorded with a JEOL JNX-DX303 HF mass
excess amount of Qunder vacuum. o ~ spectrometer!H and**C NMR spectra were recorded on a JEOL FT-

In summary, we have demonstrated that the efficient benzylic NMR EX-270 spectrometer. ESR measurements were performed on
hydroxylation of the copper complex proceeds via the rate- a JEOL JES-ME-2X spectrometer at 196°C (liquid N, temperature).
determining G-O bond homolysis of tha-;%#,2-peroxodicop- Synthesis of Ligands. All ligands used in this study were prepared
per(ll) intermediateK ) which is formed from the Cu(l) complex  according to the established procedures using benzylamine, phenethy-
and Q or from the Cu(ll) complex with KHO,. We propose  lamine, orp-substituted phenethylamines (% CHs, CI, NO;) and
the intramolecular hydrogen atom abstraction and oxygen vinylpyridine in methanol containing acetic acid and purified by flash
rebound or direct oxygen insertion mechanism through the bis- column chromatography (Si#>** The structures of the products were
u-oxodicopper(lll) type intermediateLf for the efficient  confirmed by the following analytical data.
benzylic hydroxylation re.actlo‘ﬁ’,glthough such an intermediate (41) Shu, L Nesheim, J. C.. Kauffman, K.. Mck, E.. Lipscomb, J.
could not be detected directly in our system probably becausep ; Que, L., Jr.Sciencel997 275 515.
of its high reactivity and/or instability. We believe that the Ch(42)SE|||if3tt,AS- é;hZhuéM.;lgg?,lLiél\é%%en, H.-H. T.; Yip, J. H-K;

ili H H an, S. I.J. Am em SocC A .

lower electron donor ab!“ty (.)f the aro.matlc nl.tmgens as (43) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of
compared to that of the aliphatic amine nitrogens is one of the | aporatory ChemicalsPergamon Press: Elmsford, NY, 1966.
critical points for such a difference in reactivity of the Cy/O (44) Sorrell, T. N.Tetrahedron1989 45, 3 and references therein.
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N,N-Bis[2-(2-pyridyl)ethyl]-2-phenylethylamine (1a): pale yellow
oil; IR (neat, cnT?) 3150-2800 (aromatic and aliphatic-€H), 1594,
1572, 1496, 1478 (aromatic=6€C and G=N), 750, and 700 (€H);
H NMR (270 MHz, CDC}) 6 2.71-3.01 (12 H, m,—CH,—CH,—),
7.00-7.28 (9 H, m, GHs, Hpy—3, and Hy-s), 7.53 (2 H, dt,J = 2.0
and 7.6 Hz, B,-4), 8.52 (2 H, d,J = 4.0 Hz, Hy-6); MS [EIl (pos),
n/z] 332 (M* + 1). Anal. Calcd for GHzsNs: C, 79.72; H, 7.60; N,
12.68. Found: C, 79.54; H, 7.72; N, 12.60.

The 1,1,2,2-tetradeuterated derivativies-(ls) was prepared with
PhCD,CD,NH; instead of PhCRCH;NH,, and its purity & 99%) was
confirmed by the'H NMR and mass spectra.

N,N-Bis[2-(2-pyridyl)ethyl]-2-(p-tolyl)ethylamine (1b): pale yellow
oil; IR (neat, cnT?) 3090-2770 (aromatic and aliphatic-€H), 1591,
1473, 1435 (aromatic€C and G=N), and 752 (C-H); *H NMR (400
MHz, CDCk) 6 2.31 (3H, s, CH), 2.66-2.82 (4 H, m,—CH,—CH,—
), 2.90-3.02 (8 H, m,—CH,—CH,—), 7.00-7.11 (8 H, m, H, Hn,
Hpy-3, and Hy-s), 7.53 (2 H, dtJ = 2.0 and 7.6 Hz, k}-4), 8.52 (2 H,
d, J = 4.0 Hz, Hy-¢); MS (El, m/z) 346 (M" + 1).

N,N-Bis[2-(2-pyridyl)ethyl]-2-( p-chlorophenyl)ethylamine (1c):
pale yellow oil; IR (neat, cmt) 3090-2770 (aromatic and aliphatic
C—H), 1590, 1568, 1491, 1474, 1435 (aromatieC and G=N), 1091
(C—ClI), and 748 (C-H); *H NMR (400 MHz, CDC}) 6 2.64-2.79 (4
H, m, —CH,—CH,—), 2.87-3.00 (8 H, m,—CH,—CH,—), 6.97-7.01
(4 H, m, Hy-s, Hy), 7.10 (2 H, ddd) = 1.2, 4.8, and 7.6 Hz, §j 3),
718 (2 H, d,J = 8.4 Hz, H), 7.53 (2 H, dt,J = 2.0 and 7.6 HZ,
Hpy-4), 8.52 (2 H, ddd,J = 0.8, 2.0, and 4.8 Hz, }j-¢); MS (El, m/2)
365 (M*).

N,N-Bis[2-(2-pyridyl)ethyl]-2-( p-nitrophenyl)ethylamine (1d): yel-
low ail; IR (neat, cnt!) 3100-2770 (aromatic and aliphatic-€H),
1592, 1473, 1436 (aromatic=€C and G=N), 1517, 1344, 857 (N§),
and 748 (C-H); *H NMR (400 MHz, CDC}) 6 2.75-2.85 (4 H, m,
—CH,—CH,—), 2.86-3.01 (8 H, m,—CH,—CH,—), 6.98 (2 H, dJ =
7.9 Hz, Hy-3), 7.11 (2 H, dddJ) = 0.8, 4.9, and 7.9 Hz, ki 5), 7.17
(2 H,d,J=8.6 Hz, Hy), 7.53 (2 H, dtJ = 1.4 and 7.9 Hz, k-J),
8.04 (2 H, d,J = 8.6 Hz, H,), 8.52 (2 H, dd,J = 1.4 and 4.9 Hz,
Hpy-6); MS (El, m/2) 376 (M").

Synthesis of Copper Complexes. [Cl(1a)(ClO4);]. To a Chs-

OH solution (6 mL) of ligandla (1.19 g, 3.58 mmol) was added an

equimolar amount of Cu(CIg-6H,0, and the mixture was stirred for
15 min. The mixture was then poured into a large amount gDEt
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7.0 Hz, Hy-4), 8.46 (2 H, br s, i-); FTIR (KBr, cm™) 1090 and
623 (CIQ™). Anal. for ([CU(18)]ClO,). Calcd for GsH2504CICUNS:
C, 53.44; H, 5.10; N, 8.50. Found: C, 53.41; H, 5.22; N, 8.20.

[Cu'(1a)]CFsS0O; was prepared in a similar manner using [@QuHs-
CN)4]JCF:S0Os% instead of [CY(CHsCN)4PFs. However, the Cu(l)
complex could be obtained only as an oily pale yellow material. Thus,
after the treatment of [C(CH3;CN),JCFSO; with exactly the same
amount of ligandla in deaerated CkCl, for 15 min, the solvent was
removed under a reduced pressure. The purity of the complex was
checked by'*H NMR [(400 MHz, CD;CN) 6 2.89-3.02 (12 H, m,
—CH,—CH,—), 7.21-7.35 (9 H, m, GHs, Hpy—3, and Hy-s), 7.83 (2
H, t, J = 7.8 Hz, Hy-4), 8.43 (2 H, br s, i§,-¢)] and FTIR [(KBr,
cm™Y): 1225, 1153, 1030, and 640 (63057)].

[Cu'(1a)]BPh, was prepared according to the reported proce@tre
and was obtained as an oily pale yellow material. The purity of the
complex was checked By NMR [(270 MHz, CD;CN) ¢ 2.86-3.02
(12 H, m,—CH,—CH,—), 6.83 (4 H,tJ= 7.2 Hz), 6.98 (8 H, t] =
7.2 Hz), 6.18-7.37 (17 H, m), 7.81 (2 H, dtJ = 1.8 and 7.8 Hz,
Hpy-4), 8.46 (2 H, dJ = 3.5 Hz, Hy-6) and FTIR [(KBr, cnl) 735
and 704 (BPk)].

[Cu'(1b)]PFs was obtained in a manner similar to that for the
synthesis of [Cl{1a)]PFs using ligandlb instead of ligandlain 60%
as a pale yellow powder*H NMR (270 MHz, CxCN) 6 2.29 (3 H,

s, CHy), 2.89-3.03 (12 H, m,—CH,—CH,—), 7.11 (4 H, br s, GHa),
7.34-7.36 (4 H, m, Hy-sand Hy-5), 7.83 (2 H, tJ = 7.0 Hz, Hy-4),
8.47 (2H, dJ=4.3 Hz, Hy-¢); FTIR (KBr,cm1): 837 (Pk"). Anal.
([Cu'(1b)]PFs-H20). Calcd for GsHo9CuRNsOP: C, 48.30; H, 5.11;
N, 7.35. Found: C, 48.72; H, 4.88; N, 7.51.

[Cu'(1c)]PFs was obtained in a manner similar to that for the
synthesis of [Cl{18)]PFs using ligandlcinstead of ligandlain 55%
as a pale yellow powder*H NMR (270 MHz, C.xCN) 6 2.88-3.05
(12 H, m,—CH,—CH,—), 7.20-7.38 (8 H, m, GHa, Hpy-3, and Hy-s),
7.84 (2 H,dtJ=1.6 and 7.8 Hz, K-4), 8.49 (2 H, ddJ = 1.6 and
5.1 Hz, Hy-¢); FTIR (KBr, cm™%): 1086 (G-Cl) and 841 (PF). Anal.
([CU(10)]PFs). Calcd for GoH2CICURNP: C, 46.00; H, 4.21; N,
7.32. Found: C, 45.31; H, 4.16; N, 7.28.

[Cu'(1d)]PFs was obtained in a manner similar to that for the
synthesis of [Cl{1a)]PFs using ligandld instead of ligandlain 87%
as a pale orange powdetd NMR (270 MHz, CQxCN) 6 2.90 (8 H,
br s,—CH,—CH,—), 3.06 (4 H, br s,-CH,—CH,—), 7.34-7.38 (4 H,

The resulting oily blue material was separated and dissolved in 600 m, Hy,—3, and Hy-s), 7.45 (2 H, d,J = 8.8 Hz, Hy), 7.83 (2 H, dtJ

mL of CH,Cl,. Addition of E£O (300 mL) into the CHCI, solution

=1.4and 7.4 Hz, k), 8.15 (2 H, dJ = 8.8 Hz, H,), 8.49 (2 H, d,

gave a blue solid which was collected by filtration and washed with J = 4.1 Hz, H,—¢); FTIR (KBr, cm%) 1515, 1344 (N@), and 843

Et,0 several times (1.50 g, 71%): WWis [CHCly, Amax M €, M~
cm)] 266 (15 400), 664 (234); FTIR (KBr, cm); 1123, 1090, and
625 (CIQy). Anal. ([CuU'(1a)(ClOs),]). Calcd for GoHasClo-

CuNsOg: C, 44.49; H, 4.24; N, 7.08. Found: C, 44.33; H, 4.23; N,

7.00#

[Cu'(1a)]PFs was prepared according to the reported procedtres

as follows. To a deaerated GEl, solution (6 mL) of ligandla (99
mg, 0.33 mmol) was added [GEH;CN)4]PF*¢ (112 mg, 0.3 mmol)

(PR"). Anal. ([Cu(1d)]PFs). Calcd for GaH24CuRN4OP: C, 45.17;
H, 4.14; N, 9.58. Found: C, 44.83; H, 4.18; N, 9.14.

Ligand Hydroxylation Reaction. [Cu'"(1a)]?*/Benzoin/Triethy-
lamine/O, System. The Cu(ll) complex [Cli(1a)(ClO4);] (84 umol)
was treated with an equimolar amount of benzoin and triethylamine in
CH.CI, (5 mL) at room temperature f&® h under Ar, and then the
mixture was stirred under an atmospheric pressure ;0fo©several
hours. The modified ligan@a was isolated quantitatively after an

under Ar atmosphere. After 15 min of stirring at room temperature, ordinary workup treatment of the reaction mixture with )HH aq

addition of deaerated ether (50 mL) with a syringe gave a pale yellow and following extraction by CkClz: H NMR (270 MHz, CDC}, 6,

Cu(l) complex which was precipitated by standing the mixture for TMS) 2.57-3.16 (m, 10 H,—CH,— x 5), 4.60 (dd,J = 3.5 and 9.7

several minutes. The supernatant was then sucked up with a syringeHz, 1 H, —CHOH-), 7.02 (d,J = 7.7 Hz, 2 H, py-H), 7.10 (dd,J =

and the remained pale yellow solid was washed with deaerated ether4.8, 7.7 Hz, 2 H, py-H), 7.22-7.38 (m, 5 H,—Ph), 7.54 (dtJ = 1.7,

three times under anaerobic conditions and dried under vacuum (79%7.7 Hz, 2 H, py-H), 8.52 (d,J = 4.8 Hz, 2 H, py-H); IR (neat, cn?)

yield): *H NMR (270 MHz, CQXCN) 6 2.80-3.08 (12 H, m,—CH,— 3396 (OH); MS (Cl,m/z) 348 (Mt + 1).

CH;—), 7.17-7.38 (9 H, m, GHs, Hpy-3, and Hy5), 7.83 (2 H, t.J = [Cu'(L)] t/O, System (L= 1a—d). Typically, [Cu(1a)]PFs (61 mg,

7.3 Hz, Hy-4), 8.47 (2 H, d,J = 7.3 Hz, Hy-¢); FTIR (KBr, cn™?) 0.10 mmol) was dissolved into deaerated ;CH (5 mL) under

839 (Pk7). Anal. ([CU(1)]PFe0.75CHCIy). Calcd for Gordass anaerobic conditions, and the solution was cooled t68 °C using a

ClisCuNsPFs: C, 45.26; H, 4.42; N, 6.96. Found: C, 45.62; H, 4.45; dry ice/acetone bath. £gas was introduced into the solution by

N, 7.27. bubbling for 1 h, when the color of the solution turned dark brown
[Cu'(1a)]CIO4 was obtained in a similar manner using [(@Hs- due to the formation of the-peroxodicopper(ll) complex. Then the

CN)4CIO4* instead of [C{CHCN)JPFs in 71% as a pale yellow  excess amount of Oyas was replaced with Ar by letting the system

powder: *H NMR (400 MHz, CQXCN) 6 2.85-3.05 (12 H, m,—CH,— under reduced pressure and flashing Ar gas (three cycles) at the low

CH—), 7.21-7.36 (9 H, m, GHs, Hpy-3, and Hy-5), 7.82 (2 H, tJ = temperature. The reaction temperature was then gradually increased

to room temperature, and the mixture was stirred for additional 3 h. A

mixture of laand2awas obtained after an ordinary workup treatment

of the reaction mixture with NEDH aqg and following extraction by

CH.Cl,. Yield of 2awas determined as 47% by using an integral ratio

(45) Sanyal, |.; 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.

(46) Kubas, G. Jinorg Synth 1979 19, 90; 199Q 28, 68.
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in the'H NMR spectrum between the methine protefQHOH-) at
0 4.60 of2aand the pyridine protons at the 6-position (py-H 8.52)
from bothlaand2a (py-Hes of laand2aare overlapped);{ CHOH—
):(py—He) = 0.47:2.00.

The reactions of the copper(l) complexes of other ligarids-¢)
were carried out in a similar manner, and the yields of the ligand
hydroxylation were determined as 49%, 48%, and 47%2m2c, and
2d, respectively: fo2b, [-CHOH-, ¢ 4.57 (dd,J = 3.8 and 9.4 Hz)]:
[py-He, 6 8.52 (d,J = 4.6 Hz)] = 0.49:2.00; for2c, [-CHOH—, ¢
4.58 (dd,J = 3.0 and 9.7 Hz)]:[py-H& 6 8.51 (d,J = 4.6 Hz)] =
0.48:2.00; for2d, [-CHOH—, 6 4.72 (dd,J = 3.8 and 9.4 Hz)]:[py-

He, 0 8.52 (d,J = 4.7 Hz)] = 0.47:2.00. In all the cases, there is no
byproduct other than the benzyl hydroxylated ligag@d-(d).

Ox-Uptake Measurements were carried out according to the
reported procedure using GEl, as a solvent at 21C.4” The volume
of O, consumed during the oxygenation reaction was obtained as a
difference of the @ consumption between the ligand hydroxylation
reaction and the blank solution without the reactants under exactly the
same conditions. For the reaction system of [@)(ClO.),]/benzoin/
NEts, Cu:G was 1:0.96+ 0.1, and for the reaction with [(d)]PFs,
Cu:G, was 2:0.97+ 0.1.

Resonance Raman MeasurementsThe 160, sample was prepared
via bubbling of dry dioxygen into an acetone solution of [@a-d,)]-

PR (0.02 M) at —80 °C. The 80, analogue was prepared via
condensation of'®0, into a previously evacuated Schlenk flask
containing a frozen acetone solution (77 K) of [(ua-ds)]PFs (0.02
M). The flask was then allowed to warm 680 °C and was maintained
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nm). The spectra were obtained at 77 K using a backscattering
geometry. The samples were frozen onto a gold-plated copper
coldfinger in thermal contact with a dewar containing liquid nitrogen
for data collection. Raman frequencies were referenced to the intense
feature at 806 cnt from frozen acetone.

Kinetic Measurements. The reaction of the copper(l) complex and
O, was carried outri a 1 mmpath length U\~vis cell that was held
in a Unisoku thermostated cell holder designed for low-temperature
experiments (a desired temperature can be fixed within5 °C). After
the deaerated solution of the copper(l) complex 2.50-2 M) in the
cell was kept at the desired temperature for several minutes, dry
dioxygen gas was continuously supplied by gentle bubbling from a
thin needle. The formation and decay of theeroxodicopper complex
intermediate were monitored by following the increase and decrease
in the absorption at 362 nm.
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