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Dopamings-monooxygenase (BM) plays a vital role in the
biosynthesis of norepinephrine by catalyzing the hydroxylation
of a carbor-hydrogen bond at the benzylic position of
dopamine. The observation &fO kinetic isotope effects in
the DSM reaction has led to the proposal that an active-site
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A solution of tris[2-(1,4-diisopropylimidazolyl)]Jphosphine (1.5 g, 3.1
mmol) in dichloromethane (8 mL) was treated with [Cu(CN)4]CF-
SG; (1.1 g, 3.0 mmol), and the resulting light yellow solution was stirred
for 30 min. Diethyl ether was added until the white solid product
precipitated. The complex was collected by filtration, washed with
ether, and dried under vacuum to afford 1.9 g (86%}.0ffH NMR
(CDCly): 6 1.28 (18H, dJ = 7.0 Hz, 4-CH(G43)s), 1.48 (18H, dJ =
6.6 Hz, 1-CH(®3)3), 2.36 (3H, s, EGIsCN), 2.95 (3H, sept) = 7.0
Hz, 4-CH(CHg)3), 4.95-5.20 (3H, m, 1-@i(CHs)3), 6.79 (3H, dJ =
4.1 Hz, imidazolyl GH). 3P NMR (CD.Cl,, —78 °C): 6 —118.0.
Anal. Calcd for GoHgN,CuROsPS: C, 48.80; H, 6.55; N, 13.28.
Found: C, 49.11; H, 6.61; N, 13.01.
{2-[1-Isopropyl-4-(1-hydroxy-1-methylethyl)imidazolyl]bis[2-(1,4-
diisopropylimidazolyl)]phosphine} hydroxocopper(ll) Tetrafluo-
roborate, {Cu[P(imiP"2),(imPFrOM)JOH}BF,:1.625 CHCI, (2a).
Several crystals of this complex were obtained after tetrahydrofuran
(THF) was carefully layered onto a concentrated methylene chloride
solution of{ Cu[P(imP%)3] 2} (OH){ BF4}2°, and the mixture was allowed

tyrosine residue promotes cleavage of a copper hydroperoxideto stand for over 1 month. A crystal structure determination was carried

O—0 bond prior to substrate activation, producing a reactive
Cu(ll)—O* moiety, a tyrosinyl radical, and watér.Removal

of H* from dopamine is performed by the copp@xo-radical
complex, but the tyrosine oxygen atom is the ultimate acceptor
of the hydrogen atom. Synthetic 0, complexes which place
two oxygen-centered radicals in proximity may therefore mimic
the reactivity of EM.

Copper(l) complexes that catalyze oxygen-atom insertion into
an aliphatic C-H bond upon treatment with dioxygen have been
prepared, but the identity of the oxidizing species in some of
these systems is uncert&inTo our knowledge, there are only
two groups that have reported aliphatie-B bond activation
by well-definedperoxocopper(ll) complexes. Kitajima and co-
workers established the oxidizing capability of [CulFp)].0.
toward a series of substratesnd Tolman et al found that
abstraction of hydrogen atoms from alkyl groups in complexes
of the type [LCu(Q?")CuL]?t (L = 1,4,7-trialkyl-1,4,7-triaza-
cyclononane) can occur, producing bis(hydroxo)-bridged di-
copper(ll) complexes and oxidized ligarfs.

An earlier paper from our laboratory established that a
bridging, side-on peroxide addudtCu[P(imP2)s]},02" is
generated by low-temperature oxygenation of a [tris(imidazolyl)-
phosphine]copper(l) compléx.This (u-n%n?-peroxo)dicopper-

(I) complex does not oxidize exogenous substrates, but we
report here that intramolecular hydroxylation does occur at a
formally benzylic position of the tris(imidazolyl)phosphine
ligand.

Experimental Sectiorf

{ Tris[2-(1,4-diisopropylimidazolyl)]phosphine} (acetonitrile)copper-
() Trifluoromethanesulfonate, { CU[P(im2)3]CH3CN} CFsSO;s (1).
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out on a single crystal; details are given in the Supporting Information.
Subsequent studies were carried out on the triflate salt, prepared
according to the procedure below.
{2-[1-1sopropyl-4-(1-hydroxy-1-methylethyl)imidazolyl]bis[2-(1,4-
diisopropylimidazolyl)]Jphosphine} (hydroxo)copper(ll) Trifluo-
romethanesulfonate { CU[P(imPr2),(im®™+POH)JOH} CF;SOz:0.5 CH,Cl,
(2b). A solution of 200 mg (0.27 mmol) af in 600 mL of dry CH-
Cl, was cooled in a dry iceacetone bath and then stirred under 1 atm
of dry O, for 4 h. The vessel was allowed to warm to ambient
temperature, and the dichloromethane was evaporated under reduced
pressure to leave a green residue. The solid was dissolved mL
of CH.Cl,, and THF was carefully layered onto the solution. Several
milligrams of long blue needles of analytically puPeformed over
several days. FTIR (KBr): 3447 (OH), 2963, 2925, 2870, 2856, 1457,
1375, 1276, 1263, 1223 (GE0O;), 1154 (CRSO), 1031 (CESGs),
638 (CRSGs) cm™t. UV—vis (CHCly; A, nm €, M~ cm™%): 343
(1100), 717 (75). Anal. Calcd forgHseNsCuR0sPS0.5CHCl,: C,
44.30; H, 6.13; N, 10.88. Found: C, 44.45; H, 6.08; N, 10.94. Slightly
larger crystals o2 were obtained by recrystallization from GEN—
benzene. None of the cyrstals of this complex diffracted X-rays well
enough to determine its structure.
2-[1-Isopropyl-4-(1-hydroxy-1-methylethyl)imidazolyl]bis[2-(1,4-
diisopropylimidazolyl)]phosphine, P(imP®"2),(imPriPH) (3). This
compound was prepared by treating-& x 10~ M dichloromethane
solution of 1 with dry O, for 4 h at —78 °C, warming to room
temperature, evaporating the solvent, and partitioning the residue

(6) Tris[2-(1,4-diisopropylimidazolyl)Jphosphirtdtris[2-(1,4-diisopropyl-
imidazolyl)Jphosphing(acetonitrile)copper(l) tetrafluoroboratétris-
[2-(1-ethyl-4-isopropylimidazolyl)]phosphiféacetonitrile)copper(l)
tetrafluoroboraté,and 1,4-diisopropylimidazofewere prepared ac-
cording to the literature procedures. Tetrakis(acetonitrile)copper(l)
trifluoromethanesulfonate was synthesized from Cu(0) powder and Cu-
(CRsSQy), in a manner similar to one previously reporte8yntheses
and manipulations of copper(l) complexes were performed in a
Vacuum Atmospheres drybox operating<ed ppm Q, using anhy-
drous solvents that were degassed by purging witfoN20 min. All
other solvents and reagents were obtained from commercial sources
and used without further purification. Proton af#® NMR spectra
were recorded on Bruker AC200 or AMX300 instruments. Chemical
shifts (0) of protons are reported in parts per million relative to an
internal standard of tetramethylsilane, and phosphorus shifts are
reported in parts per million relative to an external standard of 85%
HsPOu. Analtech precoated silica gel plates (0.25 mm) were used for
thin layer chromatography. Flash column chromatography was carried
out according to the method of Still et #l.Infrared spectra were
obtained using a Bio-Rad FTS-7 spectrophotometer. Electronic absorp-
tion spectra were recorded on a Perkifimer Lambda 6 instrument;
€ values have units of Mt cm~. Elemental analyses were performed
by Atlantic Microlab, Norcross, GA.
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Figure 1. ORTEP drawing of the cation portion ¢iCu[P(imi%),- CHs opy CHy oy
(imPrPrOR]OH} BF4-1.625CHCI,. Thermal ellipsoids are scaled to the e 2
30% probability level. Selected bond lengths (A): €1, 2.095- ip"N/y oH iPr—N/\/ “u
(11); Cu-02, 1.854(9); Cu:N12, 2.123(12): CutN23, 1.889(13); —N =N
Cul—N35, 2.170(13). Selected bond angles (deg)—CWi1-02, 92.8- e, + e,
(4): N12—Cul-N23, 88.6(5); 0+Cul-N12, 132.9(5); N12Cul- NGy o N\ o ipr
N35, 89.8(5); 0+ Cul-N23, 77.4(5); N23-Cul-N35, 88.0(6); Ot PrY=N Tr¥<N
Cul-N35, 133.4(5); 02Cul-N12, 98.7(4); O2-Cul-N23, 170.1(5); iprr NP~ iPre NG ~ipr

02—Cul—N35, 98.6(4).
3

between diethyl ether and concentrated 8H (2:1). The organic

layer was washed with water and brine, dried over MgSiliered,

and evaporated to afford a white solid. Flash chromatography using

ethyl acetate separat&@ifrom unmodified P(inf2);. Typical yields

counterion per copper ion, the ligands bonded to copper must
carry an overall charge of 1, which in turn dictates that the

were 35-45% of white solid. TLC: R: (EtOAC) = 0.35. *H NMR oxygen atom donors comprise either a deprotonate_:d alkoxide
(CDCl): & 1.04-1.33 (30H, m, 1- and 4-CH(&z),), 1.51 (6H, s, ligand and bound water molecule or an alcohol ligand and
COH(CHa)y), 2.88 (2H, sept]) = 7.0 Hz, 4-GH(CHs),), 3.36 (1H, br coordinated hydroxide ion. The higheKpvalue for a tertiary

s, OH), 4.59-4.86 (3H, m, 1-©I(CHs),), 6.84 (2H, s, imidazolyl gH), alcohol vs water favors the alcohol/OHormulation, as does
6.96 (1H, s, imidazolyl gH). FTIR (KBr): 3457 {OH), 3446 {&- the longer bond distance for €@®1 and the smaller thermal
OH) cnm. Anal. Calcd for GiH4sNsOP: C, 64.77; H, 9.06; N, 16.79. ellipsoids for O2t3

Found: C, 64.50; H, 9.02; N, 16.53. Because2a (as well as its triflate analogb) is difficult to

obtain in reasonable yield8we explored the efficacy of this

apparent hydroxylation reaction by isolating the modified ligand
As reported previously, thermal decomposition of a metha- P(imPr2),(imPrProH) '3 according to Scheme 1. We found that

nolic solution of { Cu[P(imP%)3]} ,0(BF4). yields a hydroxo- higher yields of3 are obtained when Ci€l; is used in place

or carbonato-bridged dinuclear compfe/ariable-temperature  of CH;OH as the solvent and when triflate is employed as the

magnetic susceptibility measurements revealed that the strongly-counterion in the starting material. Thus, a dilutelQ—2 M)

coupled carbonate complex is contaminated by a small percent-dichloromethane solution §Cu[P(imP2)3]CHsCN} CFSO; (1),

age of a monomeric, paramagnetic imputitgnd a side product ~ when treated with dioxygen at78 °C, acquires a deep, purple

was subsequently isolated in very low yield as blue crystals

Results and Discussion

during the attempted crystallization {ﬂ:u[P(imsz)3]2} (OH)Z- (12) The_ high resi_dual values are presume_ibly caused by large thermal
{ BF4},, formed by allowing{ CU[P(imPrz)g]}ZOZ(BF4)2 to warm motion of the isopropyl groups and partial loss of solvate molecules,

’ . - giving rise to crystals of marginal quality. Other structurally character-
to room temperature in afr. Figure 1 shows the molecular ized copper(ll) complexes of highly alkylated tripodal ligands
structure of the cationic portion of this material, formulated as sometimes haveR > 0.1 because of low crystallinity. See: (a)

Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; Hashimoto,
s JPray i iPLIPIO S.; Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, 8. Am.
{CuP(in™),(im"™""**")]OH} BF;-1.625CHCL,, 2a Chem. 9001992 114 1277, (b) Fuisawa, K.. Tanaka. M.. Moro-

oka, Y.; Kitajima, N.J. Am. Chem. S0d.994 116, 12079.
Despite the marginal quality of the X-ray data used to obtain (13) Another possibility is that the hydroxide ion ligand is actually a fluoride

12 ; ion, derived from the BFF counterion, a phenomenon that has been
the StrUCtu.re ola, .It was Clear to us that an oxygen atom documented by: Holm; et alnorg. Chem1993 32, 4745. Refining
had been inserted into the tertiary-€ bond of one of the the structure with a fluoride ion as the nonchelating axial ligand did
isopropyl groups of the P(iff&); ligand and was coordinated not improve the quality of the structure significantly. Furthermore,
in an equatorial position of an axially-compressed trigonal- the triflate complex does not suffer from this bothersome side reaction,

and the characterization @b is consistent with its formulation as
CU[L®H](OH)*. The ambiguity about the composition 2d and2b is
another reason why we focused on isolating the hydroxylated ligand
(11) O’Connor, C. J.; Sorrell, T. N.; Allen, W. E. Unpublished results. instead of the complex.

bipyramidal Cu(ll) ion. Because there is only a singlesBF
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color4 After the solution is warmed to room temperature and Scheme 2

the copper ion is removed by stirring with aqueous ammonium 24
hydroxide, pure3 can be isolated in up to 45% yield after ) C—fs,CHa iPr Pr

. L . iPr C Z N~
column chromatography. Under optimum conditions, unmodi- NN NG N\N
fied P(imP2); is recovered in 4550% yield®> When1€0O; is )=N A(O iPr -g—&—nPr
used during oxygenation, the ligand-®l stretching frequency e, FC"\ |>C N="rwp
is observed to be appropriately shifted by the isotopic substitu- iPr- o fipr O SN=
tion [Av(**OH—80H) = 11 cn1?, confirming that the new yon NP
oxygen atom derives from O iPre NPy ipr

We next looked at reactions of the copper(l) complexes of
related ligands to see how general this reaction is. Oxygenation j
at low temperature of thal-ethyl-4-isopropy! derivative Cu- ot
[P(imELPY3]CHCN} BF,,” followed by the standard workup, s cH, Pr ;’
affords a 24% yield of P(iffiP"),(imELPIOH) 4.6 |n contrast, ‘PKN/X/C- 3 <N/‘N‘
oxygenation at low temperature §CU[P(imP"-Ph3]CH3CN} - )=N H Pr/"N-\ciPr
CRS0;, 6,6in which phenyl groups have replaced the isopropyl e, \,CU\L °\ N=elp
groups at the 4-position of the imidazole rings, §@u[P(Ph)- e "_ﬁ.N/\ip, o NN—
(imPr2),]CH3CN} CRSO; , 8,16 which bears a phenyl ring near =N A NP
the metal ion instead of one of the imidazole groups, produce prmNNP~ipr iPr
uncharacterized green complexes instead of the corresponding
violet-colored peroxide adducts. Removing the Cu(ll) ion from l
these oxidized complexes with NBH yielded ligands in which
neither the isopropyl groups nor the phenyl substituents have CHa oy |* +
been modified. These experiments, taken together, provide Pr_, /N c’ “—‘ ‘Pr\(/\NAiP_f‘
evidence that intermediacy of a peroxo complex is required for ”/_5/ \o Pr NN\T&iPr
hydroxylation to proceed. N\ / \/N’)'""P
In keeping with the experimental observation that only half P'-u,(,yc” Ho-Cu

of the original P(inf%)3 is hydroxylated, Scheme 2 illustrates iPr-NZN 7 iPr N=

one possible pathway for the formation of the hydroxylated
ligand product. Alternatively, cleavage of the peroxide ©@
bond may yield a big(-oxo) species, [kCu(u-O);]%", which 2 (-H;0)
has been documented for complexesNyN',N"'-trialkylated
1,4,7-triazacyclononane liganéis.

We cannot exclude the possibility that the hydroxylated ligand
product is formed by a mechanism akin to the one observed by
Kitajima in the oxidation of cyclohexene by [Cu(f{)]O,
which produces 2-cyclohexen-1-ol and 2-cyclohexen-1%ne.
There, isotopic labeling experiments revealed that the new
oxygen atoms in the products were derived from reaction with
exogenous @and not from the bound peroxide moiety. A
mechanism proposed to account for those results suggests th
the O-0 bond of the peroxide complex undergoes homolysis
to generate LCu O species. These fragments abstracirbim
cyclohexene, which subsequently reacts with molecular oxygen
to generate the observed products. Acknowledgmentis made to the National Science Founda-

For the complexes reported here, homolysis could also tion for financial support of this work. We thank Dr. Peter
generate LCt O species. Abstraction of a hydrogen atom from White at UNC for determining the crystal structure 2z

the isopropyl group of the ligand followed by reaction with O
in solution would also produce the hydroxylated product.
Complex1 reversibly binds dioxygen, so we cannot ensure that
exogenous @is absent from the reaction mixtute.
Hydrogen atom abstraction from3penters is emerging as

a common reaction pathway faryZn2-peroxo and big(-oxo)
complexes, regardless of the identity of the ligand or metal
ion.3418-20 \While the Cu(Q%*")Cu moiety is capable of acting

s an oxidant, changes in the steric properties of the tris-
imidazolyl)phosphine ligands described here will be necessary
to produce a Cu/@system that is suited for use in catalytic
hydroxylations of exogenous substrates.

(14) The yield of3 is greatly reduced if the oxygenation is carried out on Sgpportlng Informatl_on Avallable_. Text describing experimental
solutions of1 that are>10-3 M, presumably because the higher details for the' synthesis and reactions of compouhqs a_nd X-ray
concentrations favor intermolecular reduction of the peroxide group crystallographic data collection f@a (10 pages). Ordering information
by unreacted Cu(l) complex instead of hydroxylation. Low-temperature is given on any current masthead page.
3P NMR spectra reveal that initial dioxygen binding byn CD.Cl,
is not quantitative at these higher concentrations needed to obtain the|C961187R
NMR spectra, a phenomenon we observed previously; see ref 5.

(15) The hydroxylation proceeds in 285% vyield if the purple solution (17) In fact, free radicals apparently can form during the decomposition
is first subjected to vacuum to remove unboundb@fore it is allowed of { Cu[P(imP%)3]} ,0,(CRS0s); because this complex also promotes
to warm. Under no set of conditions, however, have we found the coupling in 33% yield of 2,4-dtert-butylphenol to 3,35,5-tetratert-
yield of 3 to exceed 50%, which is the theoretical maximum for this butyl-2,2-dihydroxybiphenyl (cf.: Paul, P. P.; Tyekl&Z.; Jacobson,
type of reaction; see ref 2c. A small amounts) of the phosphine R. R.; Karlin, K. D.J. Am. Chem. S0d.991 113 5322).

oxide derivative of the ligand is sometimes observed, too; however, (18) Reinaud, O. M.; Theopold, K. H. Am. Chem. S0d994 116, 6979.
the ligand slowly oxidizes under dioxygen even when no metal ionis (19) Kitajima, N.; Osawa, M.; Tanaka, M.; Moro-oka, ¥. Am. Chem.
present. So0c.1991 113 8952.

(16) The experimental details for the syntheses and reactions of compounds(20) Wallar, B. J.; Lipscomb, J. DChem. Re. 1996 96, 2625, and
4—8 are included in the Supporting Information. references cited therein.



