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Agueous copper(ll)N,N',N"-trimethyl-<is,cis1,3,5-triaminocyclohexane (Cu(tach-)& (aq)) promotes the

hydrolysis of activated phosphate diesters in aqueous medium at pH 7.2. This complex is selective for cleavage
of the phosphate diester sodium Ipisiitrophenyl) phosphate (BNPP), the rate of hydrolysis of the monoester
disodiump-nitrophenyl phosphate being 1000 times slower. The observed rate acceleration of BNPP hydrolysis
is slightly greater than that observed for other Cu(ll) complexes, such as [Cu([2)&1gN[9]aneNs = 1,4,7-
triazacyclononane). The rate of hydrolysis is first-order in phosphate ester at low ester concentration and second-
order in [Cu(tach-Mg)]?*(aq), suggesting the involvement of two metal complexes in the mechanism of substrate
hydrolysis. The reaction exhibits saturation kinetics with respect to BNPP concentration according to a modified

Michaelis-Menten mechanism: 2Cutt S== LCu—S—CulL — 2CuL + products Ky = 12.3+ 1.8 mM, key
= (4.0+ 0.4) x 1071, 50°C) where Cul= [Cu(tach-Mg)]2", S= BNPP, and LCt-S—CuL is a substrate-

bridged dinuclear complex. EPR data indicate that the dicopper complex is formed only in the presence of BNPP;

the active LCu+-S—CulL intermediate species then slowly decays to products, regenerating monomeric CulL.

Introduction lanthanides, in analogy to the active sites of natural nucleases,
which often contain one or two labile metal cations in the active
Nature has developed nucleases to hydrolyze phosphatesitel7-19
diester bonds, which are components of exceptionally stable One of the first Cu(ll) systems evaluated, Cu(zhByri-
compounds responsible for the accuracy of the genetic code.dinef", catalyzed the hydrolysis of ethptnitrophenyl phos-
There has been considerable interest in the development ofphate?® Since then, others have explored Cu(ll) complexes of
inorganic complexes that function as synthetic metallonu- 2,2-bipyridine and pyridine derivatives in similar reacticis?
cleases® A variety of inert metal compounds have been A variety of activated phosphate diesters and activated trans-

evaluated as promoters (or catalysts) of activated phosphateesterification substrates, such as bis(2,4-dinitrophenyl) phos-

diester hydrolysi§- 1! Recently, efforts have focused on com-
plexes of labile metal®-16 including zn(Il), Cu(ll), and the
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phate?® bis(p-nitrophenyl) phosphate (BNPPYZ2 and 2-hy-
droxypropyl p-nitrophenyl phosphate (HPN®¥5 have been
used to demonstrate the activity of Cu(ll) complexes.
Mechanistic study of Cu(ll)-catalyzed phosphate diester
hydrolysis has yielded a variety of kinetic behaviors and
proposed active species. The Cu(ll) triaza-macrocycle systems
([Cu([nlaneN;)Cly], n = 9, 10, 11) have been investigated in
detail2627 The authors measured a half-order rate dependence
in metal complex, which was attributed to the formation of
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Copper(ll) Complexes of N-Alkylated Derivatives
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inactive dihydroxo-bridged copper(ll) dimers [CuojgneNs)-
(OH)]22" in equilibrium with the direct catalyst precursors, [Cu-
([nJaneNs)(OH)]*.26:28 Thus, the monomers [CuffaneNs)-
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triamine ligands. Here we report the hydrolysis of activated
phosphate diesters such as pis{trophenyl) phosphate
(BNPP) at neutral pH by Cu(tach-Mé*(aq) (Scheme 1, R
p-nitrophenyl). A kinetic study and proposed mechanism of
action are described.

Experimental Section

The buffer HEPESN-(2-hydroxyethyl)piperaziné¥ -ethanesulfonic
acid) was purchased from Sigma Chemical Co. Sodiumpbis(
nitrophenyl) phosphate (BNPP), sodium etpylitrophenyl phosphate,
disodium p-nitrophenyl phosphate, N&O;-10H,0, CuSQ-5H,0,
CuCk (anhydrous), triethylamine, and sodium perchlorate were pur-
chased from Aldrich.

%Cu metal was obtained from Cambridge Isotope Laboratories.
Sodium hydroxide and acetic acid were purchased from Mallinckrodt

(OH)]* were proposed to be active because they possess archemical, and HPLC grade methanol was purchased from J. T. Baker.

available hydroxide ion as nucleophile for diester cleavage.
Differences in hydrolysis rate among thddneN; ligands were
attributed to steric effects that could favor a dimer for the
complexes with smallen, whose hydroxide is unavailab?é.

In contrast, a first-order metal dependence on the Cu([12]-
aneN)?" complex, formed in situ, in the hydrolysis of ethyl
2,4-dinitrophenyl phosphate was report&dwahnon and co-
workerg® noted the transesterification rate of HPNP by the
Cu(ll) complex of tridentate bis(2-benzimidazolylmethyl)amine

Triethylamine was distilled from CaHbefore use, and all other
chemicals were used without further purification. Aqueous solutions
were prepared with water purified by passage through a Hydro ultrapure
water filtration system.

An Accumet pH Meter 925 equipped with an Orion 8103 Ross
semimicro combination pH electrode was used for pH measurements.
Quartz cuvettes with threaded caps were obtained from Hellma. HPLC
analysis was performed on a Beckman system with a variable
wavelength detector interfaced with a PC. Separations were obtained
on a Beckman Ultrasphere ODS C-18 reversed-phase column (4.6 mm

had a second-order dependence on metal complex concentration, 25 cm).

which was ascribed to an active monohydroxo-bridged dimer.
The steric bulk of this amine ligand may inhibit formation of
the inactive dihydroxo-bridged copper(ll) dimer.

We have initiated a study of Cu(ll) complexes BN ,N'"-
trialkylated derivatives ofcis,cis1,3,5-triaminocyclohexane
(designated [Cu(tach4RCl,]), based on the observations that

tridentate amines whose steric bulk may be regulated could lead
to further understanding of mechanism of phosphate diester

cleavage by Cu(ll) (Scheme 39 Until recently, the availability

of tach, and therefore its derivatives, was limited by available
syntheses. We have developed a high-yield synthesis ofltach
and exploited this to prepare a new family of trialkyl derivatives,
tach-R; (R = Me, Et,n-Pr, CH-2-thienyl, and CH-2-furanyl)
and 2-pyridylmethyl hexadentate derivatives;(Rl)stachpyr3®-32

In Situ Preparation of (N,N',N"-Trimethyl- cis,cis-1,3,5-triami-
nocyclohexane)copper(ll).N,N',N"-Trimethyl-cis,cis 1,3,5-triaminocy-
clohexane trihydrobromide salt (tach-M&HBr) was prepared by the
literature method®>'¢ Aqueous CuGl(1.49 mL, 0.1 M) was added to
aqueous tach-Me3HBr (1.5 mL, 0.1 M, neutralized with 3 equiv of
NaOH) to afford a deep blue solution of Cu(tach4yie (50 mM) that
was used without further purification. Occasionally, a faint blue-green
precipitate formed, presumably insoluble Cu(ll) hydroxides, which was
removed by filtration through a 0.22m syringe filter.

Product Analysis. HEPES (2.64 mL of 50 mM aqueous, pH 7.2
standardized at 50C), Cu(tach-Mg)?>" (60 uL of 50 mM aqueous),
and BNPP (30Q:L of 10 mM aqueous) were combined giving final
concentrations of 1.0 mM BNPP and 1.0 mM Cu(tachs)¥ein 3.00
mL total volume of HEPES (44 mM). The solution was incubated at
50 °C for 1 h. An aliquot was withdrawn and analyzed by reversed-

Tach-based hexadentate ligands form complexes with a varietyphase HPLC, eluted with a linear gradient of 100% 50 mM acetic acid/

of metal ions, including Fe(Il§2 Cu(l1),3:33 Zn(ll), Cd(ll),
Hg(11),%* Ga(lll), and In(ll)3% The structural and electronic
properties of the Cl(tach-R) complexes are reported in the
preceding pape® the speciation of the aqueous Cuftach-

Rz complexes is believed to be [Cu(tachyfi>0);]%, referred

to as “Cu(tach-R2" herein. As this study began, Fujii and
co-workerd®36reported that the rate of hydrolysis of ethyl 2,4-
dinitrophenyl phosphate by the Cu(ll) complex of unalkylated
cis,cis1,3,5-triaminocyclohexane (Cu(tachy)A") was signifi-
cantly greater than that of Cu(ll) complexes of several other
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50 mM triethylamine to 100% methanol over 25 min. The products
were equal amounts @Fnitrophenol ang-nitrophenyl phosphate, as
confirmed by co-injection of standard 1 mM solutiongefitrophenol,
p-nitrophenyl phosphate, and BNPP (retention times of 16.8, 10.5, and
20.2 min, respectively).

Kinetics. The studies were based on previously published work.
The method of initial rates was used, whereby reaction progress was
monitored spectrophotometrically in situ in Teflon-sealed screw-capped
quartz cuvettes in an HP 8450A diode array UV/vis spectrometer, fitted
with a water-jacketed multicell holder and interfaced to an IBM PC.
The temperature of the multicell holder was maintained atGvith
a Forma Scientific circulating bath. Aliquots of stock solutions of Cu-
(tach-Me)?* (typically 50 mM) and substrate (e.g., BNPP, typically
10—20 mM) were added to an appropriate volume of HEPES (50 mM,
pH 7.2 at 50°C) to provide a total reaction volume of 3 mL.

The progress of the reaction was indicated by the absorbance at 400
nm, assigned t@-nitrophenolate { = 18 700 L mot* cm™).2” To
account for the fraction gb-nitrophenolate that exists as its conjugate
acid at pH 7.28 the [Ky's of HEPES buffer (apparent@ = 7.31, 37
°C, | = 0.1 My*" and ofp-nitrophenol (thermodynamid{y = 7.15, 25
°C, | = 0)*® were corrected to the apparent values appropriate for the
temperature and ionic strength of our experiments’GQ ~ 45 mM),

(37) Good, N.; Winget, G.; Winter, W.; Connelly, T.; Izana, S.; Singh, R.
Biochemistryl966 5, 467—477.

(38) Martell, A.; Smith, RCritical Stability ConstantsPlenum Press: New
York, 1977; Vol. 3, p 183.
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Figure 1. Effect of the C&" to ligand ratio £) on the initial rate of ~ at 50 °C and 1 mM Cu(tach-Mg?*. The concentration of bisf
hydrolysis of bisg-nitrophenyl) phosphate. Reaction solutions were Nitrophenyl) phosphate was varied from 0.2 to 6 mM. Error bars are
prepared from 0.1 M stock solutions of CuGind tach-Me Each shown on the graph and may be within the data point. The plotted line
reaction mixture contained 50 mM HEPES, pH 7.2Tat 50 °C and is the computer-generated best fit according to eq 7 wkgre= 12.3
5 mM bis(-nitrophenyl) phosphate. The final concentrations ofCu = 1.8 MM andkear = (4.0+ 0.4) x 107* s,
varied from 2.1x 10~ to 8.3 x 10~ M, and those of tach-Mevaried
from 8.3 x 107 to 4.2 x 10~* M. Error bars are shown on the graph  metal complex, thereby correcting for possible uncatalyzed hydrolysis
and may be within the data point. of the phosphate diester. Control experiments (below) were also
conducted to examine other sources of hydrolysis.

Two control experiments were conducted to ensure that the hydroly-
sis observed during the kinetics measurements was due to the copper
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3HBr (300u«L of 10 mM aqueous), and BNPP (3@ of 10 mM
aqueous) were combined giving final concentrations of 0.5 mM BNPP

,12 C 1 complex. To examine possible background hydrolysis of BNPP in the
"go r . buffer medium, HEPES (2.70 mL of 50 mM aqueous, pH 7.2 at 50
- F . °C) and BNPP (30@.L of 10 mM aqueous) were combined giving a
o8 - final concentration of 1 mM BNPP in 3 mL total volume of HEPES
o E ] (45 mM). This solution was incubated at 80 for 1 h while monitoring
56 E’ ﬂ thep-nitrophenolate absorbance at 400 nm. The possibility of hydrolysis
T4l = of BNPP by the free chelator (tach-Nevas examined by a similar
i‘g C j procedure. HEPES (5.10 mL of 50 mM aqueous, pH 7.2), tack-Me

2 —

e

bk

Y AT S W N and 0.5 mM tach-Megin 5.7 mL total volume of HEPES (44.7 mM).
0 2 4 62‘ R 8 s ;0 12 In both cases, no appearancepafiitrophenolate was detected over a
Cu(tach-Me), “'J" (107 M%) period of 1 h.
Figure 2. Plot of initial rate versus [Cu(tach-Mg*]? of hydrolysis The procedure for measurement of the reaction rate dependence on

of bis(p-nitrophenyl) phosphate. Each reaction mixture contained 50 concentration of Cu(tach-Mg* (Figure 2) is typical of the methods
mM HEPES, pH 7.2, at 5°C and 0.1 mM bigg-nitrophenyl) employed. In six experiments (each conducted in triplicate), aliquots
phosphate. The concentration of Cu(tachslewas varied from 0.5 of Cu(tach-Mg)?" (50 mM) ranging in volume from 23 to 600L
to 10 mM. Error bars are within the data point, and the plotted line is were added to 2.94 to 2.37 mL of HEPES buffer (50 mM) to produce
the computer-generated best fit wigh= 0.9958. final concentrations of Cu(tach-MB@" ranging from 0.5 mM to 10
mM. BNPP (30uL, 10 mM) was added to each run to give a final
giving pKs = 7.20 (HEPES) andif, = 6.71 p-nitrophenol). Activity [BNPP] of 0.1 mM, in 3 mL total volume of HEPES (39:49 mM,
coefficients were computed from the Davies equation Wit 0.524 respectively). The progress of the reaction was monitored spectropho-
mol-2 kg¥’2 for 50 °C3%40 and included a 10% contribution of the  tometrically at 400 nm. The absorbance data was processed by
zwitterionic form of HEPES to logys*° as well as ionic strength  Kaleidagraph (Synergy Software) to give the initial rate plots. Curve
contributions from the dissociated HEPES, Cu(tach)ile, and BNPP. fitting of the saturation kinetics was done with Origin 6.0 (Microcal).
Corrections to the g, for temperature were made using the temperature ~ Preparation of #*Cu(tach-Mes)?*. To a clear solution of tach-Me
coefficientApKa/AT = —0.014 of HEPEY and using the enthalpy of ~ 3HBr (0.0021 g, 5.0< 10°® mol) in 0.25 mL of a 2:1 v/v mixture of
ionization AH® = 4.5 kcal/mol forp-nitrophenct® and the van't Hoff 50 mM HEPES (pH 7.4 in BD) and glycerold; was added a pale
equation. Under the conditions of our experiments 29.55% of the blue solution of 20 mMM*CuCk (0.25 mL, 5.0x 10°° mol) in DCI
p-nitrophenol exists as its conjugate acid. Therefore, after interpretation (0.01 M) affording a blue solution of 10 mi#Cu(tach-Meg)**. From

of the absorbances with the cited= 18 700 L mot! cm?, the this was prepared 1 mifCu(tach-Mg)?* by further dilution with the

determined rates were corrected by a factor of 1.40. The absorbance0 mM HEPES/glycerot; mixture.

of Cu(tach-Mg)?" (Amax = 664 nm,e = 109 L mot* cm™) did not Reaction Mixture of Cu(tach-Mez)?>" and BNPP for EPR Study.

interfere in the determination gfnitrophenolate. Aqueous Cu(tach-Mg* (40 uL, 50 mM) and BNPP (1 mL, 20 mM
The increase in absorbance at 400 nm was followed for 60 min, in 50 MM HEPES) were added to HEPES (960 50 mM) to provide

which represented less than 15% conversion ofphisfophenyl) final concentrations of 1 mM Cu(tach-Mé" and 10 mM BNPP in a

phosphate to products. All runs were conducted in triplicate, from which total volume of 2 mL of HEPES (49 mM).

standard deviations of typically-15% were obtained, as indicated by EPR Measurements. The EPR spectra were measured on a

error bars in the data plots (Figures-3 and 5). The sample in the  laboratory-assembled X-band spectrometer equipped with a Bruker ER
reference beam was identical to the reaction mixture, except lacking 041 XK-H microwave bridge and a Varian Tgz cavity as described
elsewheré! Calibrated 3 mm i.d=4 mm o.d. quartz sample tubes were

- . . . used for measurements on frozen solutions at 77 K. A quartz flat cell
(39) SK(I)C;]Z., Ii\’lsvesfgrbkerf’éﬁhﬁg%al Thermodynamiggohn Wiley and was used for room-temperature measurements on aqueous solutions.

(40) Perrin, D.; Dempsey, BBuffers for pH and Metal lon Contrpl
Chapman and Hall: London, 1974; pp-£0. (41) Yang, X.; Chasteen, N. Biophys. J.1996 71, 1587-1595.
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The EPR spectra of frozen solution samples at 77 K were collected Mej3)] ratio (r) which yielded the greatest hydrolytic rate. As
at relatively low microwave power to avoid signal saturation. About shown in Figure 1, the maximum rate was obtained at equal
400 uL volume of sample was added to either the quartz tubes or to concentrations of Cu(ll) and tach-MeAs r exceeded one, the
the flat cell. For measurements at 77 K, the samples were frozen gacline in rate was accompanied by precipitation of uncharac-
immediately after preparation. A solution of 1 mM CuS@ 1:3 terized blue salts

glycerol:water, pH 2, served as an absolute intensity standard for frozen . . .
solution spectra. The spectrometer settings for frozen solutions were Th2e+ hydr,o!ySIS of big¢-nitrophenyl) phospha'.[e by Cu(tach-
the following: microwave power 5 mW; modulation amplitude= Mes)>" exhibited second-order dependence with respect to the
0.2 mT at 100 kHz; scan time 500 s; time constant 0.3 s; frequency metal complex. A plot of the initial rate versus the concentration
= 9.1500 GHz; scan range 100 mT. Room-temperature spectrawere Of Cu(tach-Me)?" squared was linear with a slope of 13
obtained with the following settings: microwave power10 mwi; 104 M~1s1 (R=0.996) (Figure 2). The reaction order with
modulation amplitude= 0.5 mT; scan time= 1000 s; time constant respect to big-nitrophenyl) phosphate was also determined.
1's; scan range= 100 mT; frequency= 9.5284 GHz. To maximize  The rate of hydrolysis of the phosphate diester is first-order in
the cavity Q, the orientation and tilt of the flat cell were carefuly BNPP at low substrate concentration but becomes saturated at
adjusted by observing the cavity tuning mode on the oscilloscope. higher concentrations relative to that of Cu(tachs)e(Figure
Reproducibility in the EPR signal intensity between tunings of the 3), consistent with a mechanism whereby Cu(tach)keforms
spectrometer on the same sample ##ds0%. ! . .

a reasonably strong complex with the substrate BNPP prior to

Results hydrolysis.
Mechanistic Analysis.The following mechanism (eqs-13)
Cu(tach-Me3)?" and Products of Phosphate Diester Cleav-  is consistent with the observed reaction orders and saturation

age. A solution of Cu(tach-Mg?" was prepared either by  kinetics. The previously described aqua Cu(tachs)tecom-
dissolving an appropriate quantity of solid [Cu(tachd)@,] plexd is denoted by LCu and substrate (BNPP) by S:

in HEPES buffer or by generating the material in situ (Experi-

mental Section). In the preceding article, it has been shown L+ ‘L_l LCu— 1
through EPR studies that the solution species generated by these Cu S Cu-S (1)

two methods are equivalef The in situ method was used in K,

these studies because high concentrations of Cu(tagjMe LCu + LCu—S==LCu—S-CuL 2
could be quickly and efficiently generated. It has also been K,

shown that [Cu(tach-B)YCl;] undergoes rapid hydrolysis of Cu LCU—S—CuL —> 2CuL + products 3)
Cl bonds to give an aquo species, formulated as [Cu(tagh-Et la—c

(H20)2])%", with a square-pyramidal structure and a nitrogen . ) )

donor in the apical positio# Thus, aqueous Cu(tach-N)&" The intermediate LC4#S—CuL is postulated to have one of

is reasonably presumed to have a similar structure, as depictedh® three structuresa—c as shown in Chart 1. _ )

in Scheme 1. The products of phosphate diester cleavage shown We assume that steps 1 and 2 of the mechanism are in

in Scheme 1 were determined by reversed-phase HPLC with preequilibrium and thg.sl_ow—hydrolyss §tep 3 is rate-hr_mtmg.

UV detection to bep-nitrophenol ancb-nitrophenyl phosphate It.follows that the equilibrium concentration of intermediate is

formed in equal amounts (Experimental Section). The nature 9Iven by eq 4 and the rate of product formation by eq S:

of the products and the absence of other UV-active peaks 2

suggest a hydrolytic mechanism of cleavage. [LCu=S—Cul] = K,K,[LCU][S] (4)
Kinetic Analysis. Kinetics of the reaction between Cu(tach-

Mes)?* and bisp-nitrophenyl) phosphate were studied by the dfproducts]/dt= k,{LCu—S—CuL] =

method of initial rates. The method of initial rates is a convenient koK KILCUJ[S] (5)

method for collecting kinetic data for slow reactions, because

only 5—-10% completion is necessary. Copper(ll) complex- Equation 5 is in accord with the observed order of the

promoted hydrolysis of phosphate diesters is generally a slow reaction. Since the equilibrium concentration of L-€s—CuL

reaction?%-26-28which is not practical to follow for 35 half- governs the rate of the reaction, we write the mechanism in

lives. The reaction was followed spectrophotometrically, and condensed form as a modified Michaeliglenten mechanism:

the only significant spectral change occurred at 400 nm, which » .

corresponds to the produc_tlon of tpmﬂropht_enolate anion. No 2CUL + S=== LCu—S—Cul -2 2CuL + products  (6)

detectible BNPP hydrolysis was observed in absence of copper

complex or with tach-Mg alone under otherwise identical Saturation kinetics is expected when a significant fraction of

reaction conditions. the total copper is present as the intermediate £+6&CulL,
Because Cu(tach-Mp"™ was generated in situ, with the the concentration of which is given by eq 4. To express the

possible existence of various species of different Cu:L stoichi- kinetics in terms of the total concentrations of CuL and S in

ometry, studies were performed to determine the [Cu(ll)]:[(tach- solution, we write the mass balance equations [Gat]CuL]
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Figure 4. X-band EPR spectra of Cu(tach-b& in room temperature
(a) and frozen (b) solution. See Experimental Section for spectrometer
settings.

+ 2[LCu—S—Cul] and [S}, = [S] + [LCu—S—Cul] ~ [S]
because the substrate concentration, [S], is in excess. By
combining these equations with egs 4 and 5, we derive the
following expression for the dependence of the initial rae

of the reaction on the total substrate concentrationd&a fixed

total copper concentration [Cuj:]

are not formed in these solutions. Thus, it is unlikely that a
preformed hydroxo-bridged copper dirfet’ (e.g.,{[Cu(tach-
Mes)]2(u-OH),} 97) is the catalyst or catalyst precursor. In
contrast, upon addition of 10 mM BNPP, the double integrals
of both the frozen and room-temperature solution spectra of 1
mM Cu(tach-Mg)?" were markedly reduced, by 2t 3% and
_ . 37 + 2%, respectively, compared to the spectrum of the Cu-
%o = Keatu{ HCULL[S]/Ky + 1 (tach-Me)?+ complex in the absence of BNPP. The appearance
(8[CuL],[S]/Ky + 1)1’2}/8[8]0 ) and line shape of the spectra in Figure 4 were unchanged, only
their intensities reduced, and no new species were observed.
For preequilibrium the Michaelis constant is definedkas These findings strongly suggest that significant amounts of EPR-
= 1/(KiK2) and is an overall dissociation constant for the silent dimeric (or possibly oligomeric) species are fornoatly
intermediate. In this analysi&y corresponds to the product of ~ when substrate is present in the solutidgfrom the value of
total concentrations, [Cub[lS]o, that produces an initial rate that  overall dissociation constaity = 12.3 mM derived from the
is half its maximal value. The maximal velocity of the reaction kinetic data of Figure 3, we estimate that approximately 44%
under conditions of substrate saturation is giveny = Kear of the copper is in the dimeric form under the concentration
[CuL]s/2. The factor of 2 arises from the fact that two copper conditions of the EPR experiment, a value that compares
complexes are involved in formation of the intermediate. Figure favorably with the observed 37% reduction in the EPR signal
3 shows the rate data fitted to eq 7, from which we obt&in of the room-temperature solution. Thus, the EPR data support
= 12.34+ 1.8 mM andkee = (4.0 £ 0.4) x 104 s The the hypothesis that the substrate binds to monomeric Cu(tach-
slow rate of the reaction, as reflected in the small valuk.gf Mez)?" (step (1)), enabling a dimer to form (step (2)) and rule
as well as the EPR data discussed below, is fully consistentout preformation of a hydroxo-bridged copper dimer prior to
with preequilibrium formation of LCtS—CulL followed by its binding of substrate.
slow decomposition to products. In the above mechanism we Substrate Comparison.The observed first-order rate con-
assume that deprotonation of coordinated water on Cu(ll) occursstants for big§-nitrophenyl) phosphate, ethys-nitrophenyl
prior to step (3) and that attack of coordinated hydroxide at phosphate, ang-nitrophenyl phosphate hydrolysis are given
phosphate, step (3), is rate-determining (see structlaes) in Table 1. Bisp-nitrophenyl) phosphate was hydrolyzed more
in analogy with findings for [Cu[9]aneCl,].26:27 rapidly than the ethyl derivative, in accord with the greater
EPR Studies.EPR studies were conducted in order to further electron-withdrawing and leaving-group characteristics of the
characterize mechanistic steps and the proposed intermediatep-nitrophenyl group relative to ethyl. The phosphate monoester,
of hydrolysis (La—c). The EPR spectra of 1 mMPCu(tach- p-nitrophenyl phosphate, was hydrolyzed much less rapidly than
Mes)?" at room temperature and in frozen (77 K) solution in the diesters, consistent with it being a dianion, which is less
HEPES buffer (pH 7.4) (Figure 4) reve&fCu ( = 3/2) susceptible to nucleophilic attack than the monoanionic sub-
hyperfine lines characteristic of a monomeric cupric com- strates.
plex3342 The relative values of the double integrals of the  Hydrolysis Inhibition. The hydrolysis of big§-nitrophenyl)
spectrum off3Cu(tach-Mg)2* in the frozen solution and that  phosphate by Cu(tach-ME+ was inhibited by the monoester
of the CuSQintensity standard were within 2%, indicating that product of the reactionp-nitrophenyl phosphate. The effects
the EPR signal accounts for all of the copper in the tach-Me of phenyl phosphate, inorganic phosphate, and pyrophosphate
sample. These observations, plus the fact that the EPR signal(P.O;*") were also studied (Figure 5). The greatest inhibition
amplitude for the frozen or room-temperature solution was found was seen with pyrophosphate, which is the most basic, and is
to be a linear function of concentration in the rangeld mM, well-known to bridge metal centers in dimeric comple&e¥
demonstrate that significant amounts of dimeric specie¥4) The hydrolysis reaction was completely inhibited with the

(42) Pilbrow, J. R.Transition lon Electron Paramagnetic Resonance (43) Ainscough, E. W.; Brodie, A. M.; Ranford, J.; Waters, J.; Murray, K.
Clarendon Press: Oxford, U.K., 1990; pp 628R6. Inorg. Chim. Actal992 197, 107.
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Table 1. Observed First-Order Rate Constants for the Hydrolysis of (OH)]*.2° In the catalysts based on [CoJineNy)Xz] (n = 9,

Phosphate Esters by [Cu(tach-i/@l;]* 10, 11), the solution speciation is believed to be a monemer
phosphate ester Kobs (S~3)P dimer mixture of [Cu(f]laneN;)(OH)]* and [Cu(hlaneNs)(u-
bis(p-nitrophenyl) phosphate (1.120.02)x 10°° OH)J2*".?" These complexes contrast with our assignment of
ethyl p-nitrophenyl phosphate (690.4)x 1077 the solution form of Cu(tach-M§"(aq) as [Cu(tach-Mg-
p-nitrophenyl phosphate (1.120.06)x 10°® (H20)7]27.33 It is not clear why Cu(tach-Mg?(aq) does not
a Conditions:1 mM [Cu(tach-M&Cl;]; 5 mM phosphate ester; pH ~ form a hydroxp spepﬁes; a tentative gxplanation is a greater
7.2; 50°C. P kobs = initial rate/[phosphate ester]. electron-donating ability of tach-Meelative to tach-H, which

diminishes the Lewis acidity of Cu(ll).

addition of 0.5 equiv of pyrophosphate relative to Cu(tach-  Hygrolysis of phosphodiesters by Cu(tachi& exhibits
Mes)?*. Phosphate was also a potent inhibitor. As the concentra- second-order rate dependence on metal complex, to the best of
tion of phosphate was increased, the rate of product formation oyr knowledge a property that is shared by only one other
rapidly deviated from pseudo-first-order behavior, and a faint mononuclear Cu(ll) complex, Cu(ll) bis(2-benzamidoylmethyl)-
precipitate was observed, possibly a phosphate complex of Cu-amine2s The kinetics of the Cu(tach-H)" system has been
(tach-Me)?". Phenyl phosphate was found to be a better yeported as first-order in Cull) for the cleavage of ethyl (2,4-
inhibitor thanp-nitrophenyl phosphate. Thenitrophenyl group  ginitrophenyl) phosphat®®. [Cu([nJaneNs)X2] (n = 9, 10, 11)
is more electron-withdrawing than phenyl, which suggests that gxnibits 1/,-order dependence on Cu(ll), attributed to the
phenyl phosphate would be more basic thanitrophenyl dissociation of [Cu(fjaneNy)(u-OH)];2* that is required to
phosphate and would in turn have a greater affinity Cu(ll) center, generate the active catalyst.
leading to the observed order of inhibition. On the basis of the second-order kinetics of Cu(tach)ie
we have postulated a binuclear intermediate (one of structure
typesla, 1b, or 1c¢) in the cleavage process. Alkyl phosphates

This study focuses on the mechanism of action of Cu(tach- are known to bridge two copper centers through the linkage
Mes)?* in the hydrolysis of activated phosphate diesters. Copper- Cu—O—P—0—Cu, as in [Cu(phen)y(ATP),]47 and [Cw(6,6-
(1) complexes may catalyze hydrolysis of phosphodiesters, two (MesNCH,C,)2bipy)(H20)x(1,31-PO;0Ph)] [NO3]4.22 Support
requirements being that the metal center possess adequate Lewigr the assertion that a LGtS—CulL species forms in the BNPP
acidity and open coordination sites. However, beyond these hydrolysis reaction is derived from analysis of kinetic data
factors, mechanistic studies show that kinetics, proposed (Figure 3) and from EPR studies. EPR studies of the copper
intermediate species, and other aspects of Cu(ll)-promotedcomplex in the presence and absence of substrate clearly indicate
phosphate diester hydrolysis vary considerably. The propertiesthat no measurable amounts of binuclear Cu(tach}e

Discussion

of Cu(tach-Mg)?" may be compared to [CuffaneNs)X2] (n complexes are present in solution in the absence of the substrate,

=9, 10, 113%?’Cu'(tach-H)?*,2° Cu(2,2-bipyridine}*,2°and while, in the presence of substrate, a significant decrease in EPR

Cu(ll) bis(2-benzamidoylmethyl)amirté. signal intensity is observed, which is in accord with formation
The solid-state structure of [Cu(tachsfBro &Cl1 2] * is similar of an antiferromagnetically coupled dimeric complex in an

to [Cu([9]aneN)Cl;],*54¢ a substance which is also active in  amount consistent with the kinetic data. Thus, strucfiivés
hydrolysis of BNPP. Both present Cu(ll) in a five-coordinate, an unlikely intermediate because it would not be strongly
distorted square-pyramidal geometry with an elongated apical exchange-coupled. Further EPR experiments and magnetic
nitrogen bond, a result of Jaheller distortion in the # susceptibility measurements are needed to better define the
electron configuration. The rate of Cu(tach-§fé-promoted nature of the putative dimeric species and also those formed in
phosphate diester hydrolysis (Table 1) is slightly faster than the presence of inhibitors.
the rate of Cu([9]anefy**-promoted hydrolysis under compa- To interpret the kinetic data, we have derived and applied a
rable Conditi0n§.6 ThUS, the observed first-order rate constant model for hydr0|ysis incorporating the formation of an L-€u
for [Cu([9]aneN)Clz]-promoted hydrolysis of bigtnitrophenyl) S—CulL intermediate 1) in an equilibrium step (egs 1 and 2)
phosphate is 1.3« 10°° s7%,%¢ approximately 8-fold smaller  and the breakdown of to products in an irreversible rate-
than Cu(tach-Mg*" (kops= 1.1 x 107°) (Table 1). A similar  determining step (eq 3). The presence of an £SuCulL
rate acceleration factor of 9.6 is observed for hydrolysis of ethyl- species is quantitatively supported by the interpretation of the
(p-nitrophenyl) phosphate by Cu(tach-B (Table 1) com-  saturation kinetic data, measured in the reaction of Cu(tach-
pared to Cu([9]anel)** (kobs= 7.2 x 1078572 Interms of  Mey)2+ with excess BNPP (Figure 3). Unlike Cu[9]ansb,
ligand structure, Cu(tachdj¥* most closely resembles Cu(tach-  the onset of saturation was observed at relatively low concentra-
Mes)**; however, no [Cu(tach-§X2] complexes have been tions of bisp-nitrophenyl) phosphate. The rate of ligand
isolated or structurally characterized for comparison. Under exchange for Cu(ll) complexes is greater than that of phosphate
different conditions (pH 8.1 at 25C) Fujii and co-worker¥ ester hydrolysig8 thus, our model predicts that the rate-limiting
foundkear = (2.6 + 0.1) x 1074 s7* for the hydrolysis of ethyl  step involves breakdown of the substrate-bridged binuclear
2,4-dinitrophenyl)phosphate by Cu(tackyH, offering alimited  complex to products. The excellent fit of eq 7 to the experi-
comparison withkeas = (4.0 + 0.4) x 10* s! for BNPP mental data (Figure 3), as well as the extent of decrease in EPR
hydrolysis by Cu(tach-Mg?* at pH 7.2 and 50C. intensity, described above, is consistent with this proposal. From
Unique features of the Cu(tach-N)&" system are revealed  thjs analysis, the equilibrium constant for the coordination of
in the study of solution speciation. In the Cu(tach®)system, bis(p-nitrophenyl) phosphate to a single Cu(tachi}é is
the proposed active solution species is [Cu(tagh(®H,)- approximately MyuY2, or ca. 300 ML This value is a
geometrical average df; and K, from egs 1 and 2, which

(44) ?geggog‘ig"??ﬂé’m' D.; Harlow, R.; Coulston, G. Am. Chem. Soc.  a55me sequential binding of Cu(tach4\é to the substrate.

(45) Schwindinger, W.; Fawcett, T.; Lalancette, R.; Potenza, J.; Schugar,
H. Inorg. Chem.198Q 19, 1379. (47) Sheldrick, G. MAngew. Chem., Int. Ed. Endl981 20, 460-461.

(46) Bereman, R.; Churchill, M.; Schaber, P.; Winkler, Morg. Chem. (48) Wilkins, R.Kinetics and Mechanism of Reactions of Transition Metal
1979 18, 3122-3125. Complexes2nd ed.; VCH: Weinheim, Germany, 1991.
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Values of 20 and 15 M have been observed for saturation of and bond-dissociation processes. Further studies will be neces-

the hydrolysis of ethylp-nitrophenyl phosphate, by Cu(2-2 sary to determine if an associative or concerted pathway

bipyridine¥® and Cu[9]anelCl,,?% respectively. Ethyp-nitro- dominates.

phenyl phosphate is presumably a stronger base than BNPP, )

and much higher values & would be expected on this basis. Conclusion

The markedly higher affinity of Cu(tach-Mg* for the phos- Cu(tach-Mg)?*-promoted hydrolysis of phosphodiesters ex-

phate dlestezr +sugg¢sts factors such as grfater Lewis acidity Okjhjits several interesting mechanistic features whose origins are

Cu(tach-Me)** relative to Cu(2,2bipyridinef'* or Cu[9]aneN- not fully understood. The dimeric intermediate that we postulate

Cl, are operating and requires further investigation. has been proposed in the Cu¢tbis(2-benzamidoylmethyl)-
We find that phosphates inhibit BNPP cleavage by Cu(tach- amine system but is in sharp contrast to two very similar

Mes)?+ with a stoichiometry that is consistent with formation systems, Cu(I-tach-H and [Cu(fjaneNs)X2] (n = 9, 10, 11).

of a phosphate-bridged dimer (Figure 5). Thus, hydrolysis of The fact that these two systems themselves differ considerably

bis(p-nitrophenyl) phosphate was completely inhibited by 0.5, kinetic behavior further underscores subtle differences in the

mol equiv of pyrophosphate relative to Cu(tachAe, sug- mechanism of phosphate ester hydrolysis by Cu(ll). N-alkylation

gesting that pyrophosphate bridges two Cu(tachjftecom- of the amines on triaminocyclohexane may increase the steric

plexes nonreversibly. Pyrophosphates are known to bridge WOy ik around the copper atom, inhibiting the dimer formation

2 3, i
Cu(ll) or VO?* centerst®4* The order of effectiveness of which [Cu(filaneNy)]2+(aq) exhibit. It may also be postulated

inhhibitilonh by hthtes pEospEa::(s ip-nitrr]ophﬁntyl p}’rm]pshphatefl | that a greater electron-donating ability of tachd\desvents Cu-
phenyl pnosphale phosphate= pyropnosphate, which paratiels (tach-Me)?™(aq) from hydrolysis to a hydroxo species, in

their predicted basicify and presumed affinity for the Cu(ll contrast to Cu(tach-g*. It is clear that further studies are

center. . . )
) ) necessary to elucidate the nature of metal complex intermediates
The source of the nucleophile that cleayesitrophenolate and nucleophiles in this process.

from phosphorus and the mechanism of its attack are as yet ) . ) o

unknown. Studies suggest that coordinated hydroxide is the Potential biological applications of Cu(tach-b are of
nucleophile for some inéf® and labil@®% metal complexes; interest. The |nt.ermed|ateB proposed herein resemble thqse
however, a nucleophile originating from outside the metal Of the purple acid phosphatastand those for the hydrolysis
coordination sphere cannot be excluded at present. [Cu(tach-0f DNA at the exonuclease site of DNA polymerasé-¥ Cu-
Mes)]2* may cleavep-nitrophenolate (RO) from phosphorus (II) complexes of [9]anebland tach-H are known to cleave
by a concerted process (i.e., the addition of hydroxide and Plasmid DNA®®>3 Further studies of the action of Cu(tach-
RO—P cleavage are simultaneous) or by an associative processMes)*" on biological macromolecules, as well as its effects on
with stepwise addition of HOfollowed by RO™ departure. Both ~ cultured tumor cells, are in progress.

concerteé and associative mechanishifiave been proposed.
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