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The zinc(Il) complex (PATH)ZnOH, where PATH is an N,S(thiolate) ligand, has been investigated for its ability to
promote the hydrolysis of the phosphate triester tris(4-nitrophenyl) phosphate (TNP). The hydrolysis of TNP was
examined as a function of PATH-zinc(ll) complex concentration, substrate concentration, and pH in a water/
ethanol mixture (66:33 v/v) at 25 °C. The reaction is first order in both zinc(ll) complex and substrate, and the
second-order rate constants were derived from linear plots of the observed pseudo-first-order rate constants versus
zinc complex concentration at different pH values. A pH-rate profile yielded a kinetic pK, of 8.52(5) for the zinc-
bound water molecule and a pH-independent rate constant of 16.1(7) M~ s~1. Temperature-dependent studies
showed linear Eyring behavior, yielding the activation parameters AH* = 36.9(1) kJ mol~t and AS* = —106.7(4)
J mol~ K1, Interpretation of the kinetic data leads to the conclusion that hydrolysis of TNP takes place through
a hybrid mechanism, in which the metal center plays a dual role of providing a nucleophilic hydroxide and activating
the substrate through a Lewis acid effect. The synthesis and structural characterization of the related nickel(ll) and
iron(ll) complexes [(PATH),Ni]Br, (2) and (PATH),Fe,Cl, (3) are also described. Taken together, these data suggest
a possible explanation for the low reactivity of the zinc(1l) form of peptide deformylase as compared to the iron(ll)
form.

Introduction divalent metal ions (Zn, Co, Ni, and Fe) coordinated in a
Zinc enzymes comprise a large class of metalloproteins W0 2-His/1-Cys/1-HO(OH") tetrahedral environment in the

that have been extensively studied A subset of this class ~ active sitet™® Previously, the zinc(ll) form of PDF (Zn

is the mononuclear zinc enzymes, which typically contain a PDF) had been ruled out as the active form in vivo, and
pseudotetrahedral zinc ion bound to the protein through ainstéad the iron(ll) enzyme (Fe(H)PDF) was accepted as
combination of three His, Asp, Glu, or Cys residues. These the native fornf.>*However, recent work has pointed to at
enzymes catalyze the hydrolysis or hydration of a substrate!€@st one highly active ZaPDF in plants (PDF1A)? _
via a coordinated KO/OH- molecule, and their amidase/ ~ PDF catalyzes the hydrolysis of a formyl group according

peptidase activity is of particular importance. A short © €4 1. Examination of the metal dependence of the
sequence motif, HEXXH, is often conserved in these proteins reactivity of PDF isolated from bacteria has shown thatZn

with two of the His ligands coordinated to the zinc ion. One (4) Baidwin, E. T.; Harris, M. S.; Yem, A. W.; Wolfe, C. L.; Vosters, A.
metallohydrolase that seemingly belongs to this family is F.; Curry, K. A;; Murray, R. W.; Bock, J. H.; Marshall, V. P.; Cialdella,

peptide deformylase (PDF), which contains the HEXXH %’08;2 “é'?;cgiqt63“_"3ﬂ7fh°' G.; Deibel, M. R., J3. Biol. Chem.
motif and has been structurally characterized with different (5) Hao, B.; Gong, W.; Rajagopalan, P. T. R.; Zhou, Y.; Pei, D.; Chan,
M. K. Biochemistryl999 38, 4712-4719.

* To whom correspondence should be addressed. E-mail: dpg@jhu.edu. (6) Becker, A.; Schlichting, I.; Kabsch, W.; Groche, D.; Schultz, S.;

T Johns Hopkins University. Wagner, A. F. V.Nat. Struct. Biol.1998 5, 1053-1058.
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PDF is the least reactive compared to FeflINi(ll) —, or
Co(ll)—-PDF?*12except in the case of a PDF isolated from
Leptospira interroganswhich appears to resemble PDFTA.

o
Ry PDF 't
H l}l-polypeptide H,0
H

+ H,N-polypeptide + H* (1)

C
H™ N0
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substrates proceeds through a simple nucleophilic attack
mechanism. In comparison, zinc-promoted hydrolysis of
phosphatesters usually proceeds via a “hybrid” mechanism,
in which the substrate coordinates to the Lewis acidic
(Ln)Zn(OH) species, thereby undergoing both Lewis acid
activation and intramolecular attack by the metal-bound
OH.1620-23\/ghrenkamp and co-workers have suggested that

~ Given Nature’s strong precedent for selecting the zinc(ll) the hydrolysis of both carboxylic and phosphate ester
ion as the preferred metal center in most hydrolytic enzymes, substrates proceeds via this type of hybrid mechanism,

a particularly intriguing question arises pertaining to the although this proposal was based on studies under non-
origin of the unusual metal-dependent reactivity displayed aqueous conditiori.

by bacterial PDF. High-resolution X-ray structures of all four
M(Il) —PDFs show extremely similar active site$,and thus

Herein we have determined the hydrolytic reactivitylof
toward the phosphate triester substrate tris(4-nitrophenyl)

at first glance do not offer any obvious explanation for the phosphate (TNP). We wanted to compare the reactivity and

particularly low activity of Zr-PDF. A detailed mechanistic

associated properties (e.g{gpand rate constants) for the

understanding of the differences in reactivity between hydrolysis of TNP with those found previously for the

bacterial Fe(ll)- and Zn—PDF is still lacking.

substrate 4-NA# as well as with the parameters found

With this question in mind, we have prepared and studied for other zinc model complexes. The TNP substrate was

the hydrolytic reactivity of the mononuclear,8(thiolate)
zinc complex (PATH)ZnOHX), which closely mimics the

2-His/1-Cys coordination environment of the PDF active site.

In a previous study, we showed thatcould be cleanly

selected in part because it is a well-studied neutral sub-
strate similar to 4-NA and because there are benchmark data
in the literature for comparison. In addition, the metal-

promoted hydrolysis of phosphate esters is a subject of

generated in aqueous solution by dissolution of (PATH)Zn- general interest because of the relevance to naturally occur-

(CHy) in H,0. Potentiometric titration anéH NMR data

ring phosphatases and the related efforts in developing

showed thatl remains a mononuclear complex in aqueous grtificial nuclease&

solution. The hydrolytic reactivity of toward the carboxylic

Our kinetic analysis for the hydrolysis of TNP fypoints

ester substrate 4-nitrophenyl acetate (4-NA) was found 10 1 g hybrid mechanism. These results, combined with our
compare well with other zinc model complexes and en- previous data for the hydrolysis of 4-NA, reveal the highly
zymes:* Kinetic and thermodynamic measurements showed fjexible nature of the zinc ion in the PATH ligand environ-
that the reaction betweehand 4-NA proceeded through & ment and show that zinc-promoted hydrolyses can operate
mechanism involving simple nucleophilic attack of the metal- through different mechanisms depending on the substrate.

bound hydroxide on the carboxylic ester. Th&,pand
associated nucleophilicity of the metdlydroxide was also

found to be in reasonable agreement with other zinc model

complexes. A major finding of this previous work was that
a Zn(ll) ion in an NS(thiolate) environment, as found in

These findings are discussed in light of bacterial PDF's
unusual metal-dependent reactivity.

The syntheses of Co(ll), Ni(ll), and especially Fe(ll)
complexes of PATH are also of interest in light of the Co(ll),
Ni(ll), and Fe(ll) forms of PDF. Previously we had described

PDF, exhibits normal hydrolytic activity and associated he synthesis and structural characterization of the tetrahedral
properties, suggesting that the low reactivity of PDF may cobalt(ll) complexes (PATH)CoBr and (PATH)Co(NCS) and

come from other, more subtle effects.
Work by other&1° on mononuclear zinc model com-

the generation of (PATH)Co(OH) in methanolic solutfn.
However, Ni(ll) or Fe(ll) complexes of PATH have not been

plexes has also shown that the hydrolysis of carboxylic ester yoseribed up to now. Herein we report the synthesis and
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119 12418-12419. (b) Groche, D.; Becker, A.; Schlichting, |.;
Kabsch, W.; Schultz, S.; Wagner, A. F. Biochem. Biophys. Res.
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523.
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295, 884—-889.
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Ester Hydrolysis Promoted by #$(thiolate)Zn

[(PATH).Ni]Br, (2) and (PATHYFeCl, (3). Both com-
plexes are dinuclear, bisthiolate) complexes in which the

Table 1. Crystallographic Data and Details of X-ray Studies for

Complexe2 and 3

sulfur donor of PATH provides the bridging atoms of an param 2:CHzOH 3
M2(u-SRY), core. The nickel complex is quite similar to other  empirical formula GsHaBroNsNiz0S,  CosHasCloFeNsS,
Nix(u-SR) dimers, but the dinuclear iron(ll) complex M tsize (mm) 7553-&90 0% 010 525%3%40 008
s . I . cryst size (mm . oUX U, oUX U.4U X U.
gxhlblts a rare asymmet.rlc structural motif in which both cryst system monoclinic wiclinic
iron centers are 5-coordinate. space group P2/n P1
. . a A 11.2082(17) 9.232(3)
Experimental Section b, A 6.2933(9) 9.634(3)
General Procedures.PATH-H?> was prepared as previously (C)[Adeg 2910'808(3) ég'iég@)
described. Th_e complex _(PATI—_l)ZnOHl)( was generated in ﬁ,ydeg 102.352(3) 94.924(18)
aqueous solution by the dissolution of (PATH)ZnLid D,O as v, deg 90 107.698(17)
describe previously# A fresh stock solution ofl was prepared Vv, A3 1502.7(4) 1389.2(7)
within 1 week of performing kinetic experiments. The concentration 4 Z 2,05 2,1
. . . ) . . Pcalca 9/CITP 1.671 1.504
of 1 in this stock solution was obtained from NMR integration L 1077 1408
against an internal standard (NAILH,). Tris(4-nitrophenyl) b asd refiens 6321 9485
phosphate (TNP) and Good's buffers CHES (2-(cyclohexylamino)- Ry, 0.0356 0.0376
propanesulfonic acid), EPPSI{2-hydroxyethyl)piperaziné¥-3- indep reflcns 3040 5093
propanesulfonic acid), and HEPES-(1-hydroxyethyl)piperazine- abs corr SADABS SADABS
N'-2-eth ifoni ' btained f Si d d Tomin/ Tmax 0.546 0.778
-2-ethanesulfonic acid) were obtained from Sigma and used "¢ 173(2) 173(2)

without further purification. Deuterated compoundgD ethanol-

ds, and NaOD were obtained from Cambridge Isotope Laboratories.
Starting materials NiBr and FeC}-4H,O were obtained from
Aldrich. NaG,CCH; and NaNQ were obtained from J. T. Baker.
THF was distilled from sodium/benzophenone prior to dseNMR

R12wR2 (all data)
R12WR2 [l > 20(1)]
GOF onF?

0.0527,0.1280
0.0441,0.1194
0.976

0.0811, 0.1762
0.0566, 0.1333
1.129

aR = 3IF,| — |FdI/Z|Fo|. P RWF?) = {Z[W(Fo? — FA)Z/Z[W(F?)?} 2

spectra were recorded on a Bruker AMX-400 spectrometer (400 4t 173 K on a Bruker Smart Apex CCD diffractometer using Mo
MHz). Tetramethylsilane in organic solvents and HOD (4.80 ppm) K radiation ¢ = 0.710 73 A). Absorption corrections were applied
for all data by SADABS® Non-hydrogen atoms in both structures
Kinetic studies were carried out by a visible spectral method using were refined with anisotropic displacement coefficients. The H
an Agilent 8453 photodiode-array spectrophotometer equipped with atoms were treated as idealized contributions. Crystai wére

a thermostable cell holder and the Agilent biochemical analysis extremely air-sensitive and decayed during data collection. Data
quality declined after~70% of the reflections were collected, and
therefore, data collection was stopped at this point. All software
generated by the addition of NaOH (0.014 g, 0.36 mmol) to a and sources of scattering factors are contained in the SHELXTL
(5.10) program packageé.
the NaOH was consumed, the solution was added dropwise to a Hydrolysis of TNP. Product Analysis. To 4.15 mg of TNP in
an NMR tube was added 1Qd_ of D,O followed by (PATH)-
The resulting green solution was stirred for 15 h. Upon reduction znoH (300 uL of 30 mM stock solution in BO) and 200uL of

of the volume of the solution under vacuum, a dark red precipitate ethanolds. The pH was set to 8.4 with NaOD. To increase the
formed. The mixture was filtered, and the precipitate was washed solubility of TNP, it was necessary to warm the solution to>@0
with cold diethyl ether and dried under vacuum. For X-ray prior to collecting the’H NMR spectrum. A small amount of
undissolved TNP was still present in the NMR tube. After 20 h,

in D,O were used as internal references¥dNMR measurements.

software package.
[(PATH)2Niz]Br, (2). The sodium thiolate of PATH-H was

solution of PATH-H (0.075 g, 0.33 mmol) in MeOH (10 mL). Once

green solution of NiBy(0.073 g, 0.33 mmol) in MeOH (50 mL).

diffraction studies, dark red crystals of [(PATMN),]Br,CH;OH

were obtained by vapor diffusion of diethyl ether into a solution {he 14 NMR spectrum showed peaks corresponding to (PATH)-
of the compleg in MeQH. A fine white solid precipitated during  znOH and the hydrolysis products 4-nitrophenolate (4-NP) and
crystal formation, which could be removed from the large red pjs(4-nitrophenyl) phosphate (BNP). No other peaks were observed.

crystals by suspension in diethyl ether and decantation of the ether

layer. Anal. Found: C, 39.42; H, 5.53; N, 7.35. Calcd fesH3gN,-
BroNiLS,: C, 39.82; H, 5.29; N, 7.74.
(PATH)FeCl, (3). The sodium thiolate of PATH-H was

generated by the addition of NaOH (0.071 g, 1.8 mmol) to a solution 4t 405 nm, corresponding to the appearance of the product 4-NP

of PATH-H (0.36 g, 1.6 mmol) in MeOH (10 mL). Once the NaOH

of FeCh-4H,0 (0.31 g, 1.6 mmol) in MeOH (30 mL). The resulting
yellow solution was stirred o2 h and filtered. The filtrate was

in a minimum amount of acetonitrile. A yellow crystalline solid
precipitated from the CECN solution after the addition of diethyl
ether. The yellow solid was redissolved in @, and slow vapor
diffusion of diethyl ether led to the formation of dark red-brown
crystals of3. Anal. Found: C, 45.74; H, 6.04; N, 8.87. Calcd for
CoHzgN,CloFeS,: C, 45.81; H, 6.09; N, 8.90.

X-ray Crystallography. Crystallography data and details of
X-ray studies fo2 and3 are given in Table 1. Data were collected

Hydrolysis of TNP. Kinetics. The rate of hydrolysis of TNP
promoted by (PATH)ZnOH in LD/EtOH (66:33 v/v) in the pH
range 7.6-10.0 was measured under pseudo-first-order conditions.
The reaction was monitored by following the increase in absorbance

1

] ! ' until 90% completion (45 half-lives). The pH was maintained by
was consumed, the solution was added dropwise to a yellow solutlonusing HEPES (pH 7.08.1), EPPS (pH 8:28.5), or CHES (pH
8.6—10.0) buffer at 10 mM. The pH values in 33% ethanol were

4 ‘ i corrected by subtracting 0.09 from all readings from the pH niéter.
dried under vacuum to give a yellow powder that was redissolved |gpic strength was maintained by NaNGt 100 mM. The
temperature was monitored by a thermocouple inserted directly into
the UV—vis cell and shown to vary no more thah0.5 °C

(26) Sheldrick, G. M.SADABS (2.01), Bruker/Siemens Area Detector
Absorption Correction ProgragmBruker AXS: Madison, WI, 1998.

(27) Sheldrick, G. MSHEXTL: Program Package for Structure Solution
and RefinemenBruker AXS: Madison, WI, 1997.

(28) Bates, R. G.; Paabo, M.; Robinson, R.JAPhys. Chem1963 67,

1833-1838.
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throughout the kinetics run. A typical experiment consisted of
loading a UV-vis cell (3.0 mL total volume) with 1.0 mL of
ethanol, 1.0 mL of a stock solution containing the appropriate buffer
and NaNQ (30 mM and 300 mM, respectively), and 1.0 mL of a  (p)
stock solution of (PATH)ZnOH (3 mM). The reaction was initiated

by injecting 15uL of a stock solution of TNP (1 mM in dry THF). h “ ’ k i lm X
The stock solution of (PATH)ZnOH used in the kinetic runs was
prepared within 1 week of taking measurements to avoid any s
decomposition. The concentration of (PATH)ZnOH was varied

(0.1-3.0 mM) with constant [TNP] (0.005 mM). Plots &{(405

nm) vs time showed good first-order behavior, and the exponential (a)

growth curves were fitted to the appropriate equation (see Results

2]

L

and Discussion) to give the observed rate constdqts,(s™1). L sl
Second-order rate constarks (M~1 s71) were determined from ’ :
the slopes of best-fit lines for plots &fpsvs [(PATH)ZNn}eta, Where ' 5 s 7 s 5 i 3 2 1 o pom

[((PATH)Zn}iotar = [(PATH)ZnOH] + [(PATH)Zn(OH,)]. Good Figure 1. H NMR spectra in RO/ethanolds (66:33 v/v) at 25°C of (a)
linearity was observed in these plots at all pH values. The (PATH)ZnOH and (b) (PATH)ZnOHt- TNP after 20 h. pH= 8.4. Solvent

background reaction rate constant (no metal complex pre&gmt), peaks are marked with an “S”.
was measured at all pH values by loading the-tiNs cell with . .
all of the reagents as described above with the exceptignvatiich The reaction between (PATH)ZnOH and TNP was first

was replaced by an equal amount of distilled water. Background analyzed by'H NMR spectroscopy to identify all of the
hydrolysis of TNP was shown to range frd@yer = 1.00 x 10-3 products formed. ThéH NMR spectrum of the reaction

statpH 7.0 to 1.25¢< 1073 s™* at pH 9.4. They-intercepts of the mixture after complete hydrolysis of TNP is shown in Figure
Kobs VS [(PATH)Zn}ota plots were similar to the measur&glser, as 1, along with the spectrum of (PATH)ZnOH in the same
expected. Due to their independence fromytietercept, the values  splvent system (BD/ethanolds, 66:33 v/v).
of the second-order. rate constanks, were not adjusted for There are three sets of peaks in the aromatic region that
background hydrolysis. At each pH, and for each [(PATHMN]  can pe clearly distinguished: one set of pyridyl protons at
value, thek,ps value was obtained at least in duplicate and is reported 8.51, 8.02, and 7.57 ppm corresponding to (PATH)ZnOH:
as an average of these measurements, with a variatiég,diof ' ' . g
110%. two doublets at 8.25 and 7.40 ppm correspondm_g to BNP;
Temperature Dependence of the Hydrolysis of TNPThe another set of doublets at 8.07 and 6.60 ppm assigned to the
4-NP product. The NMR spectra of BNP and 4-NP were

effect of temperature on the hydrolysis of TNP was determined at .
pH 8.0 over a temperature range 20 °C. Reactions were independently measured inO/ethanolds (66:33 v/v), and

performed in HEPES buffer (10 mM) with an ionic strength of 0.1 comparisorj of these spgctra prqvides assign.ments for the
M maintained by NaN@ The reactions were run in a Uwis reaction mixture. There is no evidence that either BNP or

cell as described in the kinetics section. In a typical experiment, 4-NP coordinate to the PATHzinc complex, since the peaks
the temperature of the UWis cell loaded with the (PATH)ZnOH in the reaction mixture for (PATH)ZnOH, BNP, and 4-NP
complex was set by a circulating water bath and allowed to are unperturbed from their independent spectra. There is also
equilibrate for 5 min. The reaction was then initiated by injecting ng indication of a coordinated TNFzinc complex, but the
15 uL of TNP (1 mM in dry THF) into the UV-vis cell. The jimited solubility of TNP prevents the observation of this
temperature was monitored by a thermocouple inserted directly into species by NMR. The NMR data indicate that the smooth
the UV—vis cell and shown to vary no more thah0.3 °C . .

- hydrolysis of TNP is promoted by (PATH)ZnOH as de-
throughout the kinetic run. . . .

scribed by the reaction shown in Scheme 1.

Results and Discussion Kinetics. The _hydrolygis of TNP_ was conveniently moni-
tored by following an increase in absorbance at 405 nm
Phosphotriester Hydrolysis Promoted by (PATH)Zn- corresponding to the production of 4-nitrophenolate. Kinetics

OH. The substrate TNP was chosen in part because it is awere followed under pseudo-first-order conditions with the
neutral phosphate triester, as opposed to the monoanioniczinc complex as the excess component. The TNP concentra-
diester bis(nitrophenyl) phosphate (BNP) or dianionic mono- tion was set to 5.0x 10" M, while the zinc complex
nitrophenyl phosphate (MNP). It therefore has the same concentration was varied between &1.0-3 and 3.0x 1073
charge as the previously studied neutral 4-NMAs wellas M, depending on pH. Clean single-exponential kinetics were
the native formyl substrate of PDF. Thus the preference for observed, as seen in a representative ploA@é.m, versus
coordination to zinc(ll) by these different substrates can be time in Figure 2.
compared without complications from differences in charge.  Good fits to the exponential curves were obtained by using
Hydrolysis of TNP. Product Analysis. The hydrolysis the model for exponential growth, given in eq 2, whégs
of TNP was carried out in a mixture of water/ethanol (66: is the absorbance over time at 405 nm akds the final
33 v/v) because this solvent system is the best one forabsorbance. Linearity up to-% half-lives was observed for
solubility. Initial attempts were made to run the hydrolysis the natural log plot of the same data (inset of Figure 2),
in H,O/CH;CN (90:10), since this mixture was used for the verifying pseudo-first-order behavior. A pseudo-first-order
previous study of 4-NA#but precipitates formed under these rate constant,,s Was obtained from fitting the exponential
conditions. curve directly, and sever#l,svalues were measured over a
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Scheme 1

range of concentrations for the zinc complex. Plotkgpf observed a rate enhancementdf3 times the background
versus zinc complex concentration for three different pH rate of hydrolysis of TNP by the zinc complex of [12]aneN
values are shown in Figure 3. (Chart 1).

Agos=A{l—e™) @) rate= K'[(PATH)Zn];,;,[TNP] @)

The linearity of these graphs shows that the reaction is Dependence of the Hydrolysis of TNP on pHA graph
first-order in zinc complex, leading to the overall second- ©of k" values versus pH is shown in Figure 4. This-ptdte
order rate law shown in eq 3. profile shows that the hydrolysis of TNP is accelerated by

The second-order rate constakt, was calculated at an increase in pH, consistent with a deprotonation event
different pH values from the slopes of the best-fit lines, as Preceding the hydrolysis step and implicating the zinc
shown in Figure 3, and thgintercept provides a measure hydroxide complex as the active hydrolytic species.
of the background rate of hydrolysis of TNP in the absence The expression in eq 4 was used to fit the-idte profile,
of zinc complex. Independent measurement of the back- derived from the mechanism corresponding to Scheme 1,
ground rate of hydrolysis of TNP at the different pH values Which shows a single deprotonation equilibrium preceding
was in good agreement with that obtained from linear the rate-determining-step.
regression. These values ranged from 1x000 3 s™* at pH .
7.0t0 1.25x 103slat pH 9.4. Comparing the latter value K" = KnaoKd(Ka+[HT]) 4)
t0 Kops Of 15.3 x 1072 571 for 1.0 mM zinc complex at pH )

9.4 shows that the zinc complex gives a rate enhancement " €d 4.Kna represents the pH-independent rate constant

of about 12 times the background rate. This rate enhancemenfi"d €orresponds to the rate constant for the second step in
is strikingly similar to that observed by Kimut&who Scheme 1, whild, is the equilibrium constant for the first

step. Thus., provides a measure of the inherent reactiv-

0.07 - ity of the hydroxide complex. A similar pH-rate profile was
obtained for the hydrolysis of the carboxylic ester 4-NA by
006 1 (PATH)ZnOH
0.05 | Thek . and Ky yalues for_(PATH)ZnOH are gi_ven_ in
9 Table 2 together with some literature data. The kinetically
S 0.04- ] determined K, for (PATH)ZnOH in this study is in
'g §_ 1.5 reasonable agreement with that determined previously from
2 0034 $ = the kinetics of hydrolysis of 4-NA (6. = 8.05(5)) as well
< 0.02. / £ '2:: as potentiometric titration ¢, = 7.7(1), in HO/CH:;CN)
' a5 "'\ of the PATH-zinc system in HO. The change in solvent
0.01 4 system (HO/CH;CN versus HO/EtOH) may account for

-4 v v - -
0 200 400 600 800
time (sec)

.‘.-u%

the slight differences in thela.
The data in Table 2 show thdt is the most reactive
zinc(Il) complex determined thus far toward the hydrolysis

time (sec) of TNP. Only a recently reported dinuclear copper(ll)
Figure 2. Hydrolysis of TNP in EtOH/HO (33:66 v/v) at pH 8.0 (10
mM HEPES,| = 0.1 M NaNQ) monitored by UV-vis spectroscopy at  (29) zuman, P.; Patel, R. Cechniques in Organic Reaction Kinetidehn

0

0 200 400 600 800 1000 1200 1400

Amax(4-NP) = 405 nm. Initial concentration of TNR 0.005 mM and of Wiley & Sons: New York, 1984.

[(PATH)ZN]iota = 1.0 mM, where [(PATH)Zn}a = [(PATH)ZnOH] + (30) Ibrahim, M. M.; Shimomura, N.; Ichikawa, K.; Shiro, Morg. Chim.
[(PATH)Zn(OH,)]*. Inset: Plot of In(1—(AdA)) versus time for the same Acta 2001 313 125-136.

data, whereA; is the absorbance at a given time aAdis the final (31) Clewley, R. G.; Slebocka-Tilk, H.; Brown, R. $org. Chim. Acta
absorbance. 1989 157, 233-238.
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Figure 4. Dependence ok on pH for the hydrolysis of TNP in EtOH/

o o5 1 1f5 é 215 é 315 H,0 (33:66 v/v) withl = 0.1 M NaNG and 10 mM HEPES, CHES, or
EPPS. The line represents the best fit of the data to eq 4.

[(PATH)Zn], . (mM) )

total Table 2. Comparison of the g, Values and Second-Order Rate

Figure 3. Dependence 0kyps 0N [(PATH)Zn)etal for the hydrolysis of Constantsk;,,, (M~ s73) for Hydrolysis of TNP Promoted by

TNP in EtOH/HO (33:66 Vv/v) at three representative pH values (10 mM  Mononuclear (L)ZH Complexes and Free OH

HEPES or CHES| = 0.1 M NaNQ). Thek" value is obtained from the

0.002

slope of the best-fit line. Key: pH 7.1, k' = 1.26 M~1s%; pH 8.0 @), PKa Knax(M~*s7) ref
K'=381M?1s%pH94 )k =125M1s™ OH~ 15.7 10.7+ 0.2 16
ligand (L)
Chart 1 PATH 8.52(5) 16.1(7) this work
Et L1 10.72 gbe 30
N L2 9.61 110 30
\/@ f 1 L3 8.3 37 31
H PN L4 7.2 7.0+ 0.2 16
NH, NN SN
N/é\/ 2>a NQVN >3 A L5 7.9 3.7+0.2 16
; imi L6 1.545 21
- bis(1-methylimidazol-2-ylmethy|
tren benzyktren e . Yimeitn) L7 0.452 21
L1 L2 L3 L8 1.090' 21
H
Me Me , Me aMeasured in HO/EtOH (66/33 v/v),T = 25.0°C. ® Measured in KO/
u/w B MeOH (66/33 v/v), 0.1 M NaN@ ¢ Calculated for pH 11 using’' = Kopd
NH HN / 'IV / N \ [Zn complex], wherekops is a pseudo-first-order rate constahMeasured
NH HN | /T ! in CHCl;, T = 25.0°C.
H
N &/H\) =" =N "X .. .
{ A L reactivity of metal-promoted hydrolysis versus free OH
pefenets e Tp(pheny)  R= o L6 provides significant insight regarding mechanism. The nu-
L4 L5 To(e-cumeny) Ae ©_< L7 cleophilicity of a metal-bound hydroxide must be lower than
To(6 -picoy) e T free OH ion on the basis of simple charge and steric
-picolyt = . . . . -
(Nj\ L8 considerations. Therefore, a mechanism relying on simple

complex exhibits a higher second-order rate constant (28.1.mJC|GOphIIIC attack of the metal-bound hydroxide, as shown

1 et S ' in Scheme 2a, necessarily implies a smalgy, than free
M™ s at pH 10), and th|s_ is one of the _most actlye OH~. We previously concluded that such a mechanism was
complexes known for promoting the hydrolysis of TNP in

an aqueous environmefftHowever, the rate constant for operative for the reaction betwedrand 4-NA, in keeping
d . ' with the order of rate constants,, ((PATH)ZnOH) <
the PATH complex is only somewhat larger than that found ,, — : K
k. (OH™). For TNP, this same argument clearly disfavors

for ([12]aneN)ZnOH or (benzyltren)ZnOH (Chart 1), and : . .
variations in the conditions (e.g. solvent, buffer, method of the simple nucleophilic attack mechanism, and therefore

S . €.9. " ' : Scheme 2a is not a reasonable choice for the hydrolysis of
kinetic analysis) employed in these studies may contribute

to the differences in rate constant TNP.
Despite this caveat, the PATH complex clearly exhibits The high reactivity ofl toward TNP can be rationalized

. . ! L via the hybrid mechanism shown in Scheme 2b. In this
high activity toward TNP, and most importantlity,, is mechanism, nucleophilic attack of the metal-bound hydroxide
slightly higher than that report&dfor free OH ion (we ' P y

; . : takes place while the substrate is coordinated to the metal
independently measurdgj, (free OH"), and it was in good : . .

. . ma ion through the phosphoryl oxygen atom. This mechanism
agreement with the literature value). In contrast, kige,

value obtained for the hydrolysis of 4-NA mediated by (32) itoh, M.: Nakazawa, J.; Maeda, K.; Kano, K.; Mizutani, T.; Kodera,

(PATH)ZNOH, 8.9(3) x 107 M™ s is signifi- (33) 'gl |n|?rgwcr;)eméglt) ?15' ?471\4?9;_7(& S04.968 90, 2622-2637

— €enckKs, . P.; Gllcnrist, . AM. em. SO : .
cantly smaller than that for free OHon (9.5 M+ s7%).% (34) Gelman, S. H.; Petter, R.; Breslow, R.Am. Chem. Sod986 108
As has been pointed out by othéf$! the relative 2388-2394.
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Scheme 2. Possible Mechanisms of Hydrolysis of TNP
( jNOQ N No, ] NO,
0 /'O -0 Q Q
.‘\\p/ \ .© % o
Qo o~ )-no, o—p=0~_)—no, -0/\":
oD ) ol oy ron
a) HO —_ > 0N HC|) N
= | -
QN/-:HZH\S \ N ...zn\s
4 X -0 NO.
,j Lot d o ~)No. + [(PATH)ZNOH]
3 3
CHs CHg
B NO, |
0N NO: j 2 NO,
/_Ci \P{/'O—Q— OZNQO ° A el
72N NO, N o
HO _-P—0 NO. o NO.
Ny oG e
b) Q.. g —_— J +
4 CH = -
N\)‘\‘\ 8 Nzl g .
dn, O K] 1O O—Q—Noz + [(PATH)ZnOH]
1 CHs
CHs h

is consistent with,, ((PATH)ZnOH) > ki, (OH"), since Ir(111)) hydrolyzing phosphate diester substrates has revealed
the combined effects of Lewis acid activation of the substrate a mechanism involving coordination of the substrate followed
and nucleophilic attack of the ZOH unit effectively lowers by intramolecular nucleophilic attadk:+3
the energy of the transition state. Direct coordination of the  The hybrid mechanism of Scheme 2b implies that satura-
substrate to zinc also induces a proximity effect between thetion kinetics should be observable. We attempted to look
substrate and OH These combined effects, which are typical for Michaelis—-Menten behavior by adding excess TNP to
for enzyme-catalyzed reactions, account for the better hydro-the PATH-zinc complex but were severely limited by the
lytic efficiency of (PATH)ZnOH as compared to free OH solubility properties of TNP. The solubility of TNP was

A similar conclusion was reached by Kimura regarding found to be~0.04 M in pure THF, and upon addition of
the cyclen and [12]anef\tomplexes in Table 2, for which  this stock solution to the ¥D/EtOH system needed for
a hybrid mechanism was invoked for the hydrolysis of neutral kinetics, the solubility dropped te-2.5 x 105 M. This
TNP as well as for the monoanionic diester BMKimura concentration level was not practical for obtaining the initial
found that hydrolysis of BNP was significantly enhanced rate data necessary to construct a Michagllenten curve.
compared to free OH while for TNP the hydrolysis was  In fact, few studies of mononuclear zinc complexes involved
close to, but slightly less efficient than, free OHt was in the hydrolysis of phosphate or carboxylic esters have
therefore concluded that “more hybrid trend” was operative reported saturation behavitfr Although for monoanionic
for anionic phosphates (e.g. BNRPwhile “less hybrid trend” diesters such as BNP solubility in aqueous solutions is less
was operative for neutral phosphates (e.g. TNPowever, of problem, saturation behavior is still usually not observed
a recent study by Mancin and co-workers suggested thatbecause of the very weak binding constants of phosphate
(L)Zn"-mediated hydrolysis of a phosphate triester was more diesters to Zn(ll) complexe(< 0.5 M™1).16.20
affected than a phosphate diester by Lewis acid activ&tion. Inspection of the data in Table 2 shows that there is no
This suggestion was based on the argument that, for acorrelation between thelp of the metal-bound hydroxide
phosphate triester, the developing negative charge on theand second-order rate constants, as opposed to the trend
phosphoryl oxygen atom would be stabilized by direct found for the hydrolysis of 4-NA? Thus, the nucleophilicity
coord!nation to zinc, whereas for a diester the developing (35) Deal, K. A Hengge, A. C.- Burstyn, J. N. Am. Chem. S0d996
negative charge would be localized on an oxygen atom that 118 1713-1718.
is not coordinated to the metal iofhe highk’,, value for (36) Deal, K. A.; Burstyn, J. Ninorg. Chem.1996 35, 2792-2798.

. . . . (37) Hendry, P.; Sargeson, A. Nhorg. Chem.199Q 29, 92—97.

(PATH)ZnOH, especially in comparison to free OHs in (38) Hendry, P.; Sargeson, A. Nrog. Inorg. Chem199Q 38, 201-258.
keeping with this argument. (39) Hendry, P.; Sargeson, A. M. Am. Chem. Sod989 111, 2521~
_ Ogtside pf zinc-promqted hydrolysis, not much informa- (40) %5h2":" 3.: Zou, XJ. Am. Chem. S0d988 110, 223-225.
tion is available regarding neutral phosphate triesters, but(41) chin, J.; Banaszczyk, M.; Jubian, V.; Zou,JXAm. Chem. So4989
detailed mechanistic work by Burstyn and co-workers on 111, 186-190. _ _
the hydrolysis of phosphate diesters with the labile mono- (42) Morrow, J. R Buttrey, L. 2., Shelion, V. M.; Berback, K. & Am.

Chem. Soc1992 114, 1903-1905.
nuclear copper Comp|ex [(TACN)@(QH)(OHZ)]*' has re- (43) Morrow, J. R.; Buttrey, L. A.; Berback, K. Anorg. Chem1992 31,

vealed a hybrid mechanis#2¢In addition, several studies (44) %%:é?hgs T.G.: Hall, C. DJ. Chem. Soc., Perkins Trans2p01
on inert mononuclear metal complexes (e.g. La(lll), Co(lll), 2063-2067.
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44 -4 that the temperature dependence of the rate constants in

Figure 5 is mostly due to the rate-limiting step involving
2. > intramolecular nucleophilic attack on TNP, proceeding

through the transition state in Scheme 2b. Similar assump-

04 L0 ~— tions regarding the activation parameters for copper-promoted
gé T g hydrolysis of phosphate diesters have been made previ-
£35 | ,EE ously3®

- — There are not many data available regarding the activation
~O— g . .
4 ~—pg 4 parameters for zinc-promoted phosphate ester hydrolysis. A
] —a}-

notable exception is the work of Vahrenkamp and co-

workers, who reporte, = 45.8-52.9 kJ mot!, AH* =

% 305 31 395 32 3.5 33 3.5 a4 43.3-50.4 kJ mot?, andAS' = —81 to —98 J mof* K*
1000/T (K for the hydrolysis of TNP promoted by tris(pyrazolyl)borate

Figure 5. Effect of temperature on the hydrolysis of TNP in EtORMH zinc complexes in organic solveHtlt was concluded in this

(33:66 v/v): Ink" vs 10007 (®); In k'/T vs 10007 (O). Conditions: pH study that the hydrolysis of TNP proceeded via a hybrid

-6 6

8.0; 10 mM HEPES)] = 0.1 M NaNGQ:. Initial concentration of TNP= mechanism. based largel n the n iv ntr f

0.005 mM and of [(PATH)Zn}ta = 1.0 mM. L . gely o .t € negative entropy o
activation, which was taken as evidence for an ordered, four-

of M—OH, inasmuch as it is approximated by tH&,walues, centered transition state as seen in Scheme 2b. In our case,

is not the controlling factor in the hydrolytic efficiency, the AS' is of similar magnitude and negative in sign, also
providing further evidence against Scheme 2a as the opera<consistent with significant order in the transition state.
tive mechanism. Invoking Scheme 2b points to three The transition state in Scheme 2b assumes a concerted
competing factors that control the reactivity: the nucleo- mechanism in which the attack of the Okyroup occurs
philicity of the metal-bound hydroxide; the Lewis acidity of simultaneously with the cleavage of the nitrophenolate bond.
the zinc ion; the availability of a binding site on the zinc An associative mechanism is possible that does not involve
center. The nucleophilicity of MOH necessarily decreases departure of the leaving group in the transition state and
with increasing Lewis acidity (lowerla,), and there is a  instead involves the formation of a pentavalent phosphorus
balance at play that determines the ultimate hydrolytic (phosphorane) intermediate, in which the metal-bound hy-
reactivity toward a particular substrate. In addition, the droxide has formed a bond with the phosphorus center but
coordination number and flexibility of the polydentate ligand the nitrophenolate ©P bond is still intact. This intermediate
will determine the availability of a binding site on the zinc would then expel the leaving group in a second step. A
ion. Given these subtle, competing effects, it is not surprising concerted mechanism for the related copper-promoted hy-
that there is no discernible pattern regarding the rate constantsirolysis of phosphate diesters was established by the elegant
and complexes in Table 2. It has been shown by Kimura isotope effect studies of Burstyh.Both pathways are
that the zinc complex of the tridentate ligand [12]apélds consistent with the data and conclusions presented here, since
a lower pK, but is more reactie toward organophosphate  either the concerted or associative pathway involves substrate
triesters than a more crowded zinc complex of a tetradentateactivation in conjunction with nucleophilic attack.
ligand with a higher K,.1® The high reactivity of (PATH)- Synthesis of Ni(ll) and Fe(ll) Complexes.The syntheses
ZnOH is likely due to an appropriate combination of the of the PATH-nickel(ll) and—iron(Il) complexes are shown
former factors, determined by the properties of the PATH in Scheme 3.
ligand. A reasonably high nucleophilicity is induced by In the synthesis of the nickel compl@xaddition of PATH
PATH, while the three-coordinate, flexible nature of this to NiBr, causes a color change from light green to red-brown.
ligand allows access to the metal center for substrate A red-brown powder is isolated and recrystallized from
activation. MeOH/EtO to give dark red, X-ray-quality crystals af A
Activation Parameters. The temperature dependence of white precipitate typically deposits from the solution together
the second-order rate constants was determined at pH 8.Qvith the large, red crystals &f, and removal of this white
and is shown in Figure 5. Good linear behavior is shown impurity was best done by washing the crystals withCEt
for both Arrhenius and Eyring plots over the temperature and decanting the ED layer.
range 25-60 °C, and linear fits of these plots gave activation  For the iron(ll) complex3, addition of PATH to a solution
parameters of, = 39.5(1) kJ mof!, AH* = 36.9(1) kJ of FeCL in MeOH leads to the formation of a bright yellow
mol~1, andAS = —106.7(4) J moi* K1, It should be noted  solution, which yields a bright yellow crystalline powder after
that these parameters are derived from the effects ofaddition of diethyl ether. The yellow solid was characterized
temperature on apparent second-order rate constants that atgy elemental analysis and gave results consistent with the
composites of the Zn(OH/ZnOH + H* equilibrium, the formula Na[(PATH)Fed]], indicating that this material was
binding of substrate, and the intramolecular attack of the possibly a five-coordinate iron(ll) complex with two chloride
nucleophilic hydroxide on the coordinated phosphorus center.ligands. Repeated attempts to crystallize this yellow complex
However, the Zn(OB)*"/ZnOH equilibrium is likely to be for X-ray studies led to either no crystalline material or, in
extremely fast, as are ligand exchange rates for zinc and,the case of CLCI,/Et,O, the slow formation of dark brown
thus, the on/off rates for binding of TNP. Hence it is assumed crystals that gave the dinuclear structure shown in Scheme
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Scheme 3. Synthesis of [(PATHNI2]Br, and (PATH}FeCl,

1) 1.1 NaOH
N SH .
\_ \CH, 2) 1.0 NiBrp
N .
/ CH,
CH,

2+

(Br)z

\ N SH 1) 1.1 NaOH
N\/K\\\CHG 2) 1.0 FeCly*4H,0
/ CH,

CHg

3. The mononuclear yellow complex unfortunately could not to the related dinuclear nickel(ll) complex [(mmp-dadh)]-
be definitively characterized. [BarF], prepared by Grapperhaus, Darensbourg, and co-
Structural Studies. The ORTEP diagrams &and3 are workers, where mmp-dach is a tridentatsSihiolate) ligand,
shown in Figures 6 and 7 with their atomic numbering and the fold angle and Ni---Ni distance are 13%nid 3.034
schemes. Selected bond distances and angl2siofl 3 are A, respectively’® It was pointed out that these parameters
shown in Tables 3 and 4. The structure of the nickel complex are larger than for other Mu-SR), dimers (fold angle~
reveals two nickel(ll) ions coordinated in a square planar 110, d(Ni---Ni) = 2.7—2.9 A)*47and molecular modeling
environment by the N, N, S donors from PATH and a fourth studies suggested that steric encumbrance imposed by the
ligand from a bridging thiolate donor. The overall charge gemdimethyl substituents on the carbario the sulfur donor
on the complex ist-2, and there are two Brcounterions in in the mmp-dach ligand was responsible for these structural
the crystal lattice. The Mu-SR), core is a common  deviations. Thus, similar steric effects from themdimethyl
structural motif in Ni(ll) chemistry. Although thegem groups in PATH are likely responsible for the obtuse fold
dimethyl groups of PATH help to inhibit thiolate-bridged angle and long metalmetal distance i2. The Ni—N bond
structures in the case of mononuclear zinc(ll) and cobalt(ll) lengths are similar to each other (1.920(4) and 1.983(3) A)
complexes, these groups clearly do not impose enough steriand are comparable to those in other Nrfickel(ll) com-
hindrance to prevent dimer formation for the Ni(ll) ion. The plexes®®>*The Ni—S bond lengths are also similar (2.1665(11)
Ni,S; core is not planar, being folded along the S---S vector and 2.1908(9) A) and close to the N8 distances reported
with a fold angle of 136.5 measured between the best-fit for other Ni(ll) complexed>48
planes of the nickel coordination spheres. The Ni---Ni ~ The iron(ll) complex3 is also a bis(thiolate)-bridged
distance is 3.065 A. These structural features are quite similarcomplex but exhibits an unusual, unsymmetrical structure.
Both iron(ll) ions are chelated by the PATH ligand in the

Figure 6. ORTEP diagram showing the 50% probability thermal ellipsoids Figure 7. ORTEP diagram showing the 50% probability thermal ellipsoids
of [(PATH)2Niz]?* for all non-hydrogen atoms. of (PATH),FeCl, for all non-hydrogen atoms.
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Table 3. Selected Bond Distances (&) and Angles (deg) for and trigonal bipyramidal. The most striking feature of the
[Ni"2((PATH);]Br2-MeOH @) structure of3 comes from the asymmetry in the F8 and
H!(i)—ﬁ(i) fégg(i) g(zl-}g(g) i.igé(;) Fe—N bond lengths. For the B8, core, the two chelating
i(1)— _ _ _C
NélgiNEZ; 1.9838 CE?;C% 1_3798 Fe—S bond lengths (Fe(H)S(1) and Fe(2)S(2)) are similar,
Ni(1)—S(1A) 2.191(1) C(4)C(5) 1.395(6) but the bridging distances (Fe($(2) and Fe(2)yS(1))
S(1)-C(10) 1.873(4) C(5rC(6) 1.500(6) differ from each other by 0.14 A. The Fe2%(1) distance
Hggjggg igggg 2@8&) i:g%g is particularly long at 2.5863(18) A and may be a conse-
N(2)—C(8) 1.499(5) C(10¥C(11) 1.526(5) guence of occupying a pseudotrans position opposite N(4),
N(2)—C(9) 1.521(5) C(10yC(12) 1.533(6) since the largest angle in the Fe(2) coordination sphere is
N@)~=C([) 1.525(5) the N(4)-Fe(2)-S(1) angle. For comparison, the other

N()-Ni()-N@)  9141(14) N@Ni()-S(1A) 170.34(11)  Fé',S, dimers [(bme-daco)Fehnd [(bme*-daco)Felexhibit

N(1)—-Ni(1)—-S(1)  175.80(10) S(BHNi(1)—S(1A) 80.98(4) ; ; e
N(2)—Ni(1)—S(1) 89.62(10) Ni(IyS(I)-Ni(1A)  89.38(d) geometries more clearly square pyramidal and exhibit bond

N(L)-Ni()-S(1A)  98.12(10) distances in the range 2.312¢3).444(4) A% Large differ-

o ected Bond () and Angles (deg) f ences in the FeN bonds are also observed; the Fe{l)
Table 4. Selected Bond Distances and Angles (deg) for i ; ;
Fa(PATH).Ch (3) N(pyr!d!ne) @stance is 0.14 A longer _than _the Fe(_2)
Fe( N 22350) cancas L4850 N(pyridine) distance, and the Fefd)\(amine) distance is

e . .
Fe(11-N(2) 2200(4) N(2)-CE) 1.477(8) 0.165 A shorter thgm the a'nal.ogous Fe(R) bond length.
Fe(1)-S(1) 2.3931(18) N(2}C(9) 1.481(7) The metat-metal distance ir8 is 3.41 A, longer than the
Eeg);gf(zl)) g.ggfé((ll;)) (r;l((lzzg:c(gs) i.ggég Fe—Fe distance in [(bme*-daco)Fe{3.31 A) and clearly

e . .
Fe(2)-N(3) 2.006(5)  N(3}-C(13) 13437y 100 long for an Fe-Fe bond. , _
Fe(2)-N(4) 2.378(5) N(1)>-C(1) 1.321(7) To our knowledge, such asymmetry in the metrical
Fe(2)-S(1) 2.5863(18)  N(1yC(5) 1.340(6) parameters of a dinuclear complex with the same ligand set
Egg)tgf(zz)) 22.'3?883‘}((111)) gggggg izggggg on egch metal is rare. Given that there are no obvious §teric
S(1)-C(10) 1.819(5) C(22yC(24) 1.528(7) requirements of PATH to account for the unsymmetrical
S(2)-C(22) 1.845(5) C(13yC(14) 1.371(8) structure of3, the asymmetry is likely a consequence of the
ggg)tggg i:gggggg gg}@c%)ﬁ) i:gg(l)ég)) in_herent geometric prefe_ren_ces of the iron c_enter_S. im
C(10)-C(9) 1.535(7) C(5)C(6) 1.482(8) this regard, one conclusion is that the Fe(ll) ionS8ihave
“(i)fg(%?) i-gg(g) g(b‘g(g) i-g;g(g) a strong preference for a five-coordinate environment.
N&;:ngog 124798 CE?%é()lg) 1‘_530((8)) Relevance to Peptide_ DeformylaseThe mech.anism of
C(17)-N(@3) 1.322(7) C(2yC@3) 1.378(9) the deformylation reaction catalyzed by PDF is currently
C(17y-C(16) 1.405(7)  C(&CE) 1.371(9) under debate. One aspect that remains unexplained is the
N(2)—Fe(1}-N(1)  85.92(16) N@)Fe(2-S(2) 127.68(12) intriguing metal dependence of the catalytic efficiency, which
N(2—Fe(1)-CI(1) 111.30(12)  Cl(2)Fe(2-S(2) 129.92(6) drops by at least 2 orders of magnitude upon substitution of

N(1)-Fe(1-CI(1) ~ 91.41(14 N(3)yFe(2-N(4)  88.28(19 ) o
Nﬁzg_Figlﬁs(ﬁf 84.39((12)) CE(QF(Z((Z))—_N((J) 97.80512; Zn(l1) for Fe(ll), except in PDF1A, which is isolated from

N(1)-Fe(1)-S(1)  161.15(13) S(DFe(2-N@4)  82.39(14) the higher plantArabidopsis thaliand® It is especially
ﬁ'((zl)):FF&(llg‘ ss((zl)) 12;-;2%‘2)2) gf(Bg}I:F%((ZZ);’\SI((?) 1%3:1-7798((%‘)‘) interesting that the Zn(ll) form is the least reactive, given
N(1)-Fe(1)-S(2)  96.06(14) S()Fe(2)-S(1) 77.69(5) that the zinc(ll) ion is typically the native metal ion in other
Cl(1)-Fe(1)-S(2) 113.62(6) N(4YFe(2)-S(1)  156.30(13) metallohydrolases such as carboxypeptidases as well as in
S(1)-Fe(1)-S(2)  79.64(6) Fe(HS(1)-Fe(2)  86.31(5) the lyase carbonic anhydras&Our earlier work on the

N@)-Fe2r-cl)  102:30(13) Fe(2)S(@2)-Fe(1)  90.55(6) hydrolysis of 4-NA by1 did not provide a good rationale

for the low reactivity of Zn-PDF. In another study we
suggested that the product release step involving the formate
anion may be responsible for the low reactivity of-ZRDF,
based on a structural analysis of the model complex (PATH)-
Zn(formate)>! This formate complex exhibits an anisobi-
dentate bonding mode for the formate ligand, which, in
comparison to a purely monodentate bonding mode, may

bond angles using theparametef gives identicak values retard the displacement of formate by water in the final step
of 0.44 for both iron centers. This value is close to 0.5, of the enzyme mechanism. Our hypothesis was that the

which indicates a structure directly between square pyramidaliron(”) form of PDF WQUId exh.ibit a monodentate bqnc_iing
mode for formate, while the zinc(ll) form would exhibit a

(45) Grapperhaus, C. A.; Bellefeuille, J. A.; Reibenspies, J. H.; Darensbourg, bidentate _bondmg mode.
M. Y. Inorg. Chem.1999 38, 3698-3703. Interestingly, recent X-ray structures from Chan and co-

(46) Colpas, G. J.; Kumar, M.; Day, R. O.; Maroney, Mldorg. Chem. ;
1000 20, 4779-4788. workers of Zr-PDF and Fe(ll}>PDF with formate bound

(47) Fackler, J. PProg. Inorg. Chem1976 21, 55.

expected tridentate mode, and the five-coordinate environ-
ments around each iron atom are completed by a bridging
sulfur atom from a neighboring (PATH)Eeunit and a
terminal chloride ligand. The dimer is neutral in charge, and
there are no solvent molecules in the lattice. Each iron
exhibits a geometry that is difficult to characterize as either
trigonal bipyramidal or square pyramidal; analysis of the

(48) Grapperhaus, C. A.; Darensbourg, M. Atc. Chem. Re<d998 31, (50) Musie, G.; Lai, C. H.; Reibenspies, J. H.; Sumner, L. W.; Darensbourg,
451-459. M. Y. Inorg. Chem.1998 37, 4086-4093.

(49) Addison, A. W.; Rao, T. N.; Reedjik, J.; van Rijn, J.; Verschoor, G. (51) Chang, S.; Sommer, R. D.; Rheingold, A. L.; Goldberg, DCRem.
C.J. Chem. Soc., Dalton Tran$984 1349-1456. Commun2001, 2396-2397.
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to the metal center have revealed a structural trend oppositeoxygen prior to hydrolysis may also be H-bonded to these
to our expectation; Fe(lyPDF exhibits a tight, bidentate  groups. These H-bond interactions can further discourage
bonding mode, while Zn(Il-PDF contains a monodentate- substrate coordination in ZPDF.

bound formate ligané& On the basis of these findings, a Implicit in the former explanation is the assumption that
hybrid mechanism was proposed for FedBDF, where the  a bidentate bonding mode for (formateJFé°DF does not
formyl oxygen atom coordinates and ultimately remains cause a product inhibition effect. This assumption is correct
bound to the iron(ll) center in the bidentate formate product, if substitution by HO of both the bidentate ({CH)Fé'—
while for Zn—PDF binding of the substrate should not occur. PDF and monodentate §OH)Zn—PDF intermediates is

It was suggested that the lack of substrate coordination inrapid and therefore not part of the rate-determining step or
Zn—PDF might come from a preference of zinc to remain if the formate species undergoes facile interconversion
in a tetrahedral geometry throughout the catalytic cycle. A between bidentate and monodentate modes. The latter
similar argument was previously put forth by Becker and transformation would not be observable in the static crystal
co-workers, who suggested that tighter binding of Zn(ll) by structures of the enzyme.

the HisCys donors hindered attainment of the 5-coordinate
transition state necessary for a hybrid mecharfism.

Our findings regarding the hydrolysis of TNP and 4-NA  The kinetic studies on the hydrolysis of TNP promoted
by (PATH)ZnOH suggest an alternative explanation for the by (PATH)ZnOH point to a hybrid mechanism. This mech-
differences between ZrPDF and Fe(Il}-PDF. Our kinetic anism accounts for the significant rate acceleration;-pH
data for the reaction between the PATEinc complex and ~ ate dependence, and activation parameters that are observed,
TNP clearly supports a hybrid mechanism, whereas a simple@nd it suggests that the zinc coordination sphere is flexible
nucleophilic attack mechanism is inferred for the hydrolysis €nough to accommodate the binding of a phosphate ester.
of 4-NA. Underlying differences in these substrates must be These findings are different from those for the hydrolysis
responsible for the change in mechanism. There may be arPf the related carboxylic ester 4-NA, which showed 4-NA
inherent preference for TNP to coordinate to the zinc center réacted through a simple nucleophilic attack mechanism.
as compared to 4-NA. Alternatively, the phosphorus atom Interestingly, new information on PDF from X-ray structures
in TNP should be better able to accommodate the geometricof bacterial (formate)Me-PDF and (formate)ZaPDF sug-
strain associated with the 4-centered transition state expectedest that the difference in reactivity betweerf F@DF and
from a hybrid mechanism than the carbon atom of 4A. Zn—PDF may be due to the presence or absence of a hybrid
Thus, weak binding of 4-NA to the (PATH)Xinc complex mechanism during the hydrolysis of the formyl substrate.
may in fact occur, but the formation of a 4-centered transition Our results show that a zinc ion in a PDF-type environment,
state is unfavorable. Even though the origin of the difference i-€., an NS(thiolate) donor set, is flexible and can exhibit
in reactivity of 4-NA and TNP is not known, taken together Poth simple nucleophilic attack and hybrid mechanisms of
these results point to th#exibility of a zinc ion in an  hydrolysis depending upon the substrate. These findings
N,S(thiolate) environment. The existence of 4-, 5-, and indicate that the different reactivities of Znand Fe(ll)-
6-coordinate zinc complexes and enzymes where the zincPDF may arise from the iron(ll) center's strong preference
ion is in a ligand environment other than®lalso shows  for a five-coordinate geometry, thereby ensuring a hybrid
that the zinc ion is quite flexible, exhibiting no strong Mechanism, while the analogous zinc(ll) center does not
preference for 4- or 5-coordinatiéiCheoretical calculations ~ €xhibit this preference and operates through a less efficient
regarding zine-water Species point to the same indifference nucleophilic attack mechanism. Structural characterization
toward coordination numbé&?.Given this precedent and our ~ Of (PATH):Fe&Cl, supports the notion that iron(ll) prefers a
current experimental ﬁndingS, we propose thas not a five-coordinate environment in the presence of N,S-type
preference by Zinc(”) for four-coordination but rather a donor |igandS. Recent results on the structural ana|ySiS of
geometric preference of iron(ll) forfe-coordination that ~ @n iron(ll)—formate complex combined with theoretical
causes the higher reaety of Fe(ll)-PDF compared to Za calculations comparing zinc() and iron(ll)-formate model
PDF. Stated another way, there is no significant energetic cOmplexes support these conclusions and will be reported
penalty for the Zn(ll) center to bind the formyl group, but in due coursé?
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