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Because of the importance of the hydroxamic acid functional group in zinc protease inhibitors, we have measured
the stability constants of the ternary complex LMG, where L is series of tridentate and tetradentate ligands containing
amino, carboxylate, pyridyl, and/or imidazolyl groups as enzyme models and G is the guest molecule, aceto-
hydroxamate or N-methylacetohydroxamate. All measurements were determined by pH titration which gave
reproducible and reasonable results. A general correlation between binding of LMG and that of LM showed ligands
that strongly chelated zinc gave less LMG formation. Surprisingly, no correlation was observed between ligand
charge and LMG formation even though the guest, acetohydroxamate, is anionic. The pH value of the maximum
formation of the ternary complex is also correlated to the acidity of zinc-bound water; more acidic zinc-bound water
results in a maximum ternary complex formation at lower pH value.

Introduction Prominent among the successful MMP inhibitors is the
The matrix metalloproteases (MMPs) are a class of ulilization of the hydroxamate functional group as the zinc
hydrolytic enzymes necessary for tissue remodeling and thePinding group (ZBGJ? In solution, the hydroxamic acid
healing cascade? Misregulated MMP activity can contribute ~ 9roup is an ambident acid with similakgs for the terminal
to many disease states and conditions. Wounds possessin@H and the NH, both in the range-80. Labeling studies
too much MMP activity may become ulcerated rather than ("N) have shown that hydroxamate binds to MMP-3 as the
heal properly? Psoriasis may result from MMP action on conjugate base of an O-acitiThe active site of a MMP is
healthy skint multiple sclerosis may result from MMP-  typically a zinc ion coordinated in a tetrahedral fashion with
mediated degradation of myefinloss of collagen from  three His or two His and one Asp/Glu, with a water molecule
cartilage may result in rheumatoid arthritiand loss of ~ Occupying a fourth site. X-ray crystallographic data for
collagen from bone may result in osteopordsigMPs are ~ Metalloenzymeinhibitor complexes have shown that the
also important for angiogenesisyhich is essential for the ~ hydroxamate functional group binds in a bidentate fashion
vascularization and growth of tumors. As a result, MMPs 0 the zinc ion via its hydroxyl and carbonyl oxygefisind
are therapeutic targets for slowing or halting the progression
of tumor growth?~1* The inhibition of MMPs has received
great attention?
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Figure 1. Active sites and inhibition of hydrolytic zinc enzymes. ((/\MN@ > <©\l\>lﬂ NH; NH\H [ O
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expands the zinc coordination number from 4 to 5 (Figure HC

1). Thus, the hydroxamates typically form stable 5-membered kA 13 AEAMP =1 HE
chelates with zinc ion. For complexation of hydroxamate to 14 DIEN n=0
Zn(l) in aqueous solution, the ldg = 5.415in comparison, ~ Fi9ure 2. Ligands for studies.
coordination of carboxylate occurs with I¢g= 0.8. HiC  H HiC  CHs
The hydroxamate unit is a structural feature of many drugs N N
with promising applications toward the treatment of these o o o o
diseases, yet side effects remain severe in some cases. acetohydroxamic acid N-methylacetohydroxamic acid

Peptidic hydroxamate inhibitors have been developed thatFigure 3. Hydroxamate inhibitors used in this study.
demonstrate excellent in vitro potency against MMPs. Most
of the available compounds display broad-spectrum activity We have used a series of ligands containing amino,
with equal potency against most members of the MMP carboxylate, pyridyl, and/or imidazolyl groups as enzyme
family, although some selectivity has been achielfddost ~ Models?' =% Here we report ternary complexes composed
suffer from poor oral bioavailability® of zinc chelating ligands, zinc(ll), and hydroxamic acid
Although structure determination of the ternary complexes derivatives as models to examine thermodynamic parameters
containing enzyme, metal, and inhibitor is extensive in the that may be of relevance for inhibition of MMPs. The
literature* and some ternary mixed-ligand model complexes tétradentate and tridentate ligariis16 (Figure 2) together
have been reporteéd,only few model studies concerning With acetohydroxamate aridtmethylacetohydroxamate (Fig-
thermodynamic stability have been publisié®odels are ~ ure 3) were employed in this study. The binding of
used to observe the chemistry surrounding the zinc metalhydroxamates to zineligand enzyme models was investi-
ion such as the thermodynamic stabilities which would be 9ated by potentiometric titration in order to elucidate the
difficult to obtain from endogenous enzymes. Other informa- effect of various coordination environments on inhibitor
tion can come from model studies. The influence of certain binding and develop strategies for discovering better inhibi-
donor atoms on zinc behavior can be clarified. The size andtors for drug design.
shape of the potential cavity can be adjusted and its effects
observed. Constructing different bonding geometries can
significantly affect kinetic and thermodynamic aspects of ~ Materials. All chemicals were of highest purity commercially
binding and catalysis. Models studies can lead to (1) the available..Nitrilotria(;eti(; acid (NTA): tri§(2-aminqethyl)amine
understanding of substrate and inhibitor recognitb(?) (TREN), dlethylt_anetr_lamlne (DIEI_\J), |m|nod|ace_t|c aC|_d _(IDA), ar_1d
the development of new inhibitof%, (3) the design of acetohydroxamic acid were obtained from Aldrich. Dipicolylamine

. 0 NI ) (DPA) was purchased from TCI Americas, Inc. TPAesTREN 2
art_|f|C|aI enzymesg? and (4) the determination of the mech AEAMP 2 and EDMA7 were prepared according to literature
anism of an enzymé&.

procedures. BPG, PDA, BPEN, PDT, T2IA, B2IG were prepared
i i 1
(15) Smith. R. M. Martel. A E.NIST Critically Selected Stabilty 25 e eavlier reportet Purity was checked bt NMR,*C NMR,

Constants of Metal Complexes, Version;2W0S. Department of melting point, and/or elem.entall analysis. .
Commerce: Gaithersburg, MD, 1995. N-Methylacetohydroxamic Acid. N-Methylhydroxyamine-HCI

(16) Ye, Q.-Z; Hupe, D.; Johnson, L. Catalytic Domains of Matrix sa|t (3.38 g), sodium bicarbonate (6.76 g), and diethyl ether (60
Metalloproteinases: A Molecular Biology Approach to Drug Discov-

Experimental Section

ery. Curr. Med. Chem1996 3, 407—418. mL) wer_e add_ed toa 250_mL three-necked flask, e_qmpped with a
(17) (a) Ruf, M.; Weis, K.; Brasack, |.; Vahrenkamp, IHorg. Chim. Acta mechanical stirrer, and stirred a78 °C. Acetyl chloride (3.18 g)
§9|96 ZSQC2h71_28(1)d(2)3'3\5ﬂ5u—”§§,_(5Hlar(n?agn' A I\:/a?\;lerl}karﬂp. Bur. in 5 mL of ether was added over a period of 10 min. The reaction
. Inorg. em . (C ross, F.; Muller-Hartmann, H H H o
.- Vahrenkamp. HEUr. J. Inorg, Chem2000 2363-2370. (d) Walz, mlxtl_Jre was maintained at78 °C for 1 h, and then warmed to
R.; Ruf, M.; Vahrenkamp, HEur. J. Inorg. Chem2001, 139-143. ambient temperature. The colorless ether layer was separated from
(e) Rombach, M.; Brombacher, H.; Vahrenkamp, Elir. J. Inorg. the white precipitate. The minimum amount of water was added to
Chem.2002 153-159. (f) Puerta, D. T.; Cohen, S. Nhorg. Chem.  dissolve the solid, and then the aqueous layer was extracted with
2003 42, 3423-3430. h d chlorof | ti Th . tract
(18) (a) Koike, T.; Kimura, E.; Nakamura, |.; Hashimoto, Y.; Shiro, M. ether and chloroform several times. € organic extracts were
Am. Chem. S0d.992 114, 7338-7345. (b) Koike, T.; Watanabe, T.;
Aoki, S.; Kimura, E.; Shiro, M. AJ. Am. Chem. Socd996 118 (22) Canary, J. W.; Xu, J.; Castagnetto, J. M.; Rentzeperis, D.; Marky, L.
12696-12703. A. J. Am. Chem. S0d.995 117, 11545-11547.
(19) (a) Kimura, EAcc. Chem. Re001, 34, 171-179. (b) Kimura, E.; (23) Chiu, Y.-H.; Canary, J. Winorg. Chem 2003 42, 5107-5116.
Gotoh, T.; Aoki, S.; Shiro, Mlnorg. Chem.2002 41, 3239-3248. (24) Anderegg, G.; Wenk, FHelv. Chim. Actal967 50, 2330-2332.
(20) Murakami, Y.; Kikuchi, J.-1.; Hisaeda, Y.; Hayashida,Chem. Re. (25) Ciampolini, M.; Nardi, N.Inorg. Chem.1966 5, 41—-44.
1996 96, 721-758. (26) Hoyer, E.Chem. Ber196Q 93, 2475-2479.
(21) Xu, X.; Lajmi, A. R.; Canary, J. WChem. Commuri998 24, 2701 (27) Hay, R. W.; Banerjee, B. Chem. Soc., Dalton Tran98Q 2452—
2702. 2455,
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combined and dried over sodium sulfate. Removal of the solvent 12.0 " T y
gave a yellow oil. The crude product was purified by column 110k svfl?::[:c:m:ggf"’t;L‘fealue
chromatography (silica, methylene chloride/diethyl ether 95:5, ’

2.75 g, 76% vyield). The NMR spectrum in chlorofonwas 100 ¢

consistent with the presence of bdfrand Z isomers8 1H NMR 9.0 f BPEN

(200 MHz, CDC}) & 9.45 (s, 1H, br), 3.34 3.21 (s, 3”/E), 2.10 +Zn(lh

(s, 3H).13C NMR (50 MHz, CDC}) 6 172.6, 36.4, 20.4. Anal.
Calcd for GHsNO,: C, 40.44, H, 7.92; N, 15.72. Found: C, 40.23; PH 70}
H, 8.18; N, 15.87. 60k
3-[Bis(2-pyridylmethyl)amino]propionic acid (BPP), 9. To a
100-mL round-bottom flask was addgehlanine (1.52 g, 17 mmol),
2-picolyl chloride hydrochloric acid salt (5.59 g, 34 mmol), and 40}
40 mL of water. To the stirred solution was added 3.41 g of NaOH
(85 mmol) in 10 mL of water over a period of 10 min. The reaction
mixture was stirred at 5660 °C for 16 h. It was then cooled to 290 To 20 30 20 50 3.0
room temperature, concentrated HCl was added to adjust pH to 6, A value = [base] / [ligand]
a_md the solution_ was extre_lcted vyith 30 mI__ of chIorofc_)rm three Figure 4. Typical titration curve ([ligand= 5 mM).
times. The combined organic solution was dried over sodium sulfate

to give crude product, which was recrystallized from ethanol and . . . . .
diethyl ether to afford a yellow solid (2.10 g. 45% yield). Mp 116 of acid was titrated with the 0.1 M NaOH solution to obtain

118°C. IH NMR (200 MHz, CDC}) 6 8.56 (d,J = 4.0 Hz, 2H), proton dissociation constantg. These constants are not
7.70 (td,J = 7.8, 1.8 Hz, 2H), 7.44 (dJ = 7.8 Hz, 2H), 7.27 reported here but were essential for data anafjsifien a

7.20 (m, 2H), 4.07 (s, 4H), 3.12 (@, = 6 Hz, 2H), 2.70 (tJ = 6 solution of free ligand plus 3 equiv of acid in the presence
Hz, 2H).13C NMR (50 MHz, CDC}) 6 174.2, 156.5, 149.1, 138.1,  of Zn(ClO,), was titrated to determine ligardanetal, LM,
124.6, 123.5, 59.2, 50.4, 324 NMR (200 MHz, CQyCN) 6 8.53 binding constants and acidity of zinc-bound water, LM@#H
(d,J= 5.0 Hz, 2H), 7.72 (td]) = 7.8, 1.8 Hz, 2H), 7.38 (d] = The last solution titrated was identical to the second except
7.8 Hz, 2H), 7.28-7.22 (m, 2H), 3.92 (s, 4H), 2.96 4=6.4Hz,  {or the addition of acetohydroxamic acid which increased

2H), 2.53 (t,J = 6.4 Hz, 2H).13C NMR (50 MHz, CB,CN) ¢ the acid equi e ;
quivalents to 4. Stability of the ternary species,

173.5, 157.8, 149.3, 137.2, 124.1, 123.0, 59.3, 50.2, 32.0. MS . . . . .

(MALDI-TOF): 272.1 (M + 1). Anal. Calcd for GeHiNOp: C, LMG, was determined from this solution. Figure 4 is a

66.40 H. 6.32° N. 15.49. Found: C. 66.13' H. 6.10: N. 15.37.  'epresentation of the three titrations necessary to calculate
Potentiometric pH Titrations. Potentiometric studies were ~ the binding of acetohydroxamate to a particular ligaaghc
conducted with a Titrino 702 autotitrator (Brinkmann Instruments). complex. It also illustrates the addition of Zn(ll) and Zn(lI)

80 |
BPEN +Zn(Il)
+acetohydroxamate

50

3.0

A Metrohm combined pH glass electrode (Ag/AgCl) @ M NaCl with acetohydroxamate and its effects on the titration curve
internal filling solution was used. All potentiometric titrations were  of the free ligand. Similar curves were obtained for the other
carried out at 4 mM ligand, with= 0.10 (NaClQ) at 25°C. The ligands.

Zn(l1) solution was standardized by primary standard EDTA in a

NaOAc/HOAc buffer with 1-(2-pyridylazo)-2-naphthol as an . L . n .
indicator. The NaOH solution was standardized against potassiumpmem'ommrIC titration of ligan@H" (4 mM), using 0.1 M

hydrogen phthalate with phenolphthalein as an indicator. All solu- NaOH withl = 0.01 (NaClQ) at 25°C. The zine-ligand
tions were carefully protected from air by a stream of nitrogen gas. complexation equilibria were determined from potentiometric
The k, value was chosen as 13.78 for 25, 0.1 M NaClQ. A titration of ligand3H" (4 mM) in the presence of an
Gran’s plot using the NaOH solution found the carbonate content equimolar or half amount of the zinc(ll) ion under the same
below the acceptable limit of 2%. Ligands were isolated or condition as the titrations of ligands. The ligarzinc
purchased in neutral or protonated forms. About 100 points were hinding constants and zinc-bound water deprotonation con-
collected for_ each titration. The equmt_mum constqnts were siants were therefore obtained. Binary hydroxamate zinc
calculated using the program BESTAIl o-fit values, defined in o 1006 \vere determined in the same way. The deprotonation
the program, were smaller than 0.015. Species distributions were . N .
calculated using the program SPE. For the determination of thesecohStant and 1:1 zinc binding cohstant of acetohydroxamic
constants, at least two independent titrations were always made.aCId are 9.22 and 5.49,respectively, and those df-

methylacetohydroxamic acid are 8.70 and 5Dhe ternary
Results and Discussion ligand—zinc—hydroxamate formation constants were ob-
tained from titration of 1:1:1 ligand, zinc(Il), and hydroxamic
Racid ion under the same conditions. The results are sum-
marized in Table 1. The three logarithmic terms in Table 1
are defined by the following equations:

The ligand protonation constants were determined from

Determination of equilibrium binding constants in Zn(ll)
coordination complexes presents a challenge due to the lac
of convenient spectroscopic handles. We found that it was
possible to obtain the data by potentiometric methods. A
typical experiment consisted of three titrations to pHL1

plus data analysis. First, a solution of free ligand plus 3 equiv L+M+G=LMG fiye = [LMGI[LIMIC]

L+M=LM Biw = [LMJ/[L][M]
(28) Brown, D. A.; Glass, W. K.; Mageswaran, R.; Mohammed, S. A.
Magn. Reson. Cheml99], 29, 40-45. y LM +G=LMG K = [LMGJ/[LM][G]
(29) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability | = |
Constants2nd ed.; VCH Publishers Inc.: New York, 1992. og K =log S yc — 109 By
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Table 1. Thermodynamic Data for LiganeZinc Complexes and Hydroxamat&inc—Ligand Ternary Complexes

G = acetohydroxamate & N-methylacetohydroxamate
ligand logfim® pkaof L—Zn—0OHy? log fLme logK  pH of max LMG logfive logK  pH of max LMG
1TPAR 11.00+ 0.08 8.03+ 0.09 14.63+ 0.03 3.76 8.7 14.1%0.03  3.27 8.4
2 BPG 11.4+0.1 9.11+ 0.03 152+ 0.1 3.75 9.2 14.78 0.04  3.38 8.9
3 PDA 10.89+ 0.07 9.624 0.08 14.492+ 0.001  3.60 9.4 14.880.08  3.92 8.9
4NTA 10.53+ 0.04 10.06+ 0.07 13.90+ 0.05 3.37 9.6 1416 0.03  3.63 9.2
5BPEN 12.48+ 0.02 9.145+ 0.008 16.15+ 0.03 3.66 9.2 15.74 0.04  3.26 9.0
6 PDT 13.429+ 0.007 9.63+ 0.02 16.23+ 0.02 2.80 9.4 16.08-0.02  2.57 9.3
7 TREN 14.42+ 0.05 10.214 0.05 16.40+ 0.01 1.98 9.7
8 MesTREN 9.3240.02 8.614 0.02 12.0+0.1 2.71 9.0
9BPP 10.33t 0.02 10.05+ 0.03 14.27+ 0.01 3.94 9.4 13.98 0.09  3.65 9.2
10 T2IA 11.98+ 0.01 8.724 0.05 15.16+ 0.02 3.18 8.8
11 B2IG 11.18+0.01 8.99+ 0.01 14.22+0.04 3.04 9.0
12 DPA 8.12+ 0.05 8.59+ 0.06 13.47+ 0.09 5.34 8.6
13 AEAMP 8.64+ 0.01 8.9+ 0.1 13.42+ 0.05 5.08 9.0
14DIEN 8.57+ 0.04 8.87+ 0.07 13.58+ 0.09 5.01 9.0 13.4%0.04  4.88 8.7
15 EDMA 8.11+ 0.01 12.13+ 0.05 4.02 8.5 12.28 0.05  4.17 8.5
16 IDA 7.07+0.02 8.8+ 0.02 11.09+ 0.02 4,02 8.9
aReference 232 Reference 30.
0 A LA AN AN AR AN LA MAAAE RARAE of the overall trends, we propose that the main determination
ssf B Acetohydroxamate E of acetohydroxamate binding is the stability of the LM
: . # N-Methyl Acetohydroxamate | species and not its charge.
5'°;_ E All of ligands discussed here give five-membered chelation
45F 3 to zinc(ll) ions except BPP, which forms a six-membered
) 405_ E metallochelate from its central nitrogen atom and the oxygen
g “F ] atom of the carboxylate pendant group. Since it is known
% 35F g that five-membered chelation is more effective than six-
2 aof- E membered chelatio#, the zinc-binding constant of ligand
: ] BPP (10.33) is smaller than BPG (11.4). Although the
251 E Zn(BPP) complex has a less acidic zinc-bound water
20k a (pKa = 10.04) than that of Zn(BPG) K = 9.11), for the
s | | | | | | | | ] ligand—zinc complex with hydroxamate binding, BPP be-
13070 80 90 00 110 120 130 140 150 haves similarly to other five-membered chelation ligands:

logk [Zn(L] that is, the stronger liganezinc binding, the less ligand

Figure 5. Relationship between binding constants for ternary Zn(L)(G) zinc hydroxamate binding. The ligand WI&REN gives a
binary Zn(L lexes. MEREN t included due to its uni e S . .
Zferi?z%pgéie)s‘fomp exes. MEREN was not included due to its unique surprisingly low logK.ue which is attributed to the steric
hindrance of the six methyl groups preventing bidentate
chelation of acetohydroxamate.

Species distribution curves provide an effective visual tool.
For instance, Figure 6 shows a large difference in the
maximum percent formation of ternary complex between the
tetradentate ligand TPA, and the tridentate ligand DPA.
zinc binding show reduced zinc bound water acidfitifigure Generally, a large log yalue implie_s a large fraction of

LMG formation; the maximum fractions of LMG for TPA

5, hydroxamate binding versus ligandinc stability, also o 0 X X
shows a linear relationship, regardless of the ligand charges 21d DPA are 39% and 88%, respectively. This results from

Strong ligane-zinc binding gave weak ternary complex & Competition between hydroxide (OHand hydroxamate
formation, while weaker ligangzinc binding gave stronger (G for complexing the LM species. Another way of stating

ternary complex formation. Tetradentate ligands TPA, BPG, hiS is that LM species with especially acidic LhOH; gives
PDA, and NTA display similar zinc binding constants, and less _terngry'cor.nplex, LMG, formatlon._ It IS shovyn in the
similar hydroxamate binding, although they bear different species distribution curve of TPA thata5|gn|f|c§1nt rise occurs
charges. Very strong LM binding (as with TREN) gave little in the LM(OH) species at_around pH 6, arelatively aC|d|c_ .
overall ternary complex, LMG, formation. Tridentate ligands region, ComparEd tothe t“de_ntf'ite system, and the_refore limits
show smaller logum and show larger ternary complex LMG formation. We found similar results comparing TREN

formation logK than tetradentate ligands. However, the data With DIEN. In the competition for binding hydroxamate
points for complexes with tridentate ligands show the greatest/ersus hydroxide, hydroxide will eventually dominate as pH
deviation from the line in Figure 5. A greater variety of increases. More acidic LMOH, complexes are also better
solution structures is possible for tridentate ligaiaoh : : : .
complexes with hydroxide or hydroxamate as compared with (30) ﬁgtgelrgg%s%'lggf’lm‘%f”’ E.; Podder, N. G.; WenkiBly. Chim.
analogous complexes involving tetradentate ligands. In light (31) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875-1914.

The pH of maximum LMG is the pH value where the most
LMG complex is formed for a particular ligangzinc(ll)—
hydroxamate system, according to species distribution curves
(vide infra).

We have shown in prior work that ligands with strong

Inorganic Chemistry, Vol. 44, No. 1, 2005 43



Figure 6. Species distribution curve TPA and DPA complexes with Zn(ll)
and hydroxamate.

OH binders, so that this competition will be more effective
at lower pH.

Chiu et al.

o H3c>_ H
N
Hac)J\N’H RS
o \zﬁ LMG
OH an
LMOHy) [ —
D TS oH
o 4 LMOH)

NabY

Figure 7. Formation of LM(OR) (enzyme model), LM(OH) (activated
enzyme model), and LMG (inhibited enzyme model).

since no deprotonation can occur from the nitrogen acid of
N-methyl acetohydroxamic acid.

A correlation was found between the hydroxamate binding
and the [, of zinc-bound water acidity. Ligands with more
acidic zinc-bound water gave maximum LMG formation at
lower pH due to competition by hydroxide; all of the ligands
follow this trend. Increased zinc-bound water acidity means
greater hydroxide affinity of the LM complex. Thus, the
formation of LM(OH) can either be seen as the loss of an
acidic hydrogen from LM(OHR) or the binding of hydroxide
by LM (Figure 7). The hydroxamate must compete with
hydroxide on LM binding, and the competition will be more
severe for more acidic metal complexe@&Methylaceto-
hydroxamic acid is more acidic than acetohydroxamic acid,;
therefore, the maximum concentrations of ternary complexes
form at a lower pH when the guest molecule
methylacetohydroxamate.

Conclusion

The potentiometric titration method produced reproducible
and reasonable binding constants for the formation of ternary,
mixed-ligand complexes of zinc. A correlation was observed
for log K versus logfim where strong LM binding gave
weaker LMG formation. The maximum formation of the
ternary complex is limited by competition with hydroxide
complexation (acidity of LM(OH)). The charge of the ligand

Some debate in the literature persists as to whetherconfers relatively little influence on acetohydroxamate bind-

hydroxamic acid is an O-acid or an N-aéfiX-ray crystal-

ing under the aqueous conditions studied. The pH value of

lographic data have shown the hydroxamate functional groupthe maximum formation of the ternary complex also cor-

binds in a bidentate fashion to zinc with its two oxygen
atoms!* but another novel binding mode of trifluororo-
acetohydroxamate to thermolysin has been fotirdthough

relates to the acidity of zinc-bound water; more acidic zinc-
bound water results in maximum ternary complex formation
at lower pH value. These considerations should be of interest

the 1:1 zinc complex of acetohydroxamate is 0.3 log unit in the rational design of zinc enzyme inhibitors.

more stable than that &f-methylacetohydroxamate, stability
constants (log) of two guest hydroxamate molecules toward

ligand—zinc host systems are similar. This indicates the
hydroxamate functional groups act as an O-acid in both cases

(32) Monzyk, B.; Crumbliss, A. LJ. Org. Chem198Q 45, 4670-4675.

(33) Scolnick, L. R.; Clements, A. M.; Liao, J.; Crenshaw, L.; Hellberg,
M.; May, J.; Dean, T. R.; Christianson, D. W. Am. Chem. Soc.
1997 119, 850-851.
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