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Abstract: With the use of an NMR-based method, potentsglG 25 nM) nonpeptide inhibitors of the matrix
metalloproteinase stromelysin (MMP-3) were discovered. The method, called SAR by NMR (for striaativity
relationships by nuclear magnetic resonance), involves the identification, optimization, and linking of compounds

that bind to proximal sites on a protein.

Using this technique, two ligands that bind weakly to stromelysin

(acetohydroxamic acip = 17 mM; 3-(cyanomethyl)-4hydroxybiphenyl Kp = 0.02 mM) were identified. On

the basis of NMR-derived structural information, the two fragments were connected to produce a 15 nM inhibitor of
this enzyme. This compound was rapidly discovered (less than 6 months) and required only a minimal amount of
chemical synthesis. These studies indicate that the SAR by NMR method can be effectively applied to enzymes to
yield potent lead inhibitorsan important part of the drug discovery process.

Introduction

Matrix metalloproteinases (MMPs) are a family of zinc-

dependent endoproteinases that include the collagenases, g

latinases, and stromelysihsThis family of enzymes is involved

in matrix degradation and tissue remodeling, and when over-
expressed or dysregulated are associated with pathologies suc
as arthritis and tumor metastases. Although potent peptide-

perturbations of the amide chemical shifts'®-labeled protein
upon the addition of potential ligands. When two compounds
élave been identified that bind to the protein, experimentally-
derived structural information is used to guide the design of
linkers between the molecules. Although the individual frag-
frents may bind only weakly to the protein, tethering the
compounds together results in a molecule whose binding energy

based inhibitors designed on the basis of substrate specificity!S the sum of that for each component plus an additional

have been discoverédmany of these compounds exhibit poor

contribution due to linking. Thus, in principle, submicromolar

bioavailability. Several nonpeptide natural products have been!€2ds can be obtained by linking together two fragments that
discovered that inhibit this class of enzymes, such as pycnitlione Pind with millimolar dissociation constants.

and tetracycline derivativé’s. However, these compounds
exhibit only moderate inhibitory activity.

We have previously applied the SAR by NMR technique to
the discovery of high-affinity ligands for the FK506 binding

Recently, we described an NMR-based approach for discov- protein (FKBPY* By using this method, a ligand with a

ering high-affinity ligands called SAR by NMR. The SAR

dissociation constant of 19 nM was produced by tethering two

by NMR method involves screening a library of small molecules lead ligands which bound to FKBP with dissociation constants
to identify and optimize compounds that bind to proximal sites of 2 and 10uM. Here we describe the application of SAR by
on a protein. The compounds are screened by monitoring NMR to the discovery of potent, nonpeptide inhibitors of
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stromelysin (MMP-3).

Results and Discussion

Identification of a Ligand That Binds to the First Site.
In order to apply the SAR by NMR technique to a protease
such as stromelysin, a molecule was needed that would inhibit
autolytic degradation during screening, be soluble enough to
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binding sites on the protein. Since many of the known MMP
inhibitors contain a hydroxamate moiety, acetohydroxamic acid
(CH3CONHOH, 1) was tested for its ability to bind to
stromelysin and inhibit autolytic degradation. Although this
compound bound only weakly to the proteidp(= 17 mM),
autolytic degradation was effectively inhibited at ligand con-
centrations>100 mM. Thus, due to its small size and high
solubility in aqueous buffers>( 500 mM), acetohydroxamic
acid was chosen as the ligand for the first site.

(5) Jencks, W. PProc. Natl. Acad. Sci. U.S.A981, 78, 4046-4050.
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Table 1. Dissociation Constants for the Binding of Biphenyl and Table 2. Dissociation Constants for the Binding of Biphenyl
Biphenyl Analogs to Stromelysin Identified in the Initial Screen Analogs to Stromelysin That Were Synthesized on the Basis of the
Initial Biphenyl Leads

Compound
No. Compound Kp (mM)a R,

2 o )< ) 028 012 R‘OH
3 HOZC >10 ) compound R R Kb (MM)?

12 CH=CH H 0.61 (0.17Y
4 _ 2
>10 () 13 NH H ~10 ()
OH 14 COCH; H 0.43 (0.14)
ro~ )~ ) 15 CHO H 0.14 (0.07)
5 >10 ) 16 SCH, H 5.2 (2.0)
_ 17 OCHs H 0.29 (0.07)
6 NG ) 0.17 (0.03) 18 tBu H >10 ()
19 i-Pr H 0.53 (0.12)
= 20 n-Pr H 0.02 (0.02)
7 \ 1.6 (0.31) 21 Et H 0.15 (0.04)
o 22 CFs H 0.18 (0.06)
8 - )< )N 0.02 (0.01) 23 Cl H 0.12 (0.03)
24 F H 0.23 (0.06)
25 CHs H 0.29 (0.06)
9 o))~ 016 (©0.1%) 26 H CH,CN 0.02 (0.01)
27 H CHs 0.61 (0.18)
0 28 H Br >10 ()
10 _<0" O 0.25 (0.08) o o o S0
30 H F 1.2 (0.35)
HO o 31 H CN 5.2(2.2)
11 < > @ 0.48 (0.27) 32 H COCH, 2100
33 H NH, 0.77 (0.11)
a Dissociation constants were derived from an analysis of the changes 34 H CHOH >10 ()
in amide chemical shifts as a function of the concentration of the 35 H CHBr 0.19(0.08)
compound? Estimated uncertainties in the dissociation constants 36 H OCHs >10 ()
obtained as described in Methods and Chemical Synthesis. A dash 37 H OH 2.0 (0.56)
(—) indicates that no uncertainty was determined due to the absence 38 H CRs 6.2(2.1)
of observed chemical shift changes. 39 CHs CHs 0.17 (0.06)
40 OH CHs 0.98 (0.15)
Identification and Optimization of Ligands That Bind to i% ng3 ngz 8'%2 Eg'g%
the Second site. The substrate specificity for stromelysin 43 CHs cl 1.2(0.19)
indicates a preference for amino acids with large hydrophobic 44 NH, Cl 0.88 (0.19)

. . o 1gh The . -
Sl.de chains at thelppOSIt_lon. . Thls preference IS. consistent a Dissociation constants were derived from an analysis of the changes
with the large hydrophobic;Sbinding site observed in structural i, amide chemical shifts as a function of the concentration of the

studies of stromelysin and other matrix metalloproteinases compound?® Estimated uncertainties in the dissociation constants
complexed with peptide-based inhibité?9 To identify obtained as described in Methods and Chemical Synthesis. A dash
ligands that bind to this site, a directed screen was conducted(?) indicates that no uncertainty was determined due to the absence
in which hydrophobic compounds were tested for binding to of observed chemical shift changes.

stromelysin in the presence of saturating amounts (500 mM) of
acetohydroxamic acidlj.

Several biphenyls (e.g2) and biphenyl analogs (see Table
1) were found that bound to stromelysin with dissociation
constants in the millimolar rande.Although the binding of
these compounds to the enzyme is weak, distinct and interpret-

able structure-activity relationships were observed. For ex-
ample, the incorporation of a carboxylic acid (e.§), or
substituent®rtho to the biphenyl linkage (e.g4) resulted in a
marked decrease in affinity for stromelysin. The substitution
of an aliphatic for an aromatic ring (e.b) also abrogated
binding, while the incorporation of pyridine or pyrimidine rings
(6) (@) Gooley, P. R.; O’'Connell, J. F.; Marcy, A. |.; Cuca, G. C.; Salowe, was toleratedq and7). Nearly a 10-fold increase in affinity
S. P, BUSh, B.L.; Hermes J. D.; E§ser, C.K,; Hagmann, W. K.; Springer, was Observed for a b|pheny| Wh|Ch Containedpara CN
é. PFé’. fﬁﬂ?j&?kiﬁ; ﬁ"”\‘}f’;reHi”\l,‘\ff'E'ec”lg?z‘r’. ;133#;3#’8[_.“,’_).;VﬁEpDe(”rg'_]'l; substituent§), while only a modest improvement was observed
Zuiderweg, E. R. PProtein Sci.1995 4, 2487-2498. (c) Becker, J. W.;  for a para OH substituent9).
Marcy, A. I.; Rokosz, L. L.; Axel, M. G.; Burbaum, J. J.; Fitzgerald, P. M. To further explore the SAR of this class of molecules, 33

D.; Cameron, P. M.; Esser, C. K.; Hagmann, W. K.; Hermes, J. D.; Springer, ii ; ; e
3. P _Protein Sci1995 4, 1966-1976. (d) Bode, W.. Reinemer, P.. Huber,  cOmMPpounds containing a variety of functional groups at positions

R.; Kleine, T.; Schnierer, S.; Tschesche, EMBO J.1994 13, 1263 metaand para to the'biphen}’l linkage were SythSized (see
1269. (e) Borkakoti, N.; Winkler, F. K.; Williams, D. H.; Darcy, A.;  Table 2). The substituted biphenyls were readily prepared by
Broadhurst, M. J.; Brown, P. A.; Johnson, W. H.; Murray, ENature i i f commerciallv available arvl bromi n
Struct. Biol.1994 1, 106-110. (f) Stams, T.; Spurlino, J. C.; Smith, D. L.; Slézgkl COL.I%Imé or co b el(;:' a y}’? Ia'lalb ea yh b OI bdes a d
Wahl, R. C.; Ho, T. F.; Qoronfleh, M. W.; Banks, T. M.; Rubin, Bature lodides wit b'[(tert' utyldimethylsilyl)oxy]phenyl]boronic

Struct. Biol. 1994 1, 119-123. (g) Lovejoy, B.; Cleasy, A; Hassell, A.  acid. [See Methods and Chemical Synthesis section for a
M.; Longley, K.; Luther, M. A.; Weigl, D.; McGeehan, G.; McElroy, A.  representative procedure for the preparation of 4-fludro-4

B.; Drewry, D.; Lambert, M. H.; Jordan, S. Bciencel994 263 375~ ; : P

377. (h) Spuriino; J.. Smallwood, A. M.: Carlton, D. D.. Banks, T. M.: hydroxyblphenyl 24)_.] Relative to the initial lead compound

Vavra, K. J.; Johnson, J. S.; Cook, E. R.; Falvo, J.; Wahl, R. C.; Pulvino, 2, biphenyls containing para n-propyl (20) or ametaCH,CN

T. A.; Wendoloski, J. J.; Smith, D. [Proteins Struct. Funct. Genet994 substituent 26) exhibited a significant increase in affinity for

19, 98-1009.
(7) These biaryl compounds were identified after screening only 125 (8) (@) Migaura, N.; Yanagi, T.; Suzuki, ASynth. Commuri981, 11,

compounds. 513-519. (b) Migaura, N.; Suzuki, AChem. Re. 1995 95, 2457-2483.
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Table 3. Structural Statistics and Rmsds for NMR-Derived Structures of Stromelysin Complexes

ternary complek binary complek
no. BAO0 BAL no. BA0 BAL
Rmsd (A) from Experimental Distance Restraints
intraresidue 341 0.00F 0.005 0.002 551 0.00& 0.012 0.012
sequential 295 0.014 0.003 0.026 382 0.012 0.008 0.008
medium range 115 0.012 0.005 0.008 201 0.01% 0.015 0.015
long range 281 0.00& 0.003 0.012 563 0.01€ 0.008 0.008
intermolecular 33 0.012 0.002 0.001 49 0.01% 0.005 0.005
hydrogen bonds 118 0.01650.001 0.016 124 0.014 0.015 0.015
Rmsd (deg) from Experimental Torsion Restraints
@ angles 14 0.15 0.09 0.38 39 0.0% 0.05 0.00
X-PLOR Potential Energies (kcal nd)
Etot 294+ 7 328 301+ 7 311
Ebond 25+ 1 25 25+ 1 26
Eang 214+ 4 227 214+ 3 221
Eimp 22+1 27 22+ 3 26
Erepel 23t 2 35 23+3 25
Enoe 8+ 2 13 15+ 3 13
Ecdih 0.3+ 0.3 0.1 0.2-0.1 0.0
Cartesian Coordinate Rmsd (A)
N, Ca, C all heavy N, @, C all heavy
[BACvs [BAO 1.03+0.09 1.49+0.10 0.75+ 0.09 1.21+0.08
[BALvs [SAE 0.99+ 0.40 0.76+ 0.10

aWhere[$Alls the ensemble of 20 NMR-derived solution structures of the ternary complex of stromelysin with acetohydroxandicawid (
7, and the binary complex &0 and stromelysinfBALis the mean atomic structure obtained by averaging the coordinates of the indiBaual
structures following a least-squares superposition of the backbone heavy atoms for resid4; $1d[SALlis the energy minimized average
structure. Medium range NOEs are observed between protons separated by more than one and less than five residues in the primary sequence.
Long-range NOEs are observed between protons separated by more than five réddiogsl. of 1065 nontrivial NOE-derived distance restraints
were employed. No distance restraint was violated by more than 0.4 A in any of the final structures. No torsional restraint was violated by more
than 5. © A total of 1870 nontrivial NOE-derived distance restraints were employed. No distance restraint was violated by more than 0.4 A in any
of the final structures. No torsional restraint was violated by more tliafiPmsd for residues 93247.¢ Rmsd for the ligand(s).

Figure 1. Ribbong® depiction of (a, left) the ternary complex composed of stromelysiand7, and (b, right) the stromelysi®0 (green carbon
atoms) complex superimposed on a collagenase/inhibitor (cyan carbon atoms) complex. Colored in yellow are the three histidines which chelate the
catalytic zinc (shown in magenta) and those side chains which make hydrophobic contact with the biphenyl moiety.

stromelysin ¢ 10-fold). Modest improvements in affinity  structure was determined by the NMR data to an rmsd of 1.03
(~2-fold) were observed for biphenyls containipgra CHO A for the backbone atoms and 1.49 A for all heavy atoms (Table
(15), ethyl 21), CF; (22), or CI (23) substituents. The majority  3). The overall fold of the protein is similar to previously
of the other compounds, however, either decreased or had littledetermined structures of matrix metalloprotein&sesl consists
effect on the binding affinity. of a five-strandeds-sheet and three-helices (Figure 1a).
Structure of the Ternary Complex. To aid in the design  Acetohydroxamic acidl) chelates to the active site zinc, with
of linked compounds, the three-dimensional structure of a the methyl group of this compound forming hydrophobic
ternary complex composed of the catalytic domain of stromel- interactions with Val163. Biary¥ binds to the large, hydro-
ysin, acetohydroxamic acid, and biarglwas determined by  phobic §' subsite and forms hydrophobic interactions with
NMR spectroscopy. This biaryl was chosen for the NMR Leul97, Val198, and Leu218. The methyl group of acetohy-
structure determination because of its good water solubility. The droxamic acid is located in close proximity to the pyrimidine
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Scheme 1 Scheme 2
OH

H
oR'
OH oé%( o%#rNUH o
0 —
0 + BReyLOR
o I n
* oY rom - ok ?
G O QO oy " ol ? °
R -

|: R' = alkyl I L ‘
R=H R=1 CN
45: R=H,R’=Bu,n=1 49: R=CN,R’=Bu,n=1 E R'=Sn(CHa)s E Z = OEt
Z=0H
Z= NHOt-BE'
ring of 7 (Figure2a) as evidenced by the observation of an NOE E Z = NHOH
between these two groups.

The location of compound 6, and11 were also examined 54: R = Et, Z = OEt, n = 3; 55: R = Me, Z = NHOBu, n = 4
using two-dimensional isotope-filtered NMR experiments. All
of these ligands bound to stromelysin in th¢ Socket of Scheme 3
stromelysin in a similar manner t The NOE data revealed o o
the relative orientation of the biphenyl rings. For example,

OH _OH
NOEs from the methyl group of acetohydroxamic acid to the 0/\/U\OH 0/\)\3
protons ortho to the phenolic OH @fand11indicated that the O o) O
hydroxyl group is located on the same side of th'epdcket as + \]\;? . . O

R R R

47. R=H,R’=Et,n=3 51: R=CN,R’=FEt,n=3
48: R=H,R’=Me,n=4 52: R=CN,R’=Me,n=4

the hydroxamic acid.
Design and Synthesis of Linked Compounds On the basis
of the NMR-derived structural information of stromelysin/ligand
complexes and the relative dissociation constants of the biphe-
nyls measured by NMR, linked compounds were designed. Since 46: R = H: 50: R = CN
compounds containing capped hydroxyl groups (elf)
exhibited no loss in binding affinity to stromelysin, an ether /\)J\ _OH
linkage connecting the phenolic OH of the biphenyl to the o) 0 N
hydroxamic acid was incorporated into the design. Compounds ¢H o/\)L .0Bn H
containingparaCN or metaCH,CN substituents on the biphenyl 0 : O
were chosen on the basis of the increase in affinity of biphenyls + \]\;C'J — —
which contain these substituents. To allow for uncertainties in O
the ligand position, methylene linkers of varying length were I
incorporated into the linked compounds. 53 CN
Compounds in which the biaryloxy and hydroxamic acid
fragments are linked with one, three, and four methylene units
were readily synthesized by the route shown in Scheme 1.

Alkylation of the commercially available 4-hydroxybiphenyl or B-elimination. Successful alkylation of phenols withpropi-

4-cyano-4hydroxybiphenyl with bromo esters, followed by ! .
ester hydrolysis using acid or base as appropriate, provided theolactone as the alkylating agent has been repdftedd this

(biaryloxy)alkanoic acids in good yield. Hydroxamate formation modigzjgog Oto traesgrzviﬂus rogtes provided access to com-
was carried out by formation of the acid chloride and treatment poupl g | » an f( f:ker(;l% )- d ble 4 depi
with hydroxylamine oiO-(tert-butyldimethylsily)hydroxyl amine, Biological Activity of Linked Compounds. Table 4 depicts
giving access to compounds, 47, 48, 49, 51, and52 11 of the linked compounds that were synthesized along with
To prepare thenetaCH,CN analogs, the modified approach  their’ correspondingn vitro ICso values as measured in a
shown in Scheme 2 was adopted, which is suitable for the stromelysin mhlbltlo.n.assay.. All of the compounds show an
introduction of a wide variety of biaryl structures. Alkylation enhancement in activity relative to the untethered co_m_pounds.
of 4-iodophenol and, optionally, conversion to a protected The most potent inhibitors of stromelysEsDa@ndS& exhibited
hydroxamic acid as described above provided aryl iodide 'C?;’ values of 25 .a.”d 15 nhM, .reds.p%ctl\llem 1000-fold
intermediates which were converted to the corresponding aryl enb?ncemen'th[n actl\r/:tyfo;]/er the in 'r:” ua comrf)(?nentﬁ E(sede
stannanes by palladium-catalyzed coupling with hexamethyld- Table 1). Wit In each of the series, the two methylene-linke
istannané. Coupling with 1-iodo-3-(cyanomethyl)benzene and compounds exhibited the most potent activities, with nearly a
deprotection or hydrolysis and coupling as before provided — (10) Gresham, T. L.; Jansen, F. W.; Shaver, F. W.; Bankert, R. A.; Beears,

The bromoester alkylation routes described above failed to
provide access to the 3-(aryloxy)propanoic esters, due to facile

hydroxamate§4 and55. W. L.; Prendergast, M. GJ. Am. Chem. Socl949 71, 661-663. Buckle,
D. R.; Eggleston, D. S.; Houge-Frydrych, C. S. V.; Pinto, I. L.; Readshaw,
(9) Azizian, H.; Eaborn, C.; Pidcock, Al. Organometal. Cheni981, S. A.; Smith, D. G.; Webster, R. A. B. Chem. Soc. Perkin Trans1991,

215 49-58. 2763-2771.
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Table 4. Stromelysin Inhibition for Linked Biphenyl Compounds

Ry
L Orotoniid
O Oro-ten
" N-OH
H
compound no. R Rz n ICso (uM)?
45 H H 1 3.9
46 H H 2 0.31
47 H H 3 110
48 H H 4 100
49 H CN 1 0.26
50 H CN 2 0.025
51 H CN 3 34
52 H CN 4 35
53 CH,CN H 2 0.015
54 CH,CN H 3 1.9
55 CH.CN H 4 35

a|Csp values were obtained against the catalytic domain of stromel-
ysin using an enzyme inhibition assay.
100-fold improvement over the three or four methylene-linked
compounds and a 10-fold improvement over the one methylene-
linked compounds. These results indicate the critical importance
of linker length in this system. In addition, a 10-fold improve-
ment in activity was observed for compounds contairpaga
CN or metaCH,CN substituents, consistent with the observed
increase in affinity for the untethered compounds containing
these substituents (see Tables 1 and 2). These results sugge
that the SAR observed for the unlinked compounds can serve
as a reasonable guide to the SAR in the linked compounds.

Structure of the Stromelysin/50 Complex To determine
whether the linked compounds bind to stromelysin as designed,
the three-dimensional structure of stromelysin complexéto
was determined by NMR (Table 3, Figure 1b). The structure
of the complex was defined by the NMR data to an rmsd of
0.75 A for the backbone atoms and 1.21 A for all heavy atoms.
The position of the ligand was defined to an rmsd of 0.76 A
for all heavy atoms. The overall fold of the protein is similar
to that observed for the ternary complex (rmsd of 1.40 A for
Co. positions for residues 9247). In addition, the ligand binds
to stromelysin in a similar manner to the unlinked compounds,
with the hydroxamic acid chelating the zinc and the biphenyl
moiety sitting deeply within the Spocket. As in the ternary
complex, the biphenyl moiety &0 forms hydrophobic interac-
tions with Leu197, Val198, and Leu218. The methylene linker
forms hydrophobic interactions with Vall163. Furthermore,

hydrogen-exchange studies suggest that the backbone amide qf

Leul64 forms a hydrogen bond with the phenolic oxygen of
the biphenyl.

Many peptide inhibitors of MMPs designed on the basis of
the observed substrate specificity for this enzyme contain an
isobutyl group that binds to the;'Ssite! Figure 1b depicts a
collagenase/inhibitor crystal structfreuperimposed onto the
NMR-derived structure of the stromelyshi@complex. As can
be seen from this comparison, the leucine side chain of the
collagenase inhibitor sits at the “top” of the’ ocket, whereas
the biphenyl moiety ob0 sits deep in the pocket and forms
numerous contacts with the protein. This is consistent with the
significantly greater affinities of the biaryl compounds as
compared to leucine and analogs of leucine (e.g., isobutanol),
which exhibited no measurable binding to stromelysin at
compound concentrations up to 50 mM.

Conclusions

We have previously reported on the use of the SAR by NMR
method for discovering high-affinity ligands that bind to the

Hadjuk et al.

st

Figure 2. A summary of the SAR by NMR method as applied to
discovery of stromelysin inhibitors.

FK506 binding proteirt. Here, we extend the applicability of
this technique to enzymes as illustrated by the discovery of
potent, nonpeptide inhibitors of stromelysin. These inhibitors
are small, lack peptide bonds, and exhibit significantly greater
potencies than previously reported nonpeptide MMP inhibitcts.

As summarized in Figure 2, the inhibitors were discovered
by tethering two ligands that bind weakly to the protein, guided
by structural information on how they bind. This approach was
successful when other, more conventional, methods failed. For
xample, in a screen of over 115 000 compounds using an
enzyme inhibition assay, no nonpeptide inhibitors were found
that exhibited a potency greater than/A@. Screens such as
this depend on finding a potent molecule that already contains
the necessary functional groups in their proper spatial orientation
for tight binding to the protein. In contrast, using the SAR by
NMR method, pieces that are important for binding are identified
and optimized prior to the construction of the linked compounds.
Indeed, as demonstrated here, the SAR observed for the unlinked
fragments correlates well with that observed for the linked
compounds. Analogs of the small fragments are more likely
to be commercially available or easier to synthesize than the
linked compound. By measuring the binding affinities of these
fragments, information on the SAR is obtained prior to linking
that will dictate which linked molecules should be prepared.
Furthermore, structural studies on the untethered ligands when
complexed to the protein can yield information on the relative
orientation and proximity of the two ligands. From this
information, high-affinity ligands can be rapidly discovered with
a minimal amount of chemical synthesis. In the example



Inhibitors of Stromelysin Dise@red by SAR by NMR

described here, only six months were required to identify,

J. Am. Chem. Soc., Vol. 119, No. 25, 19873

experiment® The backbone amide assignments made from the triple

optimize, and link together the fragment molecules. These resonance experiments were consistent with the crosspeaks observed

studies as well as our previous whguggest that SAR by NMR
will be a useful method for identifying and optimizing high-
affinity ligands for proteins and, when applied to protein drug
targets, an extremely valuable tool in drug research.

Methods and Chemical Synthesis

Detection of Ligand Binding. Ligand binding was detected by
acquiring sensitivity-enhancé@N-HSQC spectrd on 400uL of 0.3

in an'5N-separated 3D NOESY-HSGCspectrum.

The *H and*3C chemical shifts of the side-chain resonances were
assigned from 3D HCCH-TOCSY spectracquired with a mixing
time of 13 ms using the DIPSI-2 sequeffcier 13C isotropic mixing.

An additional 3D HCCH-TOCSY experiment was performed with the
13C carrier at 122.5 ppm to assign the aromatic residues.

Stereospecific assignments of methyl groups of the valine and leucine
residues were obtained by using a biosynthetic appfdachthe basis
of the3C—13C one-bond coupling pattern observed in a high-resolution

mM stromelysin in the presence and absence of added compound.'H,"*C-HSQC spectrum of a fractionalfC-labeled protein sample.

Compounds were added as solutions in perdeuterated DMSO. A Bruker
sample changer was used on a Bruker AMX500 spectrometer.

Compounds were initially tested at 1.0 mM each, and binding was
determined by monitoring changes in tH&l-HSQC spectrum. Dis-

A 13C-separated 3D NOESY-HMQC spectrifwas recorded using
a mixing time of 75 ms. A 3D HNHA-J spectridfhwas recorded,
from which3Junme coupling constants were obtained. To identify amide
groups that exchanged slowly with the solvent, a seriésNoHSQC

sociation constants were obtained for selected compounds by monitoringspectra were recorded at 28 at 2 h intervals after the protein was
the chemical shift changes of the backbone amide of Alal99 as aexchanged into BD. The acquisition of the firseN-HSQC spectrum

function of ligand concentration. Data were fit using a single binding

site model. A least-squares grid search was performed by varying the

values ofKp and the chemical shift of the fully saturated protein. Errors

was startd 2 h after the addition of fD.

NOEs between the ligand and the protein were obtained from a 3D
12C-filtered, **C-edited NOESY spectrum. The pulse scheme consisted

in the dissociation constants were obtained using a Monte Carlo of a doublet®C-filter?® concatenated with a NOESY-HMQC sequeffte.

simulation of the daf& assuming a Gaussian distribution for errors in
chemical shifts with a standard deviation of 0.01 ppm (the digital

For the binary complex, a mixing time of 80 ms was used. For the
ternary complex, a series &IN/*3C-filtered 2D NOESY experiments

resolution of the spectra). 100 Monte Carlo simulations were performed were recorded with mixing times ranging from 80 to 350 ms.

for each dissociation constant, and the reported errors are the standard strycture Determinations.

Protein-protein distance restraints

deviations of the simulated values. Dissociation constants could not gerived from the’3C, and!*N-NOESY spectra were classified into six

be obtained by NMR for compound$5-55 because the spectra

exhibited the characteristics of slow- to intermediate-exchange condi-

tions.

NMR Sample Preparation. The catalytic domain of stromelysin
(residues 8%256) was generated by PCR amplification from a
C-terminal construct of stromelysin (residues2b6) that was obtained
using RT-PCR from human skin fibroblast mMRNA. The fragment was

categories on the basis of the NOE cross peak intensity and given a
lower bound of 1.8 A and upper bounds of 2.5, 3.0, 3.5, 4.0, 4.5, and
5.0 A. Intermolecular distance restraints between the ligands and the
protein were given a lower bound of 1.8 A and an upper bound of 5.0
A. The large distance bounds for the intermolecular restraints were
used to compensate for possible spin diffusion effects. Distance
restraints between the two zincs and their histidyl nitrogen ligands and

cloned into the pET3d expression vector (Novagen) and transformed between the catalytic zinc and the hydroxamate were employed as

into Escherichia coliBL21 (DE3) pLysS. Uniformly'*N- and *>N-
,13C-labeled catalytic domain of stromelysin-1 was produced by growth
of bacteria on minimal media containinggN-labeled ammonium
chloride or'®N-labeled ammonium chloride aréC-labeled glucose,
respectively. The protein was purified by using a previously described
proceduré® with minor modifications. The NMR samples were
composed of uniformly®N- or *5N-,*3C-labeled stromelysin (0.6 mM)
and either acetohydroxamic acid (100 mM) ah¢lL0.0 mM) (for the
ternary complex) or 0.6 mNBO (for the binary complex) in a D or
H,0/D;0 (9/1) Tris-buffered solution (50 mM, pH 7.0) containing
CaCl (20 mM) and sodium azide (0.05%).

NMR Spectroscopy All NMR spectra were recorded at 25 and
32°C on Bruker AMX500, AMX600, or DMX500 NMR spectrometers.
In all NMR experiments, pulsed field gradients were applied where
appropriate as describédo afford the suppression of solvent signal

determined from an analysis of several crystal structures of metallo-
proteinases complexed with hydroxamate inhibifolRestraints fogp
torsional angles were derived frofdunn, coupling constants. The
angle was restrained to 12@ 40° for 3Junne > 8.5 Hz, and 60 +

40° for 3Jynwe < 5 Hz. Hydrogen bonds, identified for slowly
exchanging amides based on initial structures, were each defined by
two restraints: 1.82.5 A for the H-O distance and 1:83.3 A for

the N-O distance. Structures were calculated with the X-PLOR 3.1
prograni® on Silicon Graphics computers using a hybrid distance
geometry-simulated annealing approd€hthe X-PLOR Fegeifunction

was used to simulate van der Waals interactions with a force constant
of 4.0 kcal mot* and with atomic radii set to 0.8 times their CHARMM
values. Distance restraints were employed with a square well potential
(Fnoe = 50 kcal mot! A—2). Hydrogen bonds were included as
distance restraints and given bounds of-12& A (H— O) and 2.8

and spectral artifacts. Quadrature detection in the indirectly detected3.2 A (N — 0). Torsional restraints were applied ¢oangles with

dimensions was accomplished by using the States-TPPI mé&thibe.

values of—12C + 40° for those angles witAJunna coupling constants

data were processed and analyzed on Silicon Graphics computers using-9.0 Hz and—60° & 40° for coupling constants5.5 Hz. Restraints

in-house written software.
The H, 13C, and >N backbone resonances of stromelysin were

for the latter were applied only in helical regions. Force constants of
200 kcal mot? rad=2 were applied for all torsional restraints.

assigned from an analysis of several 3D double- and triple-resonance Determination of Stromelysin Inhibition. Recombinant truncated

NMR spectral® The Gu resonances of adjacent spin systems were
identified from an analysis of 3D HNCAand HN(CO)CAS spectra,
and the @ signals were determined using a 3D CBCA(CO)NH

(11) Kay, L. E.; Keifer, P.; Saarinen, T. Am. Chem. S0d.992 114,
10663-10665.

(12) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical RecipesCambridge University Press: New York, 1986; pp 200
203, 503.

(13) Ye, Q.-Z.; Johnson, L. L.; Hupe, D. J.; Baragi, Biochemistry
1992 31, 11231-11235.

(14) Bax, A.; Pochapsky, S. S. Magn. Resan1992 99, 638-643.

(15) Marion, D.; Kay, L. E.; Sparks, S. W.; Torchia, D. A.; Bax, A.
Am. Chem. Sod 989 111, 1515-1517.
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(Bachemy® The reported conditions were modified to allow assays mixture was diluted with EO (200 mL) and extracted successively
to be carried out in a microtiter plate. Upon hydrolysis of the thioester with NaHCGQ; and brine. The organic phase was dried (MgS&hd
bond, the released thiol group reacts rapidly with'Gjfhiobis(2- concentrated to give a pale yellow oil (2.65 g). This material was
nitrobenzoic acid) (DTNB), producing a yellow color which is measured treated for 90 min at 0C with 80% TFA/20% CHCI, (25 mL).
using a Thermomax microtiter plate reader (Molecular Devices) set at Solvent removal and vacuum drying provided the crude acid as a white
405 nm. The rates of cleavage of the substrate (@@pby stromelysin solid (2.15g). This material was suspended in thionyl chloride (10 mL)
in the presence or absence of inhibitors are measured in a 30 min assaynd heated to reflux for 2 h, then cooled, and vacuum dried to provide
at ambient temperature. Solutions of the compounds in DMSO are 2.13 g white solid. The acid chloride (0.251 g, 1.02 mmol) was
prepared, and these are diluted at various concentrations into the assayedissolved in THF (4 mL) and treated with a solution of hydroxylamine
buffer (50 mM MES/NaOH pH 6.5 with 10 mM Caghnd 0.2% generated by dissolving hydroxylamine hydrochloride (0.283 g, 4.07
Pluronic F-68), which is also used for dilution of the enzyme and mmol) in water (4 mL), addition oR-methylmorpholine (NMM) (0.55
substrate. The potency of the compoundss{J@re calculated from mL, 5.0 mmol) then dilution with THF (10 mL). After 5 h, the mixture
the inhibition/inhibitor concentration data. was partitioned between aqueous JHand CHCl,. The organics
Chemical Synthesis. General.Melting points were determined ~ Were dried (MgS@ and concentrated to give a white solid (0.27 g).
using an Electrothermal digital melting point apparatus and are Recrystallization from hot C,CN (35 mL) provided 0.136 g of the
uncorrected. Infrared spectra were recorded with a Nicolet 5SXC FT- final compound (47% overall yield) as shiny white flakes: mp 190
IR spectrometer and are reported in wavenumbers{cniH and3C 192°C; *™H NMR (DMSO-Ug) 6 4.51 (s, 2H), 7.03 (d, 2H] = 10 Hz),
NMR spectra were recorded on a GE QE300 spectrometer, and chemical’-31 (M, 1H), 7.43 (t, 2H] =7 Hz), 7.61 (m, 4H), 8.98 (s, 1H), 10.87
shifts are reported in parts per million (ppp), relative to tetrameth- (S, 1H);**C NMR (DMSO-de) 6 65.88, 115.08, 126.19, 126.75, 127.66,
ylsilane as an internal standard. Mass spectra were obtained on a Kratod28-81, 133.18, 139.68, 157.40, 164.21; IR (KBr) 3300, 3050, 2840,
MS-50 instrument. Elemental analyses were performed Robertson1675, 1635, 1520, 1485, 1250 cmMS (DCI/NH;) 261 (M + NH.",
Microlit Laboratories, Inc. of Madison, NJ. Flash column chromatog- 100). Anal. Calcd for @H;aNO3-0.8H,0: C, 65.26; H, 4.71; N, 5.44.
raphy was carried out using silica gel 60 (E. Merck, 2300 mesh). Found: C, 64.90; H, 4.99; N, 5.34.
THF was freshly distilled from sodium benzophenone ketyl.OBkas 3-(4-Phenylphenoxy)propanohydroxamic Acid (46).To a solution
purchased as “anhydrous” and used as received. Other solvents wer@f 4-phenylphenol (1.86 g, 10.9 mmol) in THF (12 mL) was added
HPLC grade when available and were stored over molecular sieves. potassiumtert-butoxide (1.22 g, 10.9 mmol). Negtpropiolactone
Unless otherwise noted, all chemicals and reagents were obtained(0.68 mL, 10.9 mmol) was added dropwise. The resulting white
commercially and used without purification-Propiolactone was suspension was stirred overnight at ambient temperature and then
purchased as technical grade (90%) from Aldrich chemical company concentratedn vacua The residue was partitioned between EtOAc
and used as is. All chemical yields are unoptimized, and generally and saturated aqueous NaHC ' he organic phase was discarded and
represent the result of a single experiment. the agueous phase acidified and extracted twice with EtOAc. The
4-Fluoro-4'-hydroxybiphenyl (24). 4-Bromophenol (50.0 g, 289 EtOAc extracts were combined, dried over MgSdiltered, and
mmol) andtert-butyldimethylsilyl chloride (47.9 g, 318 mmol) were  concentrateéh vacuoto give crude 3-(4-phenylphenoxy)propionic acid
dissolved in CHCI, (300 mL) and imidazole (29.6 g, 434 mmol) was (0.86 g) as a white solid.
added ovea 5 min period. An exotherm was observed and the flask ~ The crude acid was refluxed in thionyl chloride (10 mL) for 2 h.
was placed in an ice bath and stirring was continued for an additional The excess thionyl chloride was removiedvacug and the resulting
5 min. The reaction mixture was then washed with brine, dried acid chloride was dissolved in THF (10 mL). A solution of hydroxy-
(MgSQy), filtered, and concentrated to provide an off-white solid (82.9 lamine was prepared by dissolving hydroxylamine hydrochloride (0.178
0, 99%). A portion of this material (20.0 g, 69.6 mmol) was dissolved g, 2.5 mmol) in distilled water (6 mL) and treatment with NMM (0.3
in THF and cooled to-78 °C under N. n-Butyllithium (1.6 M in mL, 2.7 mmol). The solution was diluted with THF (10 mL) and added
hexanes, 47.9 mL, 76.6 mmol) was added over a 45 min period, andto the acid chloride solution. After 2.5 h, the reaction mixture was
the reaction mixture was stirred an additional 15 min. Triisopropyl partitioned between Ci€l, and aqueous NI€I solution, and the
borate (48.3 mL, 210 mmol) was added, and the reaction mixture was organic phase was dried over MgSCSolvent removal provided 0.66
stirred for 10 min at—78 °C and then allowed to warm to room g of tan solid containing the hydroxamic acid, carboxylic acid, and
temperature. A 5% solution of HCK75 mL) was added until the  4-hydroxybiphenyl. Preparative reverse-phase HPLC provided the title
aqueous layer became acidic. The organic layer was washed with brine,compound as a white solid (0.014 g, 0.5% overall yiel#ht NMR
dried (MgSQ), filtered, and concentrateid vacuoto provide a tan (DMSO-s) 6 2.44 (t, 2H,J = 7 Hz), 4.22 (t, 2HJ = 7 Hz), 7.01 (d,
solid (16.3 g, 97%). A portion of this material (504 mg, 2.0 mmol), 2H,J=6 Hz), 7.31 (t, 1H]) =5 Hz), 7.42 (t, 2HJ = 5 Hz), 7.61 (m,
1-fluoro-4-iodobenzene (222 mg, 2.0 mmol), & (212 mg, 2.0 4H), 8.88 (bds, 1H), 10.53 (s, 1H). MS (DCI/NH275 (M +
mmol), and Pd(PPgk (37.4 mg, 0.03 mmol) were placed in a flask  NH,*,100). Anal. Calcd for GH1sNOs0.25H,0: C, 68.82; H, 5.36;
which was then flushed with N Toluene (4 mL) and water (2 mL) N, 5.70. Found: C, 68.78; H, 5.27: N, 5.18.
were added, an_d the reaction mixture was heated tdéC8Gnder N 4-(4-Phenylphenoxy)butanohydroxamic Acid (47).To a suspen-
for 2 h. The mixture was then cooled to room temperature and the g4 in dry DMF of 4-phenylphenol (4.99 g, 29.4 mmol) and cesium

organic layer was washed with brine, dried (Mg§diltered, and carbonate (14.35 g, 44.0 mmol) was added ethyl 4-bromobutyrate (8.85
concentratedn vacua The residue (128 mg) was dissolved in THFE ¢ "45 3 mmol) in a single portion, and the reaction mixture was stirred

(5 mL) and tetrabutyla_lmmonium_ﬂuoride (1'9 M ".‘ THF, 046 mL) {51 18 h at ambient temperature. The reaction mixture was diluted
was added. After stirring for 5 min, the reaction mixture was washed i Et,O and extracted with pH 7 buffer. The organic phase was

with saturated aqueous NEl, water, and brine, then dried (Mg3j0 washed twice with brine, dried over Mg$0diltered, and concentrated

filtered through a silica plug, and concentratediacua The residue - . hvl 4-(4-phenvioh 10.4
was purified by column chromatography<20% EtOAc/hexanes) to in vacuoto give ethyl 4-(4-phenylphenoxy)butanoate (10.48 g) as a

/ : : white solid.
0 .
E)Cr:(?\iﬁeN?AVth(léeDsglh)d 6(5407% ng,12|_|7)/c>6fg[)t\(/\éo zsﬁjpi)é r;&i)GG;BI% A suspension in 1:1 dioxane/water (70 mL) of the ester (10.29 g,
(t JH.J=86 Hz) 37 42 .(d 2I—’|,] —84 Hz) 7 48 (dd .2HJ Z53 36 mmol) and lithium hydroxide hydrate (2.05 g, 49 mmol) was heated

8.7 Hz); 1°C NMR (DMSOdy) & 114.9, 115.1, 115.5, 127.5, 127.6 at reflux for 18 h, then was cooled to ambient temperature, and
130.9. 156.6. 159.8. 163 o6 Anal. Caled I;OiszgF'. C 7658 H. concentratedn vacua The resulting white solids were shaken with

4.82. Found: C, 76.63: H, 5.15. Et,O and a_queqml M NaOH, and_ the residual solid (4—(4_1-phenylphe-
noxy)butyric acid, 3.53 g) was filtered off. The organic phase was
discarded, and the aqueous phase was acidified with concentrated HCI.
The aqueous phase was extracted with EtOAc. The EtOAc extracts
were dried over MgS@ filtered, and concentrated vacuoto give an
additional 6.25 g of 4-(4-phenylphenoxy)butanoic acid.

(28) Weingarten H.; Feder, Anal. Biochem1985 147, 437—440. A suspension of 4-(4-phenylphenoxy)butanoic acid (2.42 g, 9.45
(29) Carson, M. JJ. Mol. Graph 1987, 5, 103-106. mmol) in thionyl chloride (25 mL) was heated at reflux for 90 min,

2-(4-Phenylphenoxy)ethanohydroxamic Acid (45).To a suspen-
sion of 4-phenylphenol (1.71 g, 10.1 mmol) and cesium carbonate (5.22
g, 16.0 mmol) in dry DMF (25 mL) was addeert-butyl bromoacetate
(1.70 mL, 11.5 mmol). After stirring 18 h at ambient temperature, the
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during which time the mixture became homogenous. The reaction (6 mL), adding of NMM (2.50 mL, 23.0 mmol), and then diluting with
mixture was cooled to ambient temperature and concentiateatua THF (20 mL). After 2 h, the mixture was partitioned between agueous
The residue was taken up in 1:1 &@/THF. In a separate flask, NH,Cl and CHCI,. The organics were dried (MgQlaand concentrated
NMM (3.5 mL, 32 mmol) was added to a solution of hydroxylamine to give a white solid (1.97 g). Recrystallization from hot £H\ (100
hydrochloride (2.1 g, 30 mmol) in water (10 mL). THF (20 mL) was mL) provided 1.11 g of the final compound (39% overall yield) as a
then added and the hydroxylamine solution was poured into the acid white solid: mp 193193 °C; *H NMR (DMSO-ds) 6 4.54 (s, 2H),
chloride solution, and the reaction mixture vigorously stirred for 2 h. 7.08 (d, 2H,J = 8.8 Hz), 7.73 (d, 2HJ = 8.4 Hz), 7.87 (q, 4H) =
The reaction mixture was partitioned between saturated aqueoms NH 5.5 Hz), 9.01 (s, 1H), 10.88 (s, 1H}C NMR (DMSO-s) 6 65.85,
Cl and CHCI,. The organic phase was dried over MgS@ltered, 109.27,115.32,119.02, 126.95, 128.31, 131.07, 132.80, 144.14, 158.44,
and concentrateh vacuoto give 4-(4-phenylphenoxy)butanohydrox-  164.15; IR (KBr) 3400, 3230, 2960, 2220, 1640, 1600, 1490, 1255
amic acid (1.45 g, 57% overall yield) as a white solid: mp 4332 cm; MS (DCI/NH3) 303 (M + NH4"NH3™, 5), 286 (M+ NH4*, 20),
°C; 'H NMR (DMSO-dg) 6 1.94 (m, 2H), 2.14 (t, 2H] = 7 Hz), 4.01 270 (M + NH,; — O*, 100). Anal. Calcd for @H12N,O3: C, 67.16;
(t, 2H,J = 6 Hz), 7.02 (d, 2H,) = 8 Hz), 7.29 (t, 1H,) = 6 Hz), 7.43 H, 4.51; N, 10.44. Found: C, 67.04; H, 4.51; N, 10.23.
(t, 2H,J =6 Hz), 7.62 (m, 4H), 8.71 (s, 1H), 10.44 (s, 1H); MS (DCl/ 3-[4-(4-Cyanophenyl)phenoxy]propanchydroxamic Acid (50).To
NH3) 289 (M+ NH4*, 100), 272 (M+-H™, 35), 255 (30). Anal. Calcd a solution of 4-cyano-4nydroxybiphenyl (3.30 g, 16.9 mmol) in THF
for C1¢H17NOs: C, 66.42; H, 6.62; N, 4.84. Found: C, 66.55; H, 6.95; (76 mL) and DMF (10 mL) was added potassitent-butoxide (2.00
N, 4.86. g, 16.9 mmol). Neagf-propiolactone (1.30 mL, 18.6 mmol) was added
5-(4-Phenylphenoxy)pentanohydroxamic Acid (48).A mixture dropwise. The resulting yellow suspension was stirred overnight at
in acetone of 4-phenylphenol (0.85 g, 5.0 mmol) and potassium ambient temperature and then reduced in volime&cua The residue
carbonate (0.76 g, 5.5 mmol) was stirred for 30 min. Neat methyl was taken up in EtOAc and extracted twice with 5% aqueous NaHCO
5-bromovalerate (0.78 mL, 5.5 mmol) was added dropwise via syringe, with NaCl added. The combined aqueous phases were washed with
and the reaction mixture was stirredr fd h atambient temperature ether and then acidified to approximately pH 2. A white precipitate
and overnight at reflux. Catalytic KI was then added, and the reaction formed, which was filtered off and driesh vacuoto give 3-(4-(4-
mixture was heated overnight at reflux. An additional 10 drops of cyanophenyl)phenoxy)propionic acid (2.48 g, 60%) as a white pow-
methyl 5-bromovalerate was then added, and reflux was continued for der: mp 166-164 °C; *H NMR (DMSO-dg) 6 2.72 (t, 2H,J = 5.9
8 h. The reaction mixture was cooled to ambient temperature and Hz), 4.23 (t, 2HJ = 6.1 Hz), 7.06 (d, 2HJ = 8.5 Hz), 7.72 (d, 2H,
filtered. The collected solid was washed with acetone, and the J= 8.8 Hz), 7.85 (d, 2HJ = 8.5 Hz), 7.88 (d, 2HJ = 8.5 Hz); IR
combined filtrate and washings were concentratedvacua The (neat) 3044, 2976, 2950, 2220, 1702, 1603, 1496, 1254, 1244, 1182,
residue was partitioned between@tand water. The aqueous phase 1043, 824 cm*; MS (DCI/NHz) 267 (M + NH4 — H,O)*, 285 (M +
was extracted with ED. The combined organic layers were dried over NH,)*, 302 (M + NHs + NHg)* . Anal. Calcd for: GeHis
NaSQ,, filtered, and concentrateth vacuo to give methyl 5-(4- NOs-0.10H,0: C, 71.42; H, 4.94; N, 5.20. Found: C, 71.22; H, 4.75;
phenylphenoxy)pentanoate (1.66 g) as a white powder. N, 5.01.

A portion of this material (1.42 g, 5.0 mmol) was dissolved in A 1.00 g portion of the acid (3.74 mmol) was refluxed in thionyl
methanol (7.5 mL) and treated Wi M aqueous NaOH (7.5 mL, 15  chloride (10 mL) for 2 h. The excess thionyl chloride was remawved
mmol). After 7 h, the mixture was evaporated to dryness, and the vacug and the resulting acid chloride was dissolved in THF (10 mL).
residues were partitioned between water an@EtThe aqueous phase A solution of hydroxylamine was prepared by dissolving hydroxylamine
was acidified to pH 2 with concentrated HCI and extracted successively hydrochloride (0.178 g, 2.5 mmol) in distilled water (6 mL) and
with EtOAc and CHCIl,. The combined organic phases were dried treatment with NMM (0.3 mL, 2.7 mmol). The soution was diluted
(MgSQy) and evaporated to provide a white solid (1.11 g, 82%). with THF (10 mL) and added to the acid chloride solution. After 2.5

A portion of this material (0.270 g, 1.0 mmol) was dissolved in,CH  h, the reaction mixture was partitioned between,Chland aqueous
Cl, (5 mL) and then treated with DMF (10L) and oxalyl chloride NH,4CI solution, and the organic phase was dried oveiS@a Solvent
(96 uL, 1.1 mmol). After 2 h, a solution of hydroxylamine hydro-  removal, followed by trituration with CECN with 0.1% TFA (20 mL)
chloride (0.139 g, 2.00 mmol) and4&t (279 4L, 2.0 mmol) in THF/ gave 0.61 g (58%) of a white powder: mp H#18 °C; *H NMR
water (1 mL each) was added, and the mixture was stirred a further 2 (DMSO-dg) 6 2.45 (t, 2H,J = 5.9 Hz), 4.25 (t, 2H,) = 5.9 Hz), 7.06
h at ambient temperature. The mixture was partitioned between 100 (d, 2H,J = 8.8 Hz), 7.72 (d, 2HJ = 8.8 Hz), 7.85 (d, 2H,) = 8.5
mL each of water and of Ci€l,. The organic phase was discarded, Hz), 7.88 (d, 2HJ = 8.5 Hz), 8.87 (s, 1H), 10.56 (s, 1H). IR (neat)
and the aqueous phase was acidified to pH 7 with concentrated HCI 3241, 2244, 2235, 1629, 1606, 1496, 1257, 815%cmS (DCI/NH3)
and extracted with % 100 mL CHCl,. The combined ChCl, extracts 300 (M + NHg*, 317 (M + NH; + NHz)*. Anal. Calcd for
were dried (NaSQy) and concentrated to give a white solid (0.090 g, ClsH1aN205-0.60 HO: C, 65.56; H, 5.23; N, 9.56. Found: C, 65.41;
32% yield): mp 151.5153.5°C; *H NMR (DMSO-ds) 6 10.36 (S, H, 4.85; N, 9.83.
1H), 8.66 (d, 1HJ = 1.5 Hz), 7.65-7.55 (c, 4H), 7.46-7.39 (c, 2H), 4-[4-(4-Cyanophenyl)phenoxy]butanohydroxamic Acid (51).To
7.34-7.26 (c, 2H), 4.00 (t, 2HJ = 6 Hz), 2.03 (t, 2H,J = 6 Hz), a suspension in dry DMF of 4-cyand-dydroxybiphenyl (2.02 g,.10.4
1.80-1.58 (c, 4H); IR (KBr) 3200, 3040, 2920, 2860, 1660, 1640, 1620, mmol) and cesium carbonate (4.49 g, 14.1 mmol) was added ethyl
1610, 1520, 1490, 1470, 1290, 1270, 1250, 1200, 1180, 1030, 840,4-bromobutyrate (2.66 g, 13.6 mmol), and the reaction mixture was
780, 690 cm?; MS (DCI/NHz) 269 (M — 16), 286 (M+ H)™, 303 (M stirred for 18 h at ambient temperature. The reaction mixture was
+ NHg)*. Anal. Calcd for G/H1gNO5-0.25 HO: C, 70.44; H, 6.78; diluted with EO and extracted with pH 7 buffer. The organic phase

N, 4.83. Found: C, 70.71; H, 6.82; N, 4.98. was washed twice with brine, dried over Mg&diltered, and
2-[4-(4-Cyanophenyl)phenoxy]ethanohydroxamic Acid (49).To concentratedn vacuoto give 3.30 g white solid.
a suspension of 4-cyand-Aydroxybiphenyl (2.07 g, 10.6 mmol) and The crude ester was treated with lithium hydroxide hydrate (0.635

cesium carbonate (5.37 g, 16.5 mmol) in dry DMF (25 mL) was added ¢, 15.1 mmol) in 2:1 dioxane/water (30 mL) for 18 h at ambient
tert-butyl bromoacetate (1.70 mL, 11.5 mmol). After stirring 18 h at temperature and concentraiedacua The resulting white solids were
ambient temperature, the mixture was diluted witfOE¢200 mL) and shaken with BO and aqueous N@Os;. The organic phase was
extracted successively with NaHG@nd brine. The organic phase discarded and the aqueous phase was acidified with concentrated HCI,
was dried (MgSG) and concentrated to give an off-white solid (3.26  and the resulting precipitate collected and vaccum dried to give 2.03 g
0). This material was treated for 90 min af© with 80% TFA/20% of the acid.

CH.ClI; (25 mL), and the mixture was partitioned between brine and A portion of the acid (1.00 g, 3.56 mmol) in thionyl chloride (10
CH,Cl,. The organics were dried (MgSJoand concentrated to give a  mL) was heated at reflux for 90 min. The reaction mixture was cooled
white solid (3.36 g). This material was suspended in thionyl chloride to ambient temperature and concentratedacuq and the residue was
(20 mL) and heated to reflux for 2 h, then cooled and vacuum dried. taken up in 1:1 ChCI/THF (10 mL). In a separate flask, NMM (0.55
The resulting acid chloride was redissolved in THF (20 mL) and treated mL, 5.0 mmol) was added to a solution of hydroxylamine hydrochloride
with a solution of hydroxylamine. Hydroxylamine was generated by (0.345 g, 4.96 mmol) in water (4 mL). THF (10 mL) was then added
dissolving hydroxylamine hydrochloride (1.50 g, 21.6 mmol) in water and the hydroxylamine solution was poured into the acid chloride
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solution, and the reaction mixture was vigorously stirred for 1 h. The
reaction mixture was partitioned between saturated aqueouSINiAd
CHXCl,. The organic phase was dried over MgSdiltered, and
concentrateth vacuoto give a white solid (0.85 g, 53% overall yield).
An analytical sample was purified by reverse-phase HPLC: mp-170
172°C; 'H NMR (DMSO-ds) 6 1.93 (m, 2H), 2.14 (t, 2H) = 7 Hz),
4.02 (t, 2H,J =6 Hz), 7.04 (d, 2HJ = 8 Hz), 7.71 (d, 2HJ = 8 Hz),
7.86 (m, 4H), 8.64 (s, 1H), 10.40 (s, 1H); IR (KBr) 3310, 2960, 2220,
1680, 1600, 1490, 1245 crh MS (DCI/NHs) 314 (M + NH,4*, 100),
297 (M+ H*, 40), 253 (70) . Anal. Calcd for £H16N205:0.25 HO:
C, 67.87; H, 5.53; N, 9.31. Found: C, 68.00; H, 5.41; N, 9.08.
5-[4-(4-Cyanophenyl)phenoxy]pentanohydroxamic Acid (52).To
a suspension in 10 mL dry DMF of 4-cyantHydroxybiphenyl (0.976

Hadjuk et al.

A portion of this material (0.60 g, 1.6 mmol) was dissolved in toluene
(32 mL) under Ar, and hexamethyldistannane (0.58 g, 1.8 mmol) was
added, followed by Pd(PP (0.091 g, 0.079 mmol). The reaction
mixture was stirred for 10 min at ambient temperature and 40 min at
reflux. The reaction mixture was cooled to ambient temperature, diluted
with EtOAc (100 mL), and filtered. The filtrate was washed with pH
7 buffer and brine, dried over N&Q,, and concentrateth vacuoto
give a yellow oil (0.58 g).

A portion of this material (0.20 g, 0.50 mmol) was combined with
3-iodophenylacetonitrile in toluene (10 mL). Tetrakis(triphenylphos-
phine)palladium (0.032 g, 0.028 mmol) was added, and the mixture
was stirred for 10 min at ambient temperature and then heated to reflux
for 18 h. The solution was cooled and diluted with EtOAc (50 mL)

g, 5.0 mmol) and cesium carbonate (1.95 g, 6.0 mmol) was added and then extracted with pH 7 buffer and brine. The organic phase was
methyl 5-bromovalerate (1.17 g, 6.0 mmol), and the reaction mixture dried (NaSQ:) and concentrated, and the residual oil was purified by
was stirred for 72 h at ambient temperature. The reaction mixture was column chromatography (75% EtOAc/hexanes) to provide a yellow

diluted with EtO and extracted with pH 7 buffer. The organic phase
was washed twice with brine, dried over Mg&Chiltered, and
concentratedn vacuoto give 1.49 g white solid.

A portion of this material (0.748 g, 2.42 mmol) was dissolved in
THF (6 mL) and methanol (3.7 mL) and treated with 2M aqueous
NaOH (3.7 mL, 7.4 mmol). After 2 hours, the mixture was evaporated

oil (0.043 g, 24%). This material was dissolved in 1:1 TFAAXCH

(1.6 mL) and stirred overnight at ambient temperature. The reaction
mixture was filtered, concentratéu vacug and azeotroped with GH

Cl; and CHCI/Et,O. Chromatography on silica gel (40:1, then 20:1
CH.Cl,—methanol, both containing 0.25% acetic acid) gave 3-[4-[3-
(cyanomethyl)phenyl]phenoxy]propanohydroxamic acid (0.016 g,

to dryness, and the residues were partitioned between water (400 mL)44%): *H NMR (DMSO-dg) 6 2.45 (t, 2H,J = 6.0 Hz), 4.08 (s, 2H),

and EtO (100 mL). The aqueous phase was acidified to pH 2 with

4.23 (t, 2H,J = 6.0 Hz), 7.02 (d, 2H,) = 8.8 Hz), 7.29 (d, 1H) =

concentrated HCl and extracted succesively with EtOAc (100 mL) and 7.5 Hz), 7.46 (t, 1HJ) = 8.0 Hz), 7.57 (d, 1HJ = 6 Hz), 7.58 (s, 1H),

CH.CI, (100 mL). The combined organic phases were dried (MgSO

7.60 (d, 2H,J = 8.8 Hz), 8.84 (br s, 1H), 10.53 (br s, 1H); IR

and evaporated to provide a white solid (500 mg). This material was (microscope) 3245, 2924, 2251, 1643, 1608, 1518, 1483, 1244, 784

dissolved in THF (15 mL) and then treated with DMF (&0) and
oxalyl chloride (163«L, 1.87 mmol). After 2 h, a solution dD-(tert-
butyldimethylsilyl)hydroxyl amine (0.295 g, 2.00 mmol) andsMt
(0.251uL, 1.8 mmol) in THF (2 mL) was added, and the mixture was

cm™%; MS (DCI/NH3) 314 (M + NH,)*. Anal. Calcd for GiHie

N20s:0.70 H0-0.2G-BuOH: C, 66.04; H, 6.04; N, 8.65. Found: C,

65.93; H, 5.64; N, 8.30.
4-[4-[3-Cyanomethyl)phenyl]phenoxy]butanohydroxamic Acid

stirred a further 3.5 hs at ambient temperature. Methanol (5 mL) was (54). To a suspension in 40 mL dry DMF of 4-iodophenol (5.00 g,

added, and the mixture was stirred for 10 min and then evaporated to22.7 mmol) and cesium carbonate (9.25 g, 28.4 mmol) was added ethyl
dryness. The residues were partitioned between 100 mL each of 1M 4-bromobutyrate (5.32 g, 27.2 mmol), and the reaction mixture was
NaOH and of E{O, and the aqueous phase was then acidified to pH 2 stirred for 18 h at ambient temperature. The reaction mixture was

with concentrated HCI and extracted three times with 100 mLQ@H
The combined CkCl, extracts were dried (N80, and concentrated
to give a white solid (0.46 g) which was recrystalized from hot EtOAc
(20 mL) to give the title compound as a white solid (0.243 g, 32%
overall yield): mp 141.8142.6°C; *H NMR (DMSO-ds) 6 1.59—
1.84 (c, 4H), 2.03 (t, 2HJ = 7.5 Hz), 4.03 (t, 2H,) = 6 Hz), 7.06 (d,
2H,J =9 Hz), 7.69 (s, 1H), 7.72 (s, 1H), 7.87.92 (c, 4H), 8.71 (s,
1H), 10.39 (s, 1H); IR (KBr) 3200, 3030, 3010, 2860, 2240, 1630,

diluted with EtO and extracted with pH 7 buffer. The organic phase
was washed twice with brine, dried over {$&,, filtered, and
concentratedn vacuoto give 5.52 g of pale yellow plates (73%).

To a solution in toluene (120 mL) under argon of 4-(4-iodophenoxy)-
butanoic acid ethyl ester (2.00 g, 5.98 mmol) and hexamethyldistannane
(2.35 g, 7.17 mmol) was added Pd(P#HO0.35 g, 0.30 mmol). The
reaction mixture was stirred for 15 min at ambient temperature and 30
min at reflux. The reaction mixture was cooled to ambient temperature,

1600, 1540, 1520, 1490, 1470, 1460, 1390, 1290, 1250, 1180, 1110,diluted with EtOAc, and filtered. The filtrate was washed with pH 7

980, 850, 820, 630, 580, 530 ch MS (DCI/NHg) 294 (M — 16),
311 (M+ H)*, 328 (M+ NH4)*. Anal. Calcd for GgH1gN2O3: C,
69.66; H, 5.85; N, 9.03. Found: C, 69.54; H, 5.73; N, 8.99.
3-[4-[3-(Cyanomethyl)phenyl]phenoxy]propanohydroxamic Acid
(53) To a solution of 4-iodophenol (5.00 g, 22.7 mmol) in THF (90
mL) was added potassiutert-butoxide (2.68 g, 22.7 mmol). Neat
[-propiolactone (1.75 mL, 25.0 mmol) was added dropwise. The

buffer (NaOH/KHPQy) and brine, dried over N8O, filtered, and
concentratedn vacua Chromatography on silica gel (40:1, then 20:
1, then 10:1 hexanes/EtOAc) gave 4-[4-(trimethylstannyl)phenoxy]-
butanoic acid ethyl ester (1.14 g, 51%) as a clear, colorless oil.

To a solution in toluene (16 mL) under argon of ethyl 4-[4-
(trimethylstannyl)phenoxy]butanoate (0.31 g, 0.84 mmol) and 3-(io-
dophenyl)acetonitrile (0.25 g, 1.0 mmol) was added Pd@HRH.052

resulting suspension was stirred overnight at ambient temperature andg, 45 mmol). The reaction mixture was stirred for 10 min at ambient

then reduced in volumia vacua The residue was taken up in EtOAc
(150 mL) and extracted twice with 5% aqueous NaHCOrhe

temperature and then for 18 h at reflux. The reaction mixture was
cooled to ambient temperature and diluted with EtOAc. The organic

combined aqueous phases were chilled and then acidified with 6 M solution was decanted away from a fine black precipitate, washed with

HCI to approximately pH 2. A precipitate formed, which was filtered
off and driedin vacuoto give 3-(4-iodophenoxy)propionic acid (1.18
g, 18%) as a beige powder.

A portion of the material (1.00 g, 3.42 mmol) in thionyl chloride
(6.0 mL) was heated at reflux for 30 min. The reaction mixture was
cooled to ambient temperature, diluted with@&tand concentrateid
vacua The residue was azeotroped three times wit®OHiried under
high vacuum and taken up in GEI; (7 mL) under N. O-tert-
Butylhydroxyl amine hydrochloride (1.08 g, 8.60 mmol) in water (10
mL) was treated with aqueous 10% J84; (10 mL), and the solution
was extracted with CKCl, (20 mL). The organic solution was dried
over MgSQ and added to the acid chloride solution. The reaction
mixture was stirred fo 2 h at ambient temperature. The reaction
mixture was washed with saturated aqueous Nag&w@ brine, dried
over NaSQ,, filtered, and concentratad vacuoto give a yellow oil
which crystallized on standing to giv@-tert-butyl-3-(4-iodophenoxy)-
propanohydroxamic acid (1.22 g, 98%).

pH 7 buffer (NaOH/KHPQy) and brine, dried over N8O, filtered,

and concentrateth vacuoto give 0.35 g of crude product. Chroma-
tography on silica gel (10:1, then 5:1, then 3:1 hexanes/EtOAc) gave
ethyl 4-[4-[3-(cyanomethyl)phenyl]phenoxy]butanoate (0.12 g, 44%)
as white rosettes. This material was treated with lithium hydroxide
hydrate (0.016 g, 0.38 mmol) in 2:1 dioxane/water (1.5 mL) for 4.5 h
at ambient temperature and concentrategacua The resulting white
solids were shaken with water (10 mL) and filtered, and the filtrate
was acidified wih 1 M HCI. The resulting precipitate was collected
and vaccum dried to give a white powder (0.11 g, 100%).

A portion of the acid (0.082 g, 0.28 mmol) in thionyl chloride (1.6
mL) was heated at reflux for 30 min. The reaction mixture was cooled
to ambient temperature and concentratedacuqg and the residue was
taken up in THF (2.7 mL). In a separate flask, NMM (0.12 mL, 1.1
mmol) was added to a solution of hydroxyl amine hydrochloride (0.049
g, 0.70 mmol) in water (0.65 mL). THF (4 mL) was then added, and
the hydroxyl amine solution was poured into the acid chloride solution,
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and the reaction mixture vigorously stirred for 4 h. The reaction mixture stirred for 16 h. The reaction mixture was partitioned between saturated

was partitioned between saturated aqueous@tdnd CHCl,. The aqueous NaHC®and EtOAc. The organic phase was dried over
organic phase was dried over Mg&Qiltered, and concentrateith MgSQ,, filtered, and concentrated vacuoto give an oily solid (5.95
vacuoto give a white solid (0.085 g). Trituration with GEN with g). Column chromatography (1:1 EtOAc/hexanes) gave 3.9 g (68%)
0.1%TFA (2.5 mL) gave 0.061 g (70%) of a white powder: mp-240  of a white powder.

144°C;H NMR (CD;0D) ¢ 2.10 (dt, 2HJ =7, 14 Hz), 2.31 (t, 2H, To a solution in toluene (80 mL) under argon, aryl iodide (3.5 g,
J=7.4 Hz), 3.95 (s, 2H), 4.04 (t, 2H,= 6.0 Hz), 7.00 (d, 2H) = 8.0 mmol), and hexamethyldistannane (3.9 g, 11 mmol) was added

8.5 Hz), 7.28 (d, 1HJ = 7.4 Hz), 7.42 (t, 1H) = 7.4 Hz), 7.51-7.58 Pd(PPH), (0.46 g, 0.40 mmol). The reaction mixture was stirred for
(c, 4H); MS (DCI/NH) 328 (M + NHz)* . Anal. Calcd for 2 min at reflux. The reaction mixture was cooled to ambient
CigH18N2053+0.20 HO C, 68.86; H, 5.91; N, 8.92. Found: C, 68.92; temperature, diluted with EtOAc, and filtered. The filtrate was washed
H, 5.78; N, 8.72 with pH 7 buffer and brine, dried (N80, filtered, and concentrated
5-[4-[3-Cyanomethyl)phenyl)phenoxy]pentanohydroxamic acid in vacua Chromatography on silica gel (1:1 hexanes/EtOAc) gave
(55). To a suspension in 40 mL of dry DMF of 4-iodophenol (5.00 the stannane (2.7 g, 79%) as a clear, colorless oil.
g,.22.7 mmol) and cesium carbonate (9.6 g, 29.5 mmol) was added To a portion of the material (1.5 g, 3.5 mmol) and 3-iodophenylac-
methyl 5-bromopentanoate (5.2 g, 27.2 mmol), and the reaction mixture etonitrile (1.1 g, 4.5 mmol) in toluene (20 mL) was added Pd(®PH
was stirred for 20 h at ambient temperature. The reaction mixture was (0.10 g, 0.08 mmol). The reaction mixture was stirred for 18 h at reflux.
diluted with EtO and extracted with pH 7 buffer. The organic phase The reaction mixture was cooled to ambient temperature and diluted
was washed twice with brine, dried over 184, filtered, and with EtOAc. The organic solution was decanted away from a fine black
concentratedn vacuoto give 7.3 g of pale yellow solid (96%). precipitate, washed with pH 7 buffer and brine, dried oveS@,

This material was treated with lithium hydroxide hydrate (1.1 g, 44 filtered, and concentrated. Chromatography on silica gel (1:1 hexanes/
mmol) and 30% aqueous hydrogen peroxide (3.34 g, 88 mmol) in 4:1 EtOAc) yielded 0.66 g of a clear oil (49%). The material was
THF/water (250 mL) for 18 h at ambient temperature. The solution suspended in TFA (20 mL) and stirred for 24 h. The reaction mixture
was quenched with aqueous NaHSihd then reduced in volume by was concentrated and then chromatographed,QGHCH;OH/HCOH
rotary evaporation. The solution was acidifiediw M HCI and then 98:1:1) to give 0.100 g (18%) of a clear oitH NMR (DMSO-dg) 6
extracted with 3x 150 mL of CHCl,. The combined organics were  10.38 (s, 1H), 8.16 (s, 1H), 7.607.53 (m, 4H), 7.487.42 (t, 2H,J =
dried (NaSQy) and concentrated to give the acid as a white solid (6.0 7.3 Hz), 7.36-7.28 (d, 1H,J = 7.8 Hz), 7.05-7.02 (d, 2H,J = 8.9
g, 85%). Hz), 4.08 (s, 2H), 4.033.00 (t, 2H,J = 5.5 Hz), 2.05-1.99 (t, 2H,J

A portion of the acid (4.7 g, 14.6 mmol) in thionyl chloride (20 = 7 Hz), 1.69-1.64 (m, 4H); MS (DCI/NH) 325 (M + H™), 342 (M
mL) was heated at reflux for 30 min. The reaction mixture was cooled + NH,*). Anal. Calcd for GeHzoNOs:0.25H0: C, 69.38; H, 6.28;
to ambient temperature and concentratedacuq and the residue was N, 8.40. Found: C, 69.50; H, 6.46; N, 8.11.
taken up in THF (2.7 mL). In a separate flas8kVl NaOH (10 mL, 30
mmol) was added to a solution dD-tertbutylhydroxyl amine Acknowledgment. We thank Alan Florjancic and lldiko
hydrochloride (4.0 g, 32 mmol) in water (20 mL). THF (80 mL) was Nagy for technical assistance.
then added and th®-tertbutylhydroxyl amine solution was poured
into the acid chloride solution, and the reaction mixture was vigorously JA9702778



