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Hydroxamic Acid Inhibitors of 5-Lipoxygenase: Quantitative Structure—Activity

Relationships

James B. Summers,*' Ki H. Kim,! Hormoz Mazdiyasni,! James H. Holms,! James D. Ratajczyk,"
Andrew O. Stewart,’ Richard D. Dyer,' and George W. Carter'

Immunosciences Research and Computer Assisted Molecular Design Areas, Abbott Laboratories, Abbott Park, Illinois 60064.

Received June 28, 1989

An evaluation of the quantitative structure—activity relationships (QSAR) for more than 100 hydroxamic acids revealed
that the primary physicochemical feature influencing the in vitro 5-lipoxygenase inhibitory potencies of these compounds
is the hydrophobicity of the molecule. A significant correlation was obhserved between the octanol-water partition
coefficient of the substituent attached to the carbonyl of the hydroxamate and in vitro inhibitory activity. This
correlation held for hydroxamic acids of diverse structure and with potencies spanning 4 orders of magnitude. Although
the hydrophobicity may be packaged in a variety of structural ways and still correlate with potency, the QSAR study
revealed two major exceptions. Specifically, the hydrophobicity of portions of compounds in the immediate vicinity
of the hydroxamic acid functionality does not appear to contribute to increased inhibition and the hydrophobicity
of fragments beyond approximately 12 A from the hydroxamate do not influence potency. The QSAR study also
demonstrated that inhibitory activity was enhanced when there was an alky!l group on the hydroxamate nitrogen,
when electron-withdrawing substituents were present and when the hydroxamate was conjugated to an aromatic
system. These observations provide a simple description of the lipoxygenase-hydroxamic acid binding site.

The enzyme 5-lipoxygenase is the first dedicated enzyme
in the biosynthetic pathway leading to the leukotrienes.
Since leukotrienes have been implicated as important
mediators in several diseases including asthma, arthritis,
and psoriasis, inhibition of 5-lipoxygenase represents a
potential new approach for therapeutic intervention in
these diseases. Simple stable molecules containing the
hydroxamic acid functionality have been shown to inhibit
5-lipoxygenase.! In fact, several hydroxamates are orally
active inhibitors of the enzyme as determined by their
ability to block the biosynthesis of leukotrienes in vivo.2*
The hydroxamic acid moiety is essential for the inhibition
observed with these compounds. Molecules in which the
hydroxamate has been replaced by related functional
groups exhibit little or no 5-lipoxygenase inhibitory activity
in vitro.!

In this paper we report the in vitro 5-lipoxygenase in-
hibitory activities of many new “type A™® hydroxamic acids.
We have combined these new compounds with those
previously reported to study the influence of the structural
features on their in vitro inhibitory potency. The results
of a quantitative evaluation of structure-activity rela-
tionships (QSAR)’ involving more than 100 hydroxamic
acid of diverse structure are described.

Results and Discussion

Table I lists the 111 hydroxamic acids used in this QSAR
study. The compounds have been classified into four
groups on the basis of common structural features. The
structure-activity relationships of each group are discussed
below.

Group A: Arylhydroxamic Acids (Chart I). We
have previously described the 5-lipoxygenase inhibitory
properties of a series of para-substituted benzohydroxamic
acids, 1-10.! A highly significant correlation was noted
between the hydrophobicity and electronic nature of the

tImmunosciences Research Area.
! Computer Assisted Molecular Design Area.

Chart I. Group A. Arylhydroxamic Acids
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para substituent and the inhibitory potency of these com-
pounds. This correlation is described in eq 1. The term

log (1/1Cs0) =
0.49(£0.08)7 + 0.45(x0.17)0, + 3.10(£0.20) (1)

n =10, s = 0.220, r = 0.945, F,, = 28.9, p < 0.0001

(1) Summers, J. B.; Mazdiyasni, H.; Holms, J. H.; Ratajczyk, J. D.;
Dyer, R. D,; Carter, G. W. J. Med. Chem. 1987, 30, 574.

(2) Summers, J. B.; Gunn, B. P.; Mazdiyasni, H.; Goetze, A. M.;
Young, P. R.; Bouska, J. B.; Dyer, R. D.; Brooks, D. W,; Carter,
G. W. J. Med. Chem. 1987, 30, 2121.

(3) Summers, J. B.; Gunn, B. P.; Martin, J. G.; Mazdiyasni, H.;
Stewart, A. O.; Young, P. R.; Goetze, A. M.; Bouska, J. B;
Dyer, R. D.; Brooks, D. W.; Carter, G. W. J. Med. Chem. 1988,
31, 3.

(4) Summers, J. B.; Gunn, B. P.; Martin, J. G.; Martin, M. B,;
Mazdiyasni, H.; Stewart, A. O.; Young, P. R.; Bouska, J. B;;
Goetze, A. M.; Dyer, R. D.; Brooks, D. W,; Carter, G. W. J.
Med. Chem. 1988, 31, 1960.
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= refers to the Hansch hydrophobicity constant, deter-
mined as described in the Experimental Section, for the
entire group attached to the carbonyl of the hydroxamate.
The parameter o, refers to the Hammett electronic con-
stant of the aryl substituent.? The ICg, is a measure of
the in vitro 5-lipoxygenase inhibitory potency, n is the
number of data points, s is the standard deviation from
the regression equation, and r is the correlation coefficient.
The values in parentheses are standard deviations of the
coefficients. The positive coefficients for o, and = indicate
that electron-withdrawing and lipophilic substituents in-
crease inhibitory potency. The lipophilic descriptor alone
explains more than 76% of the variance of the data and
it is thus the most significant property affecting activity.
The electronic descriptor accounts for about 13% of the
variance. Attempts to correlate the inhibitory potency with
a steric term such as MR did not result in a significant
correlation.

In addition to the original para-substituted benzo-
hydroxamates, Table I contains 28 other compounds in
which an aryl ring system is directly attached to the hy-
droxamic acid functionality, 11-38. Equation 2 describes

log (1/1Cq) =
0.41(20.06) - 0.92(20.25)Iyy + 4.51(£0.31) (2)

n = 38, s = 0.500, r = 0.815, F, 35 = 37.5, p < 0.0001

the structure-activity relationships of all 38 arylhydrox-
amic acids. As with eq 1, 7 refers to the hydrophobicity
constant of the entire aryl fragment. The parameter Iyy
is an indicator variable having a value of 1 when the
substituent on the hydroxamate nitrogen, R, is hydrogen
and 0 when it is anything else (11, 13, 15, 24, 30).° This
parameter accounts for the average 8-fold greater 5-lip-
oxygenase inhibitory activity observed among this group
for N-methylhydroxamic acids relative to unsubstituted
ones. The reason for this increase in potency is not clear,
but it cannot be accounted for solely on the basis of the
increased lipophilicity of the methyl group.

The electronic parameter, o,, has not been included in
eq 2 as it was in eq 1, because the Hammett electronic
parameters of many of the substituents in the expanded

(5) Other examples of hydroxamic acid containing inhibitors of
5-lipoxygenase include: (a) Corey, E. J.; Cashman, J. R.;
Kantner, S. S.; Wright, S. W. J. Am. Chem. Soc. 1984, 106,
1503. (b) Kerdesky, F. A. J.; Schmidt, S. P.; Holms, J. H,;
Dyer, R. D,; Carter, G. W.; Brooks, D. W. J. Med. Chem. 1987,
30, 1177. (c) Musser, J. H.; Kubrak, D. M.,; Chang, J.; Lewis,
A. Jd.J. Med. Chem. 1986, 29, 1429. (d) Sweeney, D.; Travis,
J.; Gordon, R.; Coutts, S.; Jariwala, N.; Haung, F.; Carnathan,
G. Fed. Proc., Fed. Am. Soc. Exp. Biol. 1987, 46, 540. (e)
Jackson, W. P,; Islip, P. J.; Kneen, G.; Pugh, A.; Wates, P. J.
J. Med. Chem. 1988, 31, 499.

(6) The terms type A and type B hydroxamic acids are used as
defined previously.® Type A hydroxamates have small sub-
stituents on the hydroxamic acid nitrogen and large groups
appended to the carbonyl. The type B hydroxamates have the
reverse substitution pattern.

(7) Martin, Y. C. Quantitative Drug Design; Marcel Dekker: New
York, 1978.

(8) Values for o, are listed in ref 1 and were obtained from
Hansch, C.; Leo, A.; Unger, S. H.; Kim, K. H.; Nikaitani, D.;
Lien, E. J. J. Med. Chem. 1973, 16, 1208.

(9) Both N-methyl and N-unsubstituted hydroxamate of group A
show a correlation with lipophilicity:

Unsubstituted: log (1/ICg) =
0.40(x0.06)7 + 3.63(%0.25)

n =33, s =052, r = 0.760, F 5 = 8.64, p < 0.0001
N-methyl: log (1/ICs) = 0.56(£0.10)7 + 3.90(0.42)
n=5s=0.293r = 0956 F 4 =318, p = 0011
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Chart II. Group B. Arylacrylohydroxamic Acids
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set have not been determined. On the basis of eq 1, an
electronic term should improve the correlation, but this
improvement is expected to be minor.

Group A includes a wide variety of structures including
benzohydroxamates with substituents at all positions,
substituted and unsubstituted naphthohydroxamic acids,
polynuclear aromatics, and a heterocyclic compound.
Despite this rather diverse collection of structures, the
dominant feature of the structure—activity relationship is
the hydrophobicity of the aromatic ring system and its
substituents. Although this hydrophobicity can be pack-
aged in the form of many structural types, closer exami-
nation of the data suggested some generalizations about
the possible boundaries of the hydrophobic binding region.

One such generalization is illuminated by hydroxamic
acids 31-33. These three compounds are outliers, exhib-
iting much less potency against 5-lipoxygenase than would
be predicated on the basis of eq 2 (e.g., 31: observed ICg,
= 6.5 uM, calculated ICg, = 0.61). All three compounds
have long alkoxy chains appended to a naphthyl ring.
These alkoxy chains extend farther from the hydroxamate
functionality than portions of any other molecule within
group A. It must be that when these inhibitors are bound
to 5-lipoxygenase, part of the alkoxy chain reaches beyond
the hydrophobic binding areas of the enzyme. This portion
may extend into regions (e.g. open solvent) where its li-
pophilicity cannot contribute to binding. If the values of
« for 31-33, as well as 29, 30, are adjusted so that only the
lipophilicity of the first three carbons of the alkoxy chain
are included (7’) a much improved correlation is achieved.
Equation 3 accounts for 89% of the variance in the data.

log (1/1Cg) =
0.66(£0.04) 7" — 0.83(£0.15) Iy +3.68(%£0.21) (3)

n = 38,5 = 0.301, r = 0.942, F, 3 = 137.0, p < 0.0001

Limiting the lipophilicity to the first three carbons of
the alkoxy chain produces the best correlation. It suggests
that there may be a boundary to the binding region at
about 12 A from the hydroxamic acid moiety. Beyond this
point hydrophobic groups do not enhance potency.
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Table I. In Vitro 5-Lipoxygenase Inhibitory Potencies and Parameters Used in the Derivation of Eq 1-18

Summers et al.

log (1/ICy)

no R1 Rz Y T . INH IBiﬁ II 1050“ obsd calct A
Group A
1 H 4-NO, 189 189 1 0 0 23(21-26) 464 421 042
2 H 4-CN 1.58 158 1 0 0 61 (51-73) 421 4.04 0.18
3 H 4-CF, 3.03 303 1 0 0 27(24-29) 4.57 4.86 -0.30
4 H 4-Br 301 301 1 0 0 14(12-16) 485 4.85 0.00
5 H 4.1 3.27 327 1 0 0 15(14-16) 482 500 -0.18
6 H 4-CgHg 403 4.03 1 0 0 4.1(37-4.7) 539 544 -0.05
7 H 4-CH;, 279 279 1 0 0 65(57-74) 419 473 -0.54
8§ H 4-OH 148 148 1 0 0 190 (160-230) 372 398 -0.26
9 H 4-NH, 092 092 1 0 0 2400 340 3.66 -0.26
10 H H 214 214 1 0 0 110 (94-120) 395 4.36 -041
11 CH, H 214 214 O 0 0 14(9.8-21) 485 5.52 -0.67
12 H 4-CH,CH(CH,;), 425 385 1 0 0 6.0(5.2-6.3) 522 533 -0.11
13 CH, 4-0C,H, 365 365 0 0 - 0 049 (0.40-0.66) 631 6.38 -~0.07
4 H 4-(2,4,6-(CHjg)3CeH,) 598 598 1 0 0 0.29(0.27-0.30) 6.54 6.55 -0.01
15 CH;, 4-(2,4,6-(CHy)3CeHy) 598 598 0 0 0 0.064 (0.0564-0.074) 7.22 7.71 -0.49
16 H 4-(1-naphthyl) 520 520 1 0 0 0.18(0.16-0.19) 674 611 064
17 H 4-(2-naphthyl) 520 520 1 0 0 0.33(0.31-0.35) 6.48 611 0.38
18 H 4-(2-NO,CgH)) 377 377 1 0 0 83(7.8-8.8) 508 529 -0.21
19 H 3-C¢Hj; 403 4.03 1 0 0 6.0(52-68) 522 544 -0.22
20 H 3-COC¢H; 321 321 1 0 0 79(7.1-89) 510 497 013
21 H 2-OH 1.82 182 1 0 0 30 (25-35) 452 417 035
22 H 332 332 1 0 0 43(37-53) 437 503 -0.66
23 H H 332 332 1 0 0 14(12-16) 485 503 -0.18
24 CH, H 332 332 0 0 0 1.3(L1-15) 589 6.19 -0.30
25 H 1-OH 299 299 1 0 0 3.6 (3.1-4.0) 544 4.84 0.60
26 H 3-OH 366 366 1 0 0 33(3.2-3.5) 548 5.22 0.26
27 H 6-OCH; 324 324 1 0 0 8.2(6.8-9.6) 5.09 498 0.10
28 H 6-OCH,CH=CH, 375 395 1 0 0 46(38-5.7) 534 528 0.06
29 H 6-OC,H, 482 429 1 0 0 20(1L7-23) 570 559 0.11
30 CH, 6-0CH, 482 429 0 0 0 041 (0.36-0.45) 6.39 6.75 -0.36
31 H 6-0OCgH;, 641 429 1 0 0 65(57-74) 519 559 -0.40
32 H 6-0OC,H,;5 694 429 1 0 0 71(5.6-99) 515 5.59 -0.44
33 H 6-0(CH,),CH=CH(CH,),CH, 6.92 4.02 1 0 0 29(26-3.2) 554 543 0.11
34 H 449 449 1 0 0 0.98(0.91-1.0) 6.01 570 0.31
35 H 449 449 1 0 0 1.9(.6-22) 572 570 0.02
3 H 449 449 1 0 0 12(.1-14) 592 570 0.22
37 H 478 4.78 1 0 0 0.78 (0.66-0.91) 6.11 5.87 0.24
38 H 214 214 1 0 0 61 (56-67) 421 436 -0.15
Group B
39 H H (trans) H 2.87 287 1 0 0 12(8-14) 492 477 015
40 H H (cis) H 2.87 144 1 1 0 31(27-36) 451 396 0.55
41 CH, H 3-C¢H, 475 475 0 0 0 0.070(0.060-0.080) 7.15 7.01 0.15
42 CHg H 4-CgHj 475 475 0 0 0 0.13(0.12-0.14) 689 7.01 -0.12
43 CHy H 4-(2,4,6-(CH3)3CgH,) 670 670 0 0 0 0.022(0.018-0.026) 7.70 8.12 -0.42
44 CH;, H 4-0CHy 437 437 O 0 0 0.10(0.08-0.12) 7.00 679 0.21
45 CH, H 4-OCH,CgH; 453 453 0 0 0 0.11(0.09-0.14) 696 6.88 0.08
46 CH, H H 404 4.04 O 0 0 0.21(0.17-0.25) 6.68 6.60 0.07
47 CH;, H 4-NO, 3.78 378 0 0 0 0.13 (0.11-0.15) 6.89 646 043
48 H H H 404 404 1 0 0 095(0.77-1.1) 6.02 544 0.58
49 CH;, H H 4.04 404 0 0 0 0.10(0.091-0.11) 7.00 6.60 0.40
50 CH(CHy, H H 404 404 0 0 0 0.082(0.040-0.15) 7.10 6.60 0.49
51 ¢-CgHy, H H 404 4.04 O 0 0 0.10(0.085-0.12) 7.00 6.60 0.40
52 CgH,4 H H 404 404 O 0 0 0.052(0.040-0.069) 7.30 6.60 0.70
53 4-CH,CgH, H H 4.04 404 O 0 0 0.28 (0.23-0.32) 6.55 6.60 -0.05
54 CH; H 3-NO, 3.78 378 0 0 0 0.30(0.24-0.37) 6.52 6.45 0.07
55 H CH, H 457 4.57 1 0 0 1.8(1.6-2.1) 574 574 0.00
56 CH, CH;, H 4.57 457 0 0 0 0.47(0.43-0.52) 6.33 6.90 -0.58
57 CH, CeHy H 561 454 0 1 0 0.510.44-0.59) 629 620 0.09
58 CH, 4FCH, H 575 454 O 1 0 0.95 (0.82-1.09) 6.02 6.20 -0.18
59 CH;, 4-CICgH, H 6.32 454 O 1 0 1.5(1.3-1.7) 582 6.20 -0.37
60 CH, 4-BrCH, H 6.47 454 O 1 0 1.8(1.7-19) 574 6.20 -045
61 CH, 587 302 O 1 0 2.7(2.2-3.2) 5.567 5.33 0.24
62 CH, 444 444 O 0 0 0.12 (0.10~0.14) 6.92 6.83 0.09
63 CH; 344 344 0 0 0 0.16(0.14-0.18) 6.80 6.26 0.53
64 CH, 450 450 0 0 0 0.13 (0.10-0.16) 6.89 6.87 0.02
65 CH; 450 450 0 0 0 0.10 (0.08-0.12) 7.00 6.87 0.14
66 CH, 521 521 © 0 0 0.12 (0.08-0.15) 6.92 727 -0.35
67 H 241 241 1 0 0 46 (42-49) 434 451 -0.18
Group C
68 H H H 279 279 1 0 1 300 (250-300) 3.63 4.09 -0.56
69 H H 4-0CH, 430 430 1 0 1 27(23-34) 457 495 -0.38
70 CH;, H 4-OCH, 430 430 0O 0 1 0.72 (0.61-0.85) 6.14 6.11 0.03
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Table I (Continued)

Journal of Medicinal Chemistry, 1990, Vol. 33, No. 3 995

log (1/1Csp)

no. Rl Rg Y g Ld INH IBig2 II IC50“ obsd cale? A
71 CH; CH, 4-0CH, 483 4.83 0 0 1 077(0.70-0.88) 6.11 641 -0.30
72 CH, CH(CH,), 4-OC,H, 5,75  4.83 0 1 1 0.85(0.69-1.0) 6.07 572 0.35
73 H CH, 4-CH,CH(CH,), 543 503 1 0 1 57(5361) 524 537 012
74 CH, CH, 4-CH,CH(CH;; 543 503 0 0 1 029(023-035) 654 653 001
75 CH(CHp, CH, 4-CH,CH(CH,), 543 503 0 0 1 043(0.37-050) 6.37 653 -0.16
76  c-CeHy  CHy 4CH,CH(CH;), 543 50% 0 0 1 043(037-051) 637 653 -0.16
77 CeH, CH, 4-CH,CH(CHy), 543 508 0 0 1 038(0.33-043) 642 653 -0.11
78 CH, H 4-CH,CH(CHy); 490 4.50° 0 0 1 039 (0.35-0.43) 641 6.23 0.18
79 CH, CH,CH, 4-CH,CH(CH,, 596 503 0 1 1 056(052-061) 625 584 041
80 CH, (CH,), 4-CH,CH(CHy), 583 5.03° 0 1 1 0.76 (0.61-1.0) 6.12 584 0.28
81 CH, CH(CHy); 4-CH,CH(CHy, 635 5.03° 0 1 1 1.6(13-1.8) 580 584 -0.04
82 CH, CH,CH; 4-CH,CH(CH;, 699 503 0 1 1 15(13-17) 589 584  0.05
83 CH; CH, 4-OCH(CHy), 4.08 3.77° 0 0 1 3.7(3.5-3.8) 543 581 -0.38
84 CH, CH, 4-OCH,CgH, 507 507 0 0 1 028(027-028) 655 655 0.0
85 CH, H 4-CgH, 468 4.68 0 0 1 0.36(0.31-0.41) 644 6.33 0.12
8 CH; H 2,4,6-(CHy), 474 4774 0 0 1 26(22-3.0) 5,57 636 -0.79
87 CH, CH, 3-COCqH, 367 367 0 0 1 083(0.76-093) 6.08 575  0.33
8 H H 3.97 397 1 0 1 27(26-29) 457 476 -0.19
8 H H H 3.97 3897 1 0 1 19(16-21) 472 476 -0.04
90 CH, CH; H 449 394 0 0 1 059 (0.52-067) 6.23 5.90 0.33
91 H H 6-OCHj, 3.88 3.88 1 0 1 22(20-24) 466 471 -0.06
92 H CH, 6-OCHj, 441 441 1 0 1 6.5(6.1-6.8) 519  5.02 0.17
93 CH; CH, 6-OCHj, 441 441 0 0 1 041(0.34-0.50) 639 6.18 0.21
94 H H 332 332 1 0 1 87 (81-93) 406 439 -0.33
95 CH; 4-OC,H, 483 4.83 0 0 1 031(0.28-0.34) 651 641 0.10
96 CH, 4-CH,CH(CH), 543 5.03 0 0 1 045(0.36-052) 6.35 653 -0.18
97 H H 449 449 1 0 1 9.7(85-11) 501 506 -0.05
98 CH; H 449 449 0 0 1 038(0.29-047) 642 6.22 0.20
9 H 7-CHj 514 5.14 1 0 1 29(27-31) 5.54  5.43 0.11

100 CH, 444 444 0 0 1 0.34(0.30-0.40) 647 6.19 0.28

101 CH, 476  4.63 0 1 1 53(46-6.1) 528 561 -0.33

102 H 3.85 3.85 1 0 1 27(25-29) 457 469 -013

Group D

103 H H 4-0C.H, 3.74 374 1 0 1 53 (4.6-6.1) 528  4.63 0.65

104 CH; H 4-0CH, 3.714 374 0 0 1 0.89 (0.68-1.1) 6.05  5.79 0.26

105 H CH, 4-OCH, 4.27 4.27 1 0 1 8.0(6.6-9.3) 5.10  4.93 0.17

106 CH, CH, 4-0C H, 427 427 0 0 1 13(11-18) 580 609 -021

107 CH; C¢H; 4-OC,H, 3.72 372 0 0 1 0.64(0.56-0.71) 6.19 5.78 0.41

108 CH, CH, 4-0CH, 448 448 0 0 1 067(050-061) 617 621 -0.04

109 CH;, CH, 4-NO, 263 2.63 0 0 1 14 (12-16) 485 516 -0.31

110 CH; 324 324 0 0 1 21(1.6-2.6) 5.68  5.50 0.17

111 H 440 440 1 0 1 4.6 (3.8-5.7) 534 5.01 0.33

4In vitro RBL-1 5-lipoxygenase inhibitory potencies in units of uM. Values in parentheses represent 95% confidence limits. ®Calculated
according to eq 15. °Indicated values are those used in eq 7, 8, 10, and 12-18. The values for =’ used in eq 9 are 73-77 and 79-82, 5.43; 78,

490; 83, 4.08. In all other cases =" is equal to =’

Group B: Arylacrylohydroxamic Acids (Chart IT).
Group B includes 29 compounds (39-67) in which an un-
saturated spacer unit connects the hydroxamate moiety
with the aromatic ring. Equation 4 describes the rela-

log (1/1Cs;) =
-0.09(£0.12) 7 - 1.81(£0.33)Iyy + 7.13(£0.58) (4)

n=29,s=0571,r = 0.765, Fyy = 18.3, p < 0.0001

tionship of the activity of compounds in group B with the
parameters 7 and Iyy (as defined above). This equation
provides only a crude description of the QSAR. In par-
ticular it fails to accurately predict the activity of com-
pounds 40 and 57-61. Equation 5 demonstrates how a
superior correlation is achieved when these six compounds
are excluded from group B.

log (1/ICs;) =
0.36(£0.09) 7 ~ 1.34(£0.20) Iy + 5.33(£0.39) (5)

n = 23,5 = 0.301, r = 0.925, Fyp = 59.0, p < 0.0001

Hydroxamic acids 57-61 are the only compounds of
group B that have groups larger than methyl at R,; the
phenyl group of cis compound 40 extends into the region
of space occupied by large R, substituents. These six
compounds are less effective inhibitors of 5-lipoxygenase

than analogous compounds with smaller groups at this
position (e.g. compare 49, IC;, = 0.1 M, and 60, IC;, =
1.8 uM).

Several methods of incorporating the effects of large R,
substituents into the QSAR of group B were examined.
Parameters describing the size of the R, substituent (e.g.
MR) and higher order lipophilicity terms were studied, but
no expression could be identified which produced a sig-
nificant correlation for this small set of compounds.
However, an improvement in the correlation was observed
when the values of = were adjusted so as to omit the
contribution of the hydrophobicity of all but the first
carbon of the R, substituent. A comparison of the corre-
lation of potency with = and the adjusted parameter, =/,
for compounds 40 and 57-61 are given in eqs 6 and 7,
respectively. The parameter Iy was dropped from these
expressions since all but one of the compounds in the set
is an N-methyl hydroxamate (Iyyg = 0).

log (1/ICs) = 0.38(£0.13)7 + 3.55(x£0.73)  (6)
n=6,s=0387r=0827, F =864 p = 0.04
log (1/ICsg) = 0.44(0.09) + 3.99(£0.35)  (7)

n=6,s=0254r=0929, F = 254, p = 0.007
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Chart III. Group C. (Arylalkyl)hydroxamic Acids
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The physical significance of this adjustment to the hy-
drophobicity parameter is unclear. It may reflect the ex-
istence of another boundary to the hydrophobic binding
region. This is not unreasonable since the hydroxamate
moiety is likely to interact with the enzyme in a relatively
hydrophilic site. Large hydrophobic groups at R, might
extend into this region. Thus only part of the hydropho-
bicity of the R, substituent would be expected to interact
favorably with the enzyme and contribute to enhanced
inhibition.

Comparison of the coefficients of = and 7’ in eqs 5 and
7 reveals that the potency of compounds with both small
and large R, substituents exhibit similar dependency on
lipophilicity. However, from the intercepts of these
equations it can be seen that compounds with large R,
substituents are less potent than compounds of similar
lipophilicity with small R, groups. To account for this
lower potency a new parameter, Ig,p, was introduced. Ig;
is an indicator variable having a value of 0 when R, 1s
hydrogen or methyl and 1 for anything larger. Equation
8 describes the QSAR for the entire set of group B com-
pounds when Iy, is included.

log (1/ICs) = 0.36(x0.07)7" ~
1.46(£0.18) Iy ~0.98(£0.15) I + 5.36(0.33) (8)

n =29, s=0299,r = 0944, Fy = 67.8, p < 0.0001

The coefficient of Ig;g indicates that the presence of a
large R, substituent causes an approximate 10-fold loss in
activity. The reason for this loss remains obscure, but it
is tempting to speculate that these large groups interfere
with the ability of the hydroxamic acid functionality to
bind optimally with the enzyme.

The negative coefficient on the indicator variable Iy
in eq 8 again signifies that compounds with alkyl sub-
stituents at R; inhibit 5-lipoxygenase more effectively than
unsubstituted hydroxamates. Four compounds in this set
(50-53) have alkyl groups larger than methyl at R;. These
compounds are generally no more potent than analogous
N-methyl hydroxamates. Apparently the added lipo-
philicity at R, does not greatly increase inhibitory activity.
The failure of large R; substituents to enhance 5-lip-
oxygenase inhibition may be related to the failure of large
R, substituent to affect potency. In both cases large hy-
drophobic groups are placed in the immediate vicinity of
the hydrophilic hydroxamate moiety.

The carbonyl substituents of all but one of the 29 com-
pounds in group B extends no more than 12 A from the
hydroxamate carbonyl. Only compound 45 extends slightly
past the limit of the lipophilic binding domain (about 13
A from the carbonyl) proposed above for group A com-
pounds. However, adjusting the lipophilicity of this single
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Chart IV. Group D. [(Aryloxy)alkyllhydroxamic Acids
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compound slightly does not appreciably alter the correla-
tion in eq 8.

Group C. (Arylalkyl)hydroxamic Acids (Chart III).
Compounds of structural group C (68-102) have a satu-
rated alkyl spacer unit between the aromatic ring system
and the hydroxamate functionality. The relationship of
structure to activity for the 35 compounds in this group
is described by eq 9. The same parameters were used to

log (1/ICs) = 0.49(x0.09)7’ -
1.27(20.12) Iy —0.58(£0.14)Ip;gp + 3.94(£0.42) (9)

n =355 =0293 r = 0939, Fs = 77.3, p < 0.0001

describe this set of compounds as were used for group B
(eq 8). The Iyy term again indicates that a 19-fold average
improvement in activity is achieved with alkyl substitution
at R, and, as with group B, large alkyl substituents at R,
improve potency no more than a simple methyl substitu-
ent. Ig;,, has been included to indicate the presence of
large suﬁ)stituents at R,, and 7 has been adjusted as pre-
viously described to omit the hydrophobicity of all but the
first carbon of Ry. The coefficient for Ip, is slightly
smaller than that found in eq 8.

Ten of the 35 compounds in group C have p-isobutyl
groups as the Y substituent (73-82). Compound 83 has
an isosteric p-isopropoxy substituent. Examination of the
data revealed that these compounds were consistently less
potent than predicted by eq 9. Several methods of ac-
counting for this deviation were investigated. The best
correlation was obtained when the hydrophobicity terms
for these compounds were adjusted so that only one of the
two methyls of the isobutyl was included. Accordingly the
7’ term for 73-83 was altered and used to derive eq 10.
This expression better predicted the potency of the iso-
butyl compounds and provided a more significant corre-
lation than eq 9.

log (1/ICsy) = 0.61(£0.09)7" — 1.26(£0.11) Iy -
0.62(+0.13)Ig;,; + 3.43(£0.43) (10)

n = 35,s = 0.266, r = 0.950, Fy3, = 95.7, p < 0.0001

The physical significance of the adjustment to = for
p-isobutyl-containing compounds is unknown. Perhaps
one of the methyl groups extends beyond the boundary
of the hydrophobic binding region or lies above a hydro-
phobic binding surface.

Group D: [(Aryloxy)alkyllhydroxamic Acids
(Chart IV). The fourth set of hydroxamates includes
eight compounds (104-111) in which an ether linkage is
used to connect an aromatic ring system to a hydroxa-
mate-bearing alkyl chain. Equation 11 explains 73% of

log (1/1050) =
0.57(£0.21)7 — 0.80(£0.27)Ing + 3.71(£0.77) (11)

n=8,s=0.319,r = 0853, Fp5 = 6.69, p < 0.03

the variance in the data of this set. As with previous sets,
compounds of greater lipophilicity are more potent in-
hibitors and methyl substitution on the hydroxamate ni-
trogen improves the inhibitory activity. One compound
(107) contains a phenyl group at R,. This large group does
not appear to create a loss in activity and a Ig;,, term does
not significantly improve the correlation.



Hydroxamic Acid Inhibitors of 5-Lipoxygenase

Table II. Correlation Matrix of Variables Used in Eq 12

1I" INH IBiﬂ II
L 1.00 -0.39 0.20 0.28
Inn 1.00 -0.31 -0.24
Inige 1.00 0.10
I 1.00

Cumulative QSAR of Groups A-D. The structure—
activity relationships described for the four structural
groups above have several common features. Although the
coefficients vary slightly, eq 2-11 demonstrate that the
common physicochemical feature affecting the 5-lip-
oxygenase inhibitory potency of all 111 compounds is the
lipophilicity of the molecules. The substitution on the
hydroxamate nitrogen (Iyy) and at Ry (Ip;p,) are also im-
portant. Since there is similarity in the QSAR of all the
compounds, eq 12 was derived to evaluate the overall

log (1/ICg) = 0.51(0.05)x" -
1.07(0.09) gy —0.70(20.15)Igygy + 4.28(0.21) (12)

n= 111, s = 0.441, r= 0.884, F3,107 = 128.0, D < 0.0001

QSAR of the four groups. Further examination of the data
revealed that eq 12 consistently predicted compounds in
groups C and D to be less potent than analogous com-
pounds in groups A and B. Equations 13 and 14 describe
].Og (1/1050) = 0.55(:&0.04)7!’1 - 1‘11(5:0'10)INH -
0.59(+0.16) 5,5, + 4.36(£0.21) (13)

n =67,s =0.369, r = 0937, Fge3 = 150.7, p < 0.0001

log (1/ICs) = 0.58(0.08)7" —
1.18(£0.10) Iy —0.58(20.15) I, + 3.60(£0.34) (14)

n=44,s = 0.294, r = 0927, Fy, = 81.4, p < 0.0001

the separate correlations for groups A and B, and C and
D, respectively. Although the coefficients for each of the
parameters in eqs 13 and 14 are quite similar, the inter-
cepts are significantly different and consistent with the
difference in potency observed. To account for this dif-
ference an additional parameter, I}, was included to in-
dicate whether the hydroxamic acid functionality is elec-
tronically insulated from the aromatic ring system. I;is
assigned a value of 0 when the hydroxamate is directly
attached to the aryl ring or attached through an unsatu-
rated spacer unit (groups A and B); I} is given a value of
1 when the groups are insulated by one or more methylenes
(groups C and D). Equation 15 describes the QSAR for
compounds 1-111 with the I; parameter included. This

log (1/1Cs) = 0.57(x0.03)7" — 1.16(£0.07)Iny
-0.69(£0.11)/g;5, — 0.64(£0.07)I; + 4.30(£0.15) (15)
n =111, s = 0.323, r = 0.940, F, o6 = 201.8, p < 0.0001

equation is statistically significant above the 99.9% con-
fidence limit as judged by the F statistic and explains 89%
of the variance in the data. The stepwise derivation of this
equation is given in eqs 16-18 and the correlation matrix
for the variables is shown in Table II.

log (1/ICsg) = 0.67(£0.06)7" + 3.04(20.26) (16)
n=111,s = 0.652, r = 0.717, Fy 0o = 115.6, p < 0.0001
log (1/1Cqg) =

0.48(£0.05)7" — 0.95(0.10) Iy +4.23(£0.23) (17)
n =111, s = 0.483, r = 0.858, Fy s = 150.5, p < 0.0001

log (1/ICs) = 0.55(x0.04)7" — 1.05(x0.08)Ixy —
0.64(£0.08)I; + 4.25(£0.18) (18)

n =111,s = 0.379, r = 0.916, Fy,,; = 185.9, p < 0.0001
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The coefficient of the new parameter ; in eq 15 indicates
that presence of a saturated spacer units between the
hydroxamate and the aryl ring system (groups C or D)
results in about a 4-fold reduction in 5-lipoxygenase in-
hibitory activity relative to those with an unsaturated
spacer (group B) or no spacer at all (group A). Whether
this difference in potency is actually due to some sort of
electronic interaction between the aromatic ring and the
hydroxamate which influences inhibition or whether it is
due to some other effect is unclear.

As with each of the individual structural groups, the
negative coefficient for Iyy indicates that an N-alkyl-
hydroxamic acid is on average about 15 times more potent
than an N-unsubstituted analogue. The Ig, term confirms
that large groups near the hydroxamate result in reduced
potency.

The most important physical property determining in-
hibitory potency is the lipophilicity of the molecule. The
coefficient of 0.57 for 7’ suggests that a typical hydroxamic
acid is about 57% desolvated when bound to 5-lip-
oxygenase. Hansch!® has proposed that hydrophobicity
coefficients of this magnitude may indicate that the in-
hibitor rests upon a surface or shallow trough of the en-
zyme.

Recently, Hammond et al.!! have reported that there is
a similar relationship between hydrophobicity and 5-lip-
oxygenase inhibitory potency for a set of more than 50
dihydrobenzofuran-containing compounds. It appears that
hydrophobicity has a dominant effect on the 5-lip-
oxygenase inhibitory potency of many classes of com-
pounds.

Summary

The 111 hydroxamic acids in Table I encompass a div-
erse set of type A% hydroxamic acid 5-lipoxygena. .ihib-
itors. Among the structural types are benzo- and na-
phthohydroxamic acids with a variety of substituents,
polycyclic aromatics, arylacrylohydroxamic acids, and
arylalkylhydroxamic acids with branched or straight chain
alkyl spacer units of one to three atoms. Compounds are
included with #’ values spanning 7 log units and potencies
differing by more than 4 orders of magnitude. Despite this
structural diversity, some common patterns of inhibition
can be identified through QSAR and a rudimentary picture
of how hydroxamic acid inhibitors and 5-lipoxygenase in-
teract can be envisioned. The structure-activity rela-
tionships discussed here demonstrate that a wide variety
of hydroxamates can inhibit this enzyme and the potency
of the compounds is largely governed by the hydropho-
bicity of the molecule. The QSAR suggests that hydrox-
amic acids may interact with a large hydrophobic surface
or trough on the enzyme. This hydrophobicity can be
packaged in a variety of ways and still enhance inhibition.
However, two major areas were identified where hydro-
phobicity does not appear to improve inhibitory activity.
Large lipophilic substituents (R; and R,) extremely close
to the hydroxamate moiety may be encountering hydro-
philic areas of the enzyme. Also, at distance relatively
remote from the hydroxamate (greater than about 12 A),
portions of inhibitors may extend beyond the hydrophobic
binding region of the enzyme. Other regions where hy-
drophobicity does not contribute are also possible.

This QSAR study also demonstrated that 5-lipoxygenase
inhibitory activity is adversely affected by large groups at

(10) Hansch, C.; Klein, T. E. Acc. Chem. Res. 1986, 19, 392.

(11) Hammond, M. L.; Kopka, I. E.; Zambias, R. A.; Caldwell, C.
G.; Boger, J.; Baker, F.; Bach, T.; Leull, S.; MacIntyre, D. E.
J. Med. Chem. 1989, 32, 1006.
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R; (Inyp) and by spacer groups which electronically insulate
the hydroxamic acid from the aromatic ring (I). Potency
is improved by alkyl substitution on the hydroxamate
nitrogen (Iny).

We have previously proposed a graphical representation
of the inhibitor binding region of 5-lipoxygenase.! That
representation was useful in the identification of many
potent inhibitors, but was based entirely on hypotheses
for matching inhibitor geometry to a putative substrate
conformation. The empirically derived view of the in-
hibitor binding site set forth by the present QSAR study
goes beyond these simplistic hypotheses and provides a
more general and reliable view of inhibitor-enzyme in-
teraction. In this QSAR investigation, no attempt has been
made to derive the conformation of the inhibitors or to
describe the inhibitor enzyme interactions in detail. The
parameters are crude and adjustments are somewhat ar-
bitrary. Nonetheless, the equations presented here provide
a highly significant description of the inhibitory potency
of hydroxamic acids.

Experimental Section

Determination of = and »’ Values. The program CLOGP!?
was used to calculate the hydrophobicity parameters in this in-
vestigation. The term = is the logarithm of the octanol-water
partition coefficient calculated for a molecule corresponding to
the fragment of the inhibitor attached to the hydroxamate car-
bonyl group. For example, the = value of 1.89 for p-nitro-
benzohydroxamic acid (1), is the calculated partition coefficient
for nitrobenzene. When portions of the carbonyl substituent were
omitted to give =/, values were calculated with the corresponding
abbreviated molecule.

Determination of 5-Lipoxygenase Inhibitory Potencies.
Adherent rat basophilic leukemia (RBL-1) cells were harvested
by trypsinization, suspended (3.0 X 107 cells/mL) in buffer [10
mM N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES),
10 mM piperazine-N,N -bis(2-ethanesulfonic acid) (PIPES), 1 mM
ethylenediaminetetraacetic acid (EDTA), pH 6.8), and lysed by
sonication. The lysate was centrifuged at 20000g for 20 min and
the supernatant containing the 5-lipoxygenase activity was stored
frozen until used.

Compounds were evaluated for 5-lipoxygenase activity in 100-uL
incubations containing 12.5 uL of the RBL-1 20000g supernatant
in assay buffer (10 mM BES, 10 mM PIPES, 1 mM EDTA, 0.7
mM CaCl,, and 100 mM NaCl, pH 6.8). Compounds were dis-
solved in dimethyl sulfoxide, and preincubated with the enzyme
for 20 min at 37 °C before initiation of the 5-lipoxygenase reaction
by addition of 6.6 nmol of arachidonic acid and 25 nCi of
[“Clarachidonic acid (56.8 mCi/mmol) in 3 uL of aqueous NH,OH
{0.028%). As an internal recovery standard, 3 nCi of [*H]5-HETE
was added with the substrate. Reactions were terminated after
5 min by acidification with HCI to pH 3.5. Under these conditions
the initial product of the reaction, 5-HPETE, was further con-
verted to 5-HETE. The reducing agent triphenylphosphine (100
ug) was then added to convert any remaining 5-HPETE to 5-
HETE, and the product was separated by TLC.

(12) crLogp Program, MedChem Project, Pomona College, Clare-
mont, CA.

(13) Warshaw, J. A.; Gallis, D. E.; Acken, B. J.; Gonzalez, O. J.;
Crist, D. R. J. Org. Chem. 1989, 54, 1736.

(14) Urbanski, T.; Malinowski, S.; Zakrzewski, L.; Piotroxska, H.
Rocz, Chem. 1958, 27, 47.

(15) (a) Gale, G. R.; Haynes, J. B.; Smith, A. B. J. Med. Chem.
1970, 13, 571. (b) Urbanski, T.; Hornung, S.; Slopek, S.; Ven-
ulet, J. Nature 1953, 170, 753.

(16) Buu-Hoi, N. P.; Lambelin, G.; Leproivre, C.; Gillet, C.; Gautier,
M.; Thiriaux, J. Compt. Rend. 1965, 261, 2259.
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Table III. Summary of Physical Data for New Compounds

no. formula® mp, °C no. formula® mp, °C
11 CQHQNOZ oil? 64 C18H15N02 187-190
13 CuH,NO, 176-77 65 CyH;NO,  178-180
18 CleoNzO‘ oil 66 CIBHIENOZ 170-173
19 CuH,NO, 179-180 89 C,H,NO,  161-162¢
20 CuHuNOa 149-151 70 ClegNOa oil

25 C,HNO,  186-187dec’ 172 CiHguNO,  oil

26 CyH,NO,  195-196dec? 76 C,HxNO,  117-120

28 C,HNO, 178-180dec 79 C;H,NO,  65-66

30 CmeNOa 137-138 82 CszsNOZ oil

34 CwHuNOg 185 dec 85 CI5H15N02 138
35 CuH,;NO, 192 86 CpH;NO,  135-137
36 CI5H11N02 208~209 dec 87 CﬂHl-]NOa 144-146
37 015H13N02 160-163 dec 90 C“H“NOQ 117-118
38 09H5N202 165 dec 91 CmHmNOa 183-184
41 CpH,NO,  143-145 92 C,H,NO,  168-169
42 CIGH15N02 oil 95 C“H21N03 64-65
44 C, HNO; 134-135 98 C,HNO, 91-93
45 C17H17N03 181"183 99 C“HlsNOz 182"183
46 C“ngNOZ 156_157 100 CI5H15N02 121-123
47 C,H,N;0, 164-166 101 C,H;;Br,NO, 129-131
53 CuH,NO,  203-206 103 C,H;NO,  138-140
54 CuH,N,0O, 163-164 104 CHENO,  151-152
55 C,H NO, 147-148 105 C,H,NO,  113-115
56 CuH,NO,  93-95 106 C,H;NO,  149-150
58 CyH,FNO, 132-134 107 CyHxNO,  128-129.5
59 CyuHiCINO, 140-142 108 C,H;NO, 160
60 CyoHeBINO, 118-120 109 CyH,N,O;  156-158
61 CyuHNO,  195-197 110 C, H,NO;  188-190 dec
63 C15H13N04 130 dec 111 CmeNOzS 118~119

2 Elemental analysis data are within £0.4% of the theoretical values.
b Previously prepared.!® ¢Literature! mp 188-192 °C. ?Literature mp
206-207.5 °C;1% 191-192 °C.150 ¢Literature'® mp 155 °C.

The acidified incubations were prepared for TLC analysis by
addition of 20 ug each of 5-HETE and arachidonic acid to permit
visualization of product and substrate on TLC plates and 150 uL
of acetone to extract eicosanoids. Aliquots of acetone extracts
were applied to silica gel impregnated glass-fiber TLC sheets which
were developed with hexane—ethyl acetate-glacial acetic acid
(85:15:0.25). Arachidonic acid and 5-HETE were located by brief
exposure to iodine vapor, the reaction product was eluted, and
radioactivity was measured with a liquid-scintillation counter.
Product formation in the individual incubations was corrected
for recovery of [*H]5-HETE.

Synthesis. The detailed procedures for many of the com-
pounds in this investigation have been previously reported.!24
Other hydroxamic acids were prepared from the corresponding
carboxylic acid according to the methods described for 13 below.
Melting point and analytical data for these new compounds are
reported in Table IIL

N-Hydroxy-N-methyl-4-butoxybenzamide (13). 4-But-
oxybenzoic acid (1.7 g, 8.75 mmol) and DMF (0.64 g, 8.75 mmol)
were dissolved in CH,Cl, (50 mL) and cooled to 0 °C. Oxalyl
chloride (2.84 g, 21.8 mmol) was added slowly. Vigorous gas
evolution was noted. After being stirred for 40 min, this solution
was added to a solution of N-methylhydroxylamine (2.92 g, 35.0
mmol) and triethylamine (5.31 g, 52.6) in THF (50 mL)/H,0 (5
mlL). After being stirred an additional 30 min, the mixture was
poured into 2 N HCI and extracted with CHyCl,. The organic
phase was dried over MgSO, and evaporated in vacuo. The
residue was recrystallized from hexanes to give a white solid (1.5
g,79%): 'H NMR (Me,SO-d) § 0.93 (t, 3 H, J = 7.5 Hz), 1.33-1.50
(m, 2 H), 1.65-1.75 (m, 2 H), 3.23 (s, 3 H), 4.00 (t, 2 H, J = 6 Hz),
6.94 (d, 2 H,J = 9Hz),7.64 (d, 2 H, J =9 Hz), 9.96 (s, 1 H); MS
m/e 223, 177, 121. Anal. (012H17N03) C, H, N.
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