Downloaded viaDURHAM UNIV on July 26, 2018 at 10:21:18 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Journal of

Medicinal
d @ Cite This:J. Med. Chen2018, 61, 58225880 pubs.acs.org/jmc
Chemistry

Fluorine and Fluorinated Motifs in the Design and Application
of Bioisosteres for Drug Design

Nicholas A. Meanwll

Discovery Chemistry and Molecular Technologies Bristol-Myers Squibb Research and Development P.O. Box 4000, Princeton

New Jersey 08543-4000, United States

ABSTRACT:The electronic properties and relatively small . . . ', T " o on T
size of uorine endow it with considerable versatility as a bfgi<+ ot o 7% NN ™ oy a/\[u}‘
sostere and it has found application as a substitute for lone-pairs ©/ ¥ o .

" <yt SN S

of electrons, the hydrogen atom, and the methyl group \@qile ﬁ» NI G
also acting as a functional mimetic of the carbonyl, carbinot,-and

nitrile moieties. In this contextorine substitution canirence | . . Jor 25
the potency, conformation, metabolism, membrane perme a?jili?ff ; ; /N &~y ] .
and P-gp recognition of a molecule and temper inhibiti Jjjoqjszz AN D f o [em;mg © ot @
the hERG channel by basic amines. However, as a conseguene
of the unique properties aforine, it features prominently in

the design of higher order structural metaphors that are more esoteric in their conception aud avhichersophisticated
molecular construction that broadens biological mimesis. In this Perspective, applicatimnsnothe construction of
bioisosteric elements designed to enhance the in vitro and in vivo properties of a molecule are summarized.

conformation

INTRODUCTION uorinated motifs in the construction of more sophisticated struc-

The design of bioisosteres is a useful principle in drug design tH4@! @rangements that are able to emulatea@ade anumber
although widely practiced, is contextual in application. Thus, fidnore traditional functionalities. In this Perspective, | provide a
design of bioisosteres requires detailed insight into the phy¥noPsis of some of the practical applicationsrafe as a
icochemical properties of an element, heterocycle, or functigigfSostere in drug design, ranging from the simple substitution

group if eective emulation is to be achieved and, ideally, cord. € hydrogen atom in the setting of alkyl and aromatic moi-

plemented b}éa similar level of understanding of the binding €S {0 éxamples that utiligerine in conjunction with addi-
of a molecul

Bioisosterism has its origins in the concept ofional functionalities to explore bioisosteric relationships that are

isosterism between relatively simple functionality and snﬁﬁ're esoteric in nature and which are, in some cases, less well
t

molecules that was advanced by Moir and Langmuir a centdRyeloped.
ago® However, contemporary interpretations of structural
metaphors in a biological setting accommodate a much broader

range of bioisosteric structural motifs that can vary considerably

in size and shape from the functionality being emalated,

modern bioisosteric relationships are rooted far more in
functional reproduction of biochemical pharmacological proper- 1

ties that reect aspects of molecular recognition that are often (fludrocortisone)

unique to a sped environmertConsequently, the relation-

S.hip betwegn shape and/or aspects of physicochemical proper«Ey PROPERTIES OF FLUORINE OF RELEVANCE TO
ties ofa b_|0|sostere can pe oblique. Fluorine has p_Iayed a prom-g|0ISOSTERE DESIGN

inentrole in drug design since the approval aéthaorinated i o . i i

drug, the synthetic 9uoro-substituted corticosteroigiro- 1 h€ € ective application otiorine in drug design requires
cortisone ), on August 18, 198Fhe applications ofiorine an understanding of its key physicochemical properties, and
in the design of drugs and agricultural chemicals continuesgse Ofge'evaf?ce tothe design of bioisosteres are summarized in
grow as our knowledge and understanding of how to take it r Fluorine is approximately 20% larger than hydrogen
advantage of the unique properties of this element fhﬁtures.based_ on comparison of the van der Waalls radii, vyhlle the length
This has been fostered by the development of innovative s§Rd Size of a & bond is more closely aligned with aQC

thetic methodology which is providing access taiognated ond than either the shorteri€or longer COH,C C N,

motifs with interesting topaghies and physicochemical ©" S Obonds. The electronegativityusfrine is closer to that
attribute<.While early applications obrine as a bioisostere ©f 0Xygen, which is ezted in the dipole moment of thefC
focused on the relatively simple replacement of hydrogen atems

in drug molecules, often as a meansu#riging metabolism, Received: December 5, 2017

the last 20 years has seen broader deploymeantingé and Published: February 5, 2018
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Table 1. Key Properties of the € Bond Comparedtothe tH,C O,C OH,C C N, and S O Bonds

van der Waalsvan der Waals volume wftal size electronegativity bond dissociation
bond bond length (A)  radius (A) atom (&) R of the element  dipole momen(D) energy (kcal/mol)
CH 1.09 1.20 7.24 2.29 2.20 0.4 0 98.8
CF 1.35 147 13.31 2.82 3.98 141 0.14 105.4
Cc Cl 1.77 1.75 22.45 3.16 1.87 {CH 0.71 78.5
cC O 1.23 1.52 14.71 2.73 3.44 2.3(HO) CHO: 0.65 85 ( bond)
C OH 1.43 (CHOH) 1.52 14.71 3.44 2.87 (GBH) 0.67 84.0
1.48 (CH CH,OH) 1.66 (CH;, CH,OH)
C C N 222(HCN) 3.92 (CKCN) 0.57
S O 1.44 (CHSGO, CHy) 1.52 14.71 3.44 4.44 (630, CHy)° CH,SO: 1.58
CHsSO: 1.63

Table 2. Comparisons of the Size of Alkyl and Gfoups Based on Van Der Waals Volufn€alues, Taft Es Values, Biphenyl
Interference Values, and the Activity of the Two Structurally-Related Series of MMP-9 Inhibitor Probes 2 and 3

vdW volume  Avalue Taft Es  biphenyl rotational interference experimental biphenyl rotatidBablue inhibition of MMP-9 b/ 3

R (kcal/mol) value value (kcal/mof)* ( G (o kcal/mol)® ICso (NM) 16
H 1.20 0
F 13.3 0.15 0.46 4.6 4.4
Me 21.6 1.70 1.24 9.7 7.4 1/10
Et 38.9 1.70 1.31 8.7 2/27
CR; 39.8 2.10 2.40 12.1 10.5 87/22
iPr 56.2 2.15 1.71 12.6 11.1 1800/4500
tBu >4.50 2.78 18.3 15.4

bond being larger and in the opposite direction di&dax less of C F dipole alignment that is favored by the gaueht e
than that of C O, S O, C OH, and CC N moieties. stabilizing a more polar conformation (vide infra). Adding to
Fluorine is modestly more lipophilic than a hydrogen atom atitese observations, concerns aroundebieod uorination on
signi cantly more lipophilicthan OH, ©, C N, or sulfoxide  ligand e ciency metrics has been addressed by a careful MMP
and sulfone substituents. Unlike chlorine, bromine, and iodia@alysis of the performance of a large data set of compounds
uorine does not engage in halogen bonding and is nonpolevaluated in in vitro developability as$@jis study, in which
izable, a property that underlies strong electrostatic interactionsrine was present in a range of environments but most com-
which can be attractive or repufsiieese properties confeo- monly incorporated as an aryl-F, aryleZ&n aryl-CH motif,
rine with considerable versatility such that it has been explored@srtluded that polyorination may not necessarily represent
potential bioisostere of the hydrogen atom, carbonyl and sulfoyleleterious modation. On the basis of an analysis of P-glyco-
functionalities, the carbinol moiety, and the nitrile, wittive  protein (P-gp) recognition, lipophilicity, metabolic stability, and
functional mimicry very much dependent upon the biochemigakmbrane permeability using assays conducted inaitne,
context. was found to behave more like a hydrogen atom, leading to the
contention that up tove uorine atoms can be introduced into a
FLUORINE AS A BIOISOSTERE OF THE HYDROGHHblecule without a sigoant impact on performance in these
ATOM IN ALKYL MOIETIES assays. As a consequence, it was suggested that the MW

Developability Aspects Associated with Fluorination ~ increase associated with the introductiomaine may be
and the Size of the CE Moiety. Replacing hydrogen atoms ignored in eciency metric calculations and that tioeine-
with uorine has been explored extensively in drug design, méRrected molecular weight M\(WWgc = total MW MW of
commonly to replace those bound to an aromatic ring or in tti@e uorine atoms present in the molecule) should be used as a
context of a Gffor CH, replacement where these substitutiongnore suitable and relevant descriptor for this ptitpose.
can modulate potency or interfere with metabolicoatidi:’ The size of the GImoiety has also been somewhat challenging
The replacement of a hydrogen atoradmjne would be expected to de nitively assess and this moiety has often been considered to
to add to the physical size, modestly increase the lipophilicity ¢fedsosteric with an iso-propyl substituent, although itis clearly of
molecule based on theoe cient of 0.14 determined faprine,  a di erent shap¥.The calculated van der Waals volumes, the
but more signcantly increase molecular weight (MWDIe ). Avalues, and both experimental measures of biphenyl rotational
Thus, the replacement of a @iy CR would be expected to interference compiled Table 2all indicate that the G5 a
increase the overall lipophilicity of a molecule R lbyg.42 smaller than an iso-propyl substituent with the exception of the
and add 54 Da to the MW, parameters that would be anticipaf€aift Es value which uniquely indicates the reverse, although the
to negatively act ligand eciency metrics.However, uo- di erences projected by several of these measurements are rela-
rination of a molecule does not necessarily lead to an increagiéviely modest:"> Under some circumstances, thgrdiety
lipophilicity, and several structural motifs are associated wids been found to sterically dominate a phetgitbutyl
increased polarity based on a matched molecular pairs (MMRpstituent in daing the stereochemical outcome of an aldol
analyse$:'? Fluorine atoms that are deployed in a moleculgeactiort™ ' Assessing the size of thgrBéiety in biochemical
such that they are proximal to an oxygen atom, separated @pplications is unlikely to simplify the inherent complexity asso-
distance of <3.1 A, can exhibit a lower measur&vahg, ciated with this question given the context-dependent nature of
while vicinal alkyliorides oer increased polarity as a function drug target interactions. Nevertheless, an experiment designed
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to compare the size of the;GIRd an iso-propyl substituent atthe C-3N-t-Boc and C-6 methylene moieties known to be the
in a biological context has been conducted with matrix metaiajor sites of metabolic lability in the homol&gue

loprotease-9 inhibitors where the alkyl side chiassd3fproj- A(
ect into the well-deed lipophilic Spocket of the enzyme. o_<°
In both series, an alkyl chain terminating yo€EH;CH, was R NH

associated with potent inhibitory activity, while the respectiveg 0~
iso-propyl homologues were over 1000-fold weaker; howeve OH
the two Ck-substituted derivatives largely retained the potency
of the smaller alkyl groups, data capturédble 2 These
results indicate that, in this speodntext, the Gioiety could

be considered to be bioisosteric with an ethyl rather than an iso P s

propy! substituent. In the example provided by GPR119 agonists, confpound
j\ displayed poor metabolic stability in vitro which was attributed to
HNTONH R its high lipophilicityELog D = 4.37” Replacing of the GH

o o substituent - to the amidéN atom with uorine aorded8,
which exhibited enhanced metabolic stability while also illumi-
R nating aspects of the bound conformation. This was the result of

R = CHg, CHCHy, iPr, CF the N- - uoroethylamide adopting a preferred conformation
2:R; =H in which the two elements were in a gauche relationship (vide

o 3:R1=0OCH, _ _ infra), which constituted about 75% of the conformer population
Fluorination as an Approach to Reducing Metabolism. on the NMR time scd@.

Because the introductionwbrine can lead to resistance toward

F R
oxidative metabolisnuorination has developed into a popular F N
approach to addressing the poor pharmacokinetic performance ) o
of compounds in vitro and in vi¥.Under some circumstances, L g K

a CH; substituent can be replaced directly morne atom

despite being 480% smaller, although metabolically labile alkyl o (h-cAM7F;)R—=4?r_1|I?A' A = 12050
groups are more commonly addressed by more sophisticated 5C°[m (HLM) = >300 mUminkg ’
motifs in which the Goiety plays a prominent role. While the

; ; A ; 8:R=F
introduction of uorine is often directed speaily toward a EGay (-oAMP) = 80 il 1A = 107%

metabolic soft spot, theeets of uorination can be indirect and Cliny (HLM) = 42.44 mLimin/kg

complex. As a consequence, e ean range from negative or | g study seeking replacements fertautyl moiety that
null, possibly due to redirecting metabolism to an alternative si{eyld o er improved metabolic stability, systematic caedi
to global protection toward metabolic nvadion, while the  tions to the 3 methyl groups were explored in the context of the
e ects exerted on the metabolic stability of proximal functlonalgynme biphengl derivative 64@ftputyl)phenyl)nicotinonitrile
can be positive or negative dependent upon cénftext. (9) (Table 3% The e ects of structural modation were
Examples where replacing hydrogen atomseritie exerts  compared with compound persistence when incubated in rat and

a positive eect on metabolism are provided by the takaits ~ human liver microsomes (RLM and HLM), respectively, with
5, which are related to paclitagglafid the GPR119 agonists the results summarizedTiable 3 While some success was
7and8.****For the taxoid derivatives, CYP 3A4 oxidation of thachieved with the polar substituents four@ i3, these were
C-3 iso-butenyl Ckgroups o# represented an important viewed as potential liabilities in the context of a drug target where
metabolic pathway that prompted replacement of the allytige tertbutyl group may be accommodated in a hydrophobic
methyl substituents byorine, aording5. Fluorinated deriv-  binding pocket. The GBusbstitued cyclopropyl (CpCF
atived exhibited highly potent cytotoxicity toward a series of humatioiety exempld in17 emerged as the optimal lipophilic sub-
cancer cell lines, with a 1000-fold advantage d&€rRemark-  stituent, with higher metabolic stability in both RLM and HLM
ably 5 was quite resistant to metabolic noatiion in the pres-  preparations tha® 16.
ence of CYP 450 enzymes, with the introduction of the two To further demonstrate the utility of the Cp<TiBstituent,

uorine atoms providing protection against metabolicatiodi comparison of liver microsomal stability data for six matched

Table 3. RLM and HLM Half-Life Values Associated with a Series of 6-(4-Substituted-phenyl) Nicotinonitrile DerivEtives 9

=N

9 10 11 12 13 14 15 16 17
OH | ¢N COH CFs FsC
3
R H || HE | [T R
RLM ty, (min) 30 125 70 135 37 7 25 11 >400
RLM ty; (min) 51 202 122 274 38 9 66 35 150
5824 DOI:10.1021/acs.jmedchem.7b01788
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pairs of biphenyl amide derivatives was probed, where the dntoth series of compounds, there was a trend toward enhanced
come was a positive result in each case, and as a replacememtdtabolic stability in liver microsomes for these substituents
the metabolically laki#etbutyl moiety in the steroid-Beductase  compared to thertbutyl-substituted prototypes, with &t

inhibitor nasteride1(®).>* The Cp-Ck analogud9 exhibited a ~ SF the most eective. No sigriant CYP inhibitory ects were

ty» in HLM of 114 min which compared to 63 mirl&mith observed with either series, but tleets on solubility were
recognition that in this particular example, thecatidn may  varied in analogues2tfwhile all of the modtations led to

not protect against metabolism at other sites of the molecule @aaduced solubility in the contex2bf

may cause a redirection of metabolism to alternative sites. These general observations have support from examples
harvested from studies conducted across a range of compound
structures with widely varying biochemical mechanisms, although
there are unigue contextual variations in individual performance.
For example, the FMS-like tyrosine kinase 3 (FLT3) inhibitor
quizartinib22), which is in phase 3 clinical trials for the treatment

of acute myeloid leukemia (AML), is metabolizectattietyl

18:R=Bu  19:R=CpCFs moiety in humans to @rd alcohoR32%?’ This lability was

HLM ty, = 63 mi HLM tq5 = 114 mi . . .
v e mn v e addressed in a related series of compounds by replaeifg the

The Cp-Cgmoiety featured prominently in a complementary,, i sybstituent with Cp-CWith24 characterized as a potent
study in which a seriedetbutyl isosteres were the subject of | T3 jnhibitork,, = 0.6 nM, with improved metabolic stability
detailed in vitro préing when installed in the background of thecompared to itertbutyl progenitat

dual endothelin A and B antagonist bose2tipar(d the CCR-
9 antagonist vercirno81j, both of which contain a i

R 5 —/ H
butyl)benzenesulfonamide mdigly this analysis, the pres N CFs AN
H H | S N oo
of thetertbutyl progenitors were compared with the Gp-CF oW @/EN Dogj 0
24

RERNEVERS

CF;, SE, and [1.1.1]-bicyclopentane (BCP) homologues, wit

the calculated relative sizes of these substituents compile:

Table 4With the exception of Cp-C#&ll of the substituents are RO

smaller thantartbutyl, and LoB measurements indicated that  The Cp-CEmoiety in the human bombesin receptor subtype-3
lipophilicity increased in the order of €6k < Cp-ChR < tBu (hBRS-3) agonig6provided a partial solution to the high meta-
< BCP while thelfy of the sulfonamide N increased inthe  bolic turnover rate observed with the prot@$ipeith further

order of SE< CR; < Cp-CRE<tBu BCP. re nement of the carbinol Gkb a CK a ording the more
@EOMe advanced compound MK-5028) ¢°
CF CF.
Ho/\/oj)\lfst\\ o NS OH N OH N FaC, OH N\
Na_N oo N N N ’ N
I ® ‘ H H H
O N~ 7 "N 7 N 7/ N
g, o 7 a & a
25 26 27 (MK-5046)
20 21 hBRS-3 ICs0 = 5 nM hBRS-3 ICs0 = 11 nM hBRS-3 ICsp = 27 nM
In the context 020, the Cp-CE and BCP-substituted ana- b =110 mlminkg Clp = 52 mLimin/kg Clp = 20 ml/minikg

logues performed similarly to the parent molecule as antagonisi®e 1,1,1-truoro-2-methylpropan-2-yl moiety addressed the
at the endothelin A and B receptors, while thea@#f SE metabolic lability of thertbutyl substituent of the selective
substituted derivatives were 10-fold less povehen incor-  phosphatidylinositol-3 kinas@I3K ) inhibitor 28, a precur-
porated agertbutyl replacements24, all of the substituents sor to alpelisib (NVP-BYL729) which is currently in phase 3
performed similarly to the prototype in a CCR9 functional assalinical trials for the treatment of breast cafiedre( 3.%°

Table 4. Calculated Volumes of a Series of Substituents Normalizedead-Bgtyl Moiety

CF3
substituent -CF3 -SFs %—6 %—é g_b
relative size normalized to the tert-butyl moiety | -34.9A® | -11.1A° 41 A 0 +4.14 A

Table 5. SARs, Metabolic Stability, and in Vivo Clearance Associated with thdit@itors 28 and 29

N
| >—NH
~ sh,_ij

N~ o
HNY,
R

R P110 IC50 (nM) P110 IC5o(nM) P110 IC5(nM) P110 IC50(nM) RLM clearance [/min/mg) rat clearance in vivo (mL/min/kg)

28 CHs; 14 4400 330 430 77 39
29 CHK 5 1200 290 250 29 10
5825 DOI:10.1021/acs.jmedchem.7b01788
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The main metabolic pathwaysZ8mwere determined to be of CEP-32496(), the 1,1,1-truoro-2-methylpropan-2-yl sub-
hydroxylation of one of the ¢hioieties of theertbutyl ele- stituent was a moresgtive bioisostere déatbutyl substituent
ment and hydrolysis of the primary amide. The de2iymax that adequately addressed the metabolic lability associated with
inspired by an examination of an X-ray cocrystal structure whilsb prototype, preserving potency in this example reore e
indicated scope to slightly enlarge the sieetlofityl moiety  tively than a Cp-GFsubstituent which was a 2-fold weaker
in order to more completely the pocket of the enzyme into enzyme inhibitor:
which it projected. In the event, the, @ralogue not only
retarded metabolism at this site, leading to lower clearance
in vivo and excellent oral bioavailabHity {06% in mouse, ) /@ il
F=58% in rat, arfel= 140% in dog) but also enhanced potency Y o N
by 2-fold. In the cocrystal structur@®fwith PI3K, one o

uorine atom of the Gimoiety was described as engaging in a ~
hydrogen-bonding interaction with the protonated amingof Lys 30 (CEP-32496)
while the bound conformation of the inhibitor was stabilized by anin a series ofsecretase modulators based otettutyl-
intramolecular interaction bemene of the lone pairs of electrons substituted lead compow@idwhich combined modest potency
on the urea oxygen atom and the low lyir§g € of the sulfur ~ with poor metabolic stability, substituting one of thenoH

atom of the thiazole, interactions depictedime £%** eties with a Gfgave32, which signcantly improved both
parameterg@ble §.**This result allowed furthermement of
H Val851 the structure by pruning of the substituent which revealed that
;i N both potency and metabolic stability were dependent upon the

absolute comuration of the truoroethyl moiety. TheR)-

| isomeB3was found to be superior to tBedntipode84 and it
>_N was this motif that was retained in the optimized md@Bcule
E where the addition of a g@hhoiety to the linker element was

N Z 278A
Y found to improve potency by a further 3-fold. More recently the
@r{! g CF; oxetane was evaluated srtdutyl replacement in the
L &~ n context of36, a modication that retained biological potency
YSg02 . . . . . .
or o while loweringe Log P, enhancing LipE, and improving meta-
854 859

bolic stability in HLM compared3n®*
Figure 1Key drugtarget interactions betw&8and the PI3Kenzyme The triazole-based {Heibstituent in sitagliptid), a potent

and conformational bias provided by an intramolecular O to S interacti@iPeptidyl peptidase-4 (DPP-4) inhibitor marketed for the
treatment of type 2 diabetes, is an important determinant of both

Similarly, in a series of inhibitors of V-RAF murine sarconita in vitro and in vivo prte>° In this example, the ¢F(38)
viral oncogene homologue B1 (BRAF) that led to the discoveand Ck(40) moieties performed moresetively as bioisosteres

Table 6. SARs, Lipophilicity, and Metabolic Stability Associated with a Sergs@ttase Modulators 336

(o] R
N/\/O\©
N)/,
R R ICso (AB42, nM) | clogP LipE* HLM clearance (mL/min/kg)
31 H \~/ 128 3.3 3.6 95.7
32 | H \~/0F3 30 3.2 43 243
CF
33 H \( ® 20 2.8 4.9 123
%, CF
34 H I8 8 85 2.8 43 23.4
CF
35 F Y ® 20 2.8 4.9 12.3
o
36 F %ca 74 1.9 5.2 371
LipE = pIG, LogP.
5826 DOI:10.1021/acs.jmedchem.7b01788
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Table 7. SAR, Metabolic Stability, and Oral Bioavailability of The heptauoroisopropyl substituent was originally explored

the Series of DPP-4 Inhibitors 340 in the agricultural chemistry arena and is found in the pesticides
F ubendiamide4(?), which activates insect ryanodine (Ry)-
F NH, O sensitive intracellula”O=lease channels, and &ndide 48),
NN, a noncompetitive inseeaminobutyric acid (GABA) receptor
F K/N\/<N antagonist. This moiety has also found application in drug
R design campaigns where it has been evaluated as a substitute for

DPP-4 1G, rat clearance  oral bioavailability ~ the iso-propyl angrtbutyl substituents, most notably in the

R (nM) (mL/min/kg) (F, %) context of the hypocholesterolemic stéfmad the bosentan
37  CHCH, 37 70 2 analogu&l, both of which @r improved metabolic stability
38  CFH 29 66 39 compared to their progenité@and20, respectivefy** While
39 CRCR 71 58 61 50 demonstrated higher potency toward lowering serum
40 CR 18 60 76 cholesterol levels in rats in vivo following oral desingund
@Dose = 1 mg/kg IV; 2 mg/kg PO. tothe ET, receptor with 16-fold reducedhdy (IC5=75.4 nM)

compared to 20 (kg= 4.7 nM) although the selectively index
of the CH in prototype7, while the CJEF; substituent iB9 over the EJ receptor was enhanced.

F3C

resulted in 2-fold lower enzyme inhibitory poté&ratyle 7. FoC cr, FiC CFs

Strikingly, while the oral bioavailability of each of theri3 F ]@XF

nated38 40 derivatives in the rat was sicgnitly improved HN/QX HN

compared t87, this was not the result of sigant changes in o o &

clearance in vivo. _ R F
Fluorination of the terminal glgroups of the-secretase r 1 d,s\\o O\\I/N\

inhibitor 41 was examined as an approach to address the Ph

metabolic mod¢ation that had been determined to occur at this 47 (flubendiamide)

site>® By replacing the GHyroups with CFintrinsic enzyme
inhibitory activity was improved marginally from;gvell@e of

25 nM for41to 16 nM for begacestd®y, while the;,, in RLM
increased from 1 to 8 min. Thisa extended to mouse LM,
where thé, increased from 2 to 24 min, but notto HLM, where
the measurdg, values fotland42were comparable at 8 min.

The improved metabolic stability in mouse LM translated to ® [ %

enhanced exposure and betteaey at lowering 4y levels in @EO FiG cF,
0]

mice in vivo, leading4@ being selected for clinical evaluation. y /©)<F
ROR HO O Mg

|
o 0 Ny N O O

N X
N Q)
OH U
41:R=CHj 51
42:R=CF, NaO,C—\

N
Fluorination of amide-bound alkyl groups has been shown to R@J @CO | R@}("H
oNa J N\

interfere with oxidatitedealkylation processeé For example, ro LN

replacing the iso-butyl amide substituent of the tetrahydroisoqui- CO,Na N
nolone-based antimalarial ag@ntith the triuoroethyl moiety S2R-tBu SR
found in44 resulted in only a modest reduction in cell-based (R CRCFa, 56;R;cpu(cps)2

potency while metabolic stability in mouse LM was substantiallyhe selective aspartate semialdehyde dehydrogenase inhibitor

increased|. Similarly, the GEH, substituent in the slowly 534 ors enzyme inhibitory potency comparableterthatyl
activating cardiac delayed rmgtiotassium curremtd inhibitor derivative52, while substitution of the iso-propyl moiety in

46 (L-768,673) was designed to interfere witN-thealkylation |, ; S A
. , ypoglycemic agédtwith eithetertbutyl 64) or hepta-
observed with thi-methyl analogué5, a known metabolic uoroisopropyl 56) led to reduced ects on sugar levels

pathvyay for ben_zodiazepine deriv_atives, _and thi_s compoyidy, 14243
exhibited long lastingeets on the QT interval in dogs in Vivo. In a series of inhibitors of aryl urea-based soluble epoxide
o NP O ¢l hydrolase (SEH) inhibitorsiorination of the phenyl substituent
N @1;?”)\/\@\ group conferred increased potency with t@(sBQ)Fan_d CRO
""f\NH o cl (60) analogues 3- and 6-fold more potent than the iso-pipyl
Ny SN a5 andtertbutyl 68) prototypes, respectivéliable 3.**However,
the heptauorisopropyl substituent &1 provided a uniquely
N (CFs oty potent inhibitor, vyith an almost 20-fold.advantagiﬂarui60.
F N Jgo ‘LQ IEter(;sgtm?]ly, é/:vlgge thbe aquegus sqlupggwas 185—ffolléj lower
N than 59, the -substituted derivati@® was 8-fold more
B S " CF soluble than boBV and59, an observation not anticipated by the
mouse LMt =033 h  mouse LMty =>4 h s predicted lipophilicity values.
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Table 8. Structure and Inhibitory Potency of a Series of The strategic deployment ofiarine atom can exert aeet
Soluble Epoxide Hydrolase (SEH) Inhibitors on drug metabolism and toxicity in a less direct fashion, as
o exemplied by the design of theioro analogué4 of the
/}/KN o R anticonvulsant felbamas8)(*° Clinical use d@3is associated
(:LN)J\NQ/ with aplastic anemia and hepatotoxicity that is idiosyncratic in
H H frequency and which has been suggested to be due to metabolic
R SEH 1G, (nM) solubility ( g/mL) release of atropaldehy6i6)(a bivalent electrophile capable of
57 iPr 117 2.60 cross-linking proteiffé.” The mechanism of releas&®fs
58 tBu 244 0.02 postulated to occur by the metabolic process depiztbdime 1
59 CF, 0.37 2,60 and is believed to be the consequence of an irreversible retro-
60 CFO 0.36 225 Michael reaction that results in the eliminatiosg®aHd CQ
61 (CFy),CF 0.02 0.17 from65. The formation d@6is e ciently blocked by theio-

] ] . rine atom present 64, which prevents theorinated metab-
One word of caution with respect to the taking advantagfiite analogosfrom undergoing the retro-Michael reatfion.
of the heptauoroisopropyl moiety as an aromatic substituenthe preclinical anticonvulsant fe@f64 compares favorably

is the potential for it to exist as atropisomers when there isg63and is, in some circumstances, superior, and this compound
large ortho- substituent. This has been observé@,wittere has been advanced into clinical 4fifls.

the '"H NMR spectrum indicated a 60:40 ratio of rotamers, o
with 62a identied as the major componerfitigre p*° J e

FsC CFs
FaCaiF P GaCF, g
HoN N HoN A 63:R=H
N = N 64:R=F
N N
H H
62a 62b

Metabolic Activation of Fluoro-alkyl Derivatives.
Despite the high strength of theRbond {Table ) and the
Figure 2.Atropoisomerism associated with 4-@peopropan-2-yl)-  relatively poor ability olioride to act as a leaving group,
1H-indazol-5-amine. circumstances have been documented where anaikiy
derivative undergoes metabolic activation that sets the stage for
The coalescence temperature, as determined from monitorihg elimination of HF from Spybridized carbon centé&ts.
the C-6 proton in GDCCDC}, was 108C, corresponding  Fluorine atoms are introduced into the ring of pyrrolidine
to an energy barrier of 19.4 kcal/mol. A similar observatiqferivatives as an isostere of hydrogen designed to interfere with
was made with the naphthalene and benzofuran analoguegélabolism, moderate the basicity of the nitrogen atom if so
which the pyrazole ring&#is replaced by benzene and furan,con gured, or modulate ring conformation (vide infra). How-
respectively. ever, one circumstance where this structurajucation
. presented problems is exeradlby the DPP-1V inhibit67,
Scheme 1. Metabolism of 63 and the Release of 66 which was observed to generate protein adducts when incubated
o o in RLMs:°The protein covalent binding associate@witias
0" “NH, 07 “NH, o ¢ irreversible and dependent on both time and NADPH but could
Ph{o v, P“{OH io be abrogated by including GSHNeacetyl cysteine in the
adenyde . incubation medium. Trapping experiments using semicarbazide,
I dehydrogenase [GSH a hard nucleophile that reacts with aldehydes, helped to elucidate
r‘j\ the metabolic pathway depictedSitheme .2Metabolic
Ph =0 o PhH%:'J NH  cop & activation is believed to be initiated-hydroxylation adjacent
o]

o -NHg to the nitrogen atom of the pyrrolidine ring to give the hemia-
o o minal68 that, upon ring opening to the aldel§@ds con-
Ph{ Y=o | % gured for the elimination of HF to form the Michael acceptor
=N i 0 . . . .
0 g l 70. The unsaturated aldehy@ées an electrophile with dual sites
Ph— =0 oy O N of reactivity and thus has the potential to cause protein cross-

protein decoration

© COH linking. However, the addition of a soft nucleophile like GSH

Scheme 2. Metabolic Activation Pathway Deduced for the DPP-4 Inhibitor 67
O, "9 O, {
o ij Hi
N NH
T T
NH, NH, NH,
67 8 9

6 6
§ o o HO
) P ) PR
NH || NH N
RQL RQL s° Rj s-C

NH, NH, NH,

S
R = F4CO s

H H

70 7 72
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would provid&1, which is presumably in equilibrium with the metabolic pathway while preserving the physicochemical proper-
ring closed form2 ties requisite for biological actiifpeuteration of the meth-
9 o ylene moiety represents the most conservative isosteric substi-
cmo—©—‘s\‘ NN@ tution that can slow this metabolic process while preserving
NS 4 NH, ¥ biological activity and has been successful in the context of
o CPT-347 {7), a deuterated derivative 78°° However,

Although this example provides a cautionary note with respelé rination oers a more deitive SOI.Ut'On' alt.hOl."gh theeets
to the bioisosteric replacement of hydrogembige in pyrrolidine on biological potency are less predictable with increases, decreases

and, presumably, the homologous piperidine rings, detailed st@fig Minimal changes described that show dependence on the
with '}t)he diuorilz/ated pyrrolidgi]ne-bgged DPP-I\% inhibn®rs speuctargqorchemotype within gta”r@(éEGThe “O”F‘ated
.camptothecin analogr@was specaally designed to increase

and 74 have indicated that for these molecules, thiscspeci X o X

metabolic pathway is not followeEhe HIV-1 non-nucleoside metabollq Sta.b'"ty over the hydrqgen—substltuted prototype, a struc-

reverse transcriptase inhibitexhibits a short life in RLM and t“fa'.”?Od'C?‘“O” that resulted in |mprc_)ved exposure following oral

HLM, and while the dioro-pyrrolidine ring was determined to admgcl)ss;crggon ﬂf tL‘e. compountd af. its pfr%?ﬁ%Lu;n;caft_or

be the site of metabolism by an undetermined pathway, there ;O g whic m;nptroveCsF_Ir_@ '398 0 i e tcys dl hrost;s

no apparent indication of reactive metabolite forrifation. ransmembrane regulator ( FRH08 mutan . and has been
2,2-Di uoro-1,3-benzodioxole Derivatives. The 1,3- ?‘F’pfo"ed by the FDA forthg treatment of cjzxos_ls, ISa CYP.

benzodioxole moiety is a structural element in prevalent natdmgct?rl. ratherh.thhar) aT |nh|b|_t§rf and SdUbjleCt torﬁgnll'ted

products found, for example, in the papaverine alkaloids, ca 5?451'2?2'7‘3)’3 I;Cis Iari“gljir:/iiz II?/XIevaallggte%n m%gﬁg;?sm_%ézg q

tothecins, and several constituents of kavdawaver, this ibitor of fatty acid amide hydrolase (FAAH) for which the 2,2-

functionality is susceptible to metabolism by CYP 450 enzy :
following a pathway that leads to the formation of a carbe %Tg{,gﬁggﬁﬂ%g dioxole heterocycle was observed to be

intermediate that binds tightly to the Fe atom of the enzyM@

(Scheme)3This carbene-bound intermediate is referred to as
E O

Scheme 3. Cytochrome P450-Mediated Metabolism of the F><o
1,3-Benzodioxole Moiety to a MI Complex

A
O  CcYP450 O, / OR
L T~ i
o o N N
o} ? r |
CYP 450-inhibited R 0

MI complex F><O . O COM FXOIDV(\NJ\H/%)

N 0 s SR

metabolite intermediate (MI) complex that inactivates th

enzyme until the complex degrades, which relieves the inhibit.... ., 80 81

with the methylenedioxy carbon atom released as carbon mon-

oxide>**° However, this step generates a catechol that can be FLUORINATION OF ALKYL GROUPS AND
subject to bioactivation by oxidizing enzymes, including CYP CONFORMATIONAL EFFECTS

450s, to aordorthequinone derivatives that are highly reactiven this section, the ects of uorinating alkyl moieties proximal
toward both soft and hard nucleophifésConsequently, the to a range of functional groups that can lead tousmie on
benzoff][1,3]dioxole element is considered to be a structural alefie conformation of a molecule are discussed.
because it can be associated withdhuginteractions, metabolic  Fluorine for Hydrogen in Alkyl Groups Proximal to
activation, and toxicities that includes hepatotGioitexample,  Amines. The substitution of hydrogen attached taaon
despite its relatively low clinical dose of50mg, the  atoms by uorine can iruence the properties of a molecule
antidepressant paroxetiné) s metabolized by CYP 2D6 in a sjgnicantly in a fashion that is dependent upon the nature of
fashion that leads to inhibition of the enzyme, inhibiting both its oWfoximal functionality. The gauchecebetweenuorine and
metabolism and that of other drugs that are cleared by cYp 2D6ypstituents on the adjacent carbon atom can bectines
£ approach to iniencing the conformation of a moletulae
calculated energetic preferences for the gauche conformation of a
/@EOXR series of 2-substituted ubroethane derivatives are compiled in
o R Table 9and this phenomenon has been taken advantage of to
probe aspects of molecular recogfiitibhus, the conforma-
tions of 3-F GABA&3 and84°® the 2,3-diuoro GABA ana-
76: R = H (paroxetine) logues85 88°° and 3-uoroN-methyb-aspartate (NMDA)
77:R =D (CPT-347) derivative81and92’°have been analyzed in order to illuminate
An appreciation of these problems has prompted the desigraspects of the bound conformation of their prog&2itord39,
1,3-benzodioxole replacetaethat would abrogate this respectively, while the conformation of the GABA elementin the

N
H
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Table 9. Calculated Stabilization Energies Favoring a Gauche cHcor oy fHon
Relationship in 2-Substituted 1-Fluoroethane H H }jﬁ )
F W - NH39H2002
H R 3
& r
H Figure 3Preferred conformation3®at the GABAreceptor (A) and
stabilization energy (kcal/mol) the GABAreceptor and the transaminase enzyme (B) deduced from an
evaluation @83 and84.
F 0.51.0
OH 1020 The preferred conformation®band92, uoro-substituted
OAc 16 derivatives of NMD/B9) which acts as an agonist at a subset of
NHAC 18 receptors that recognize glutamic &€)J Were analyzed by
NHz 0.9 10 'H- and'*F-NMR, which revealed tlatadopted the confor-
NHs 58 mation depicted Figure 4°However, the precise conformation
macrocyclic heptapeptide unguis@8ihich is isolated from N
the marine funguEmericella ungulsas been probed by N NH2;0 .
incorporating85 88" The design principle behind these ﬁf 2
studies relies upon a gauche interaction betvegizre and the HO €02

ammonium moiety to favor a specbnformation that is used
to probe cognate receptors and, in the case of GABA, recogni
by the transaminase. For 2,3wfio GABA, a gauche
interaction between the twaorine atoms provides an

igure 4 Proposed active conformation of NMDA at the GIuN2A and
UN2B receptors after analys&l@nd92

1of 92 could not be determined, although one conformation was
preference of theiorine/ammonium elements. ruled out and density functional theory (DFT) calculations sug-
Fluorine was introduced at the 3-postion of GBBArd the gested that of the_other.two conformations, the @utimg the
individual enantiomerR){3-F-GABA 83 and ©-3F-GABA  arangement depictecrigure 4vas not favored. TheS&-
(83) evaluated as ligands for the G/B® GABA receptor® isomer9l e\{oked currents at GIuN2A and GIu_NZ_B receptors
Because the cloned GABseptor failed to distinguish betggen ~ €XPressed iXenopus laewscytes that were indicative of
and84, the extended conformation A depictejine 3in which ~ @gonistic activity, wh@ was silent. As consequence, it was
the two key functionalities are in an antiperiplanar arrangement mgeslteq that the active cqr;:‘orhmatmnfls as d.ep?mﬁme;]m
is available to both enantiomers, was considered to represen?}tﬁ?nc usion consistent with the con ormatid@® ok the
bound topology. However, both the GABs&eptor and the closely _related GIuN2D receptor in the cocrysta[st?ﬁcture.
transaminase favoR8] suggesting that conformer B depicted in F_I(;Jor'r_‘l% for I—||ydrogen ”]2 Aﬂk)él Groups Proxlljmal to
Figure 3is that recognized by these proteins because tHafldes.The replacementofa hydrogen on a carbon atom
topographical arrangement is a conformation disfavedsti by an amide nitrogen witborine can a&ct biological activity in a
Evaluation of the dioro homologu@S 88revealed thabwas a positive or negative fashion, a function of modulating conforma-
more potent ligand for the GABAceptor than either GABgx ~ tional preferences due to theignce of a gaucheet between
GABA, while 86 exhibited dual GARIGABA: binding® these substitueritsThis is elegantly exemet in the context

Interestingly, while bof and86 adopted an extended, zigzag ©f Proline-containing ligands whexine is introduced at the
conforma?ign, they elicited veryedin? eects at the G A%g g C-4 position of the riny-Acetyl proline methyl est@4Y exhib-

receptor, witB5 an agonist whi&6 acted as an antagonist. its a preference for the&hdo conformatioirigure 3, that is
P g . . g reinforced by the introduction of é&54-oro substituent 5

*HgN._~_CO; “HaN._A_COy "HN._L_coy (Figure B), while the 4R)- uoro derivativ@6favors the Gexo
a2 - 34 conformer presentedfigure €. Thetrans(Z) topology of
(R)-3F-GABA (S)-3F-GABA the amide moieties 84 96 is also favored, attributed to a
stabilizing interaction between the oxygen of the tertiary amide
and the exocyclic GO carbon atom. This phenomenon is viewed
as the donation of electron density from the nonbonded electrons
£ ) F ) 0 N of the amide C O to the * orbital of the adjacent @@e (or
HoN A€z *HSNJ\(COZ . /\(o CO:NHR) substituent, which confers a detectable element of pyra-
F F o nh M HN_ midalization to the electron acceptingddmoiety Figure
(S)—ZF-(S?—%F-GABA (R)-zF-(RS)gF-GABA >‘?/ 3:0 F. F,"
F : S oo Uhvoen GN
*HgN A _-COs +H3Nj\rc02- OiNH HN‘< N N” YCO,CH, N” YCO,CH; N” YCO,CH,
: I SO L P Pe A
87 88 0 0 0 0
(S)-2F-(R)-3F-GABA  (R)-2F-(S)-3F-GABA
, 94 95 96
93 (unguisin A) . . . . . .
The e ect of C-4 uorination of a pyrrolidine ring on bio-
N N “NH,* SNH,* logical activity has been illustrated in the context of both DPP-4
o €Oy o )\z/coz- ] ozc?ﬁ/cof _OZC;\;/coz- and broblast_activat_ion prqtein (FAP) inhibito_rs_ where in each
£ F case the proline moiety is installed ah& the nitrile engages
89 90 91 92 with the active site serine of the protease in a Pinner-type reac-
(25.35)-3F-NMDA  (25,3R)-3F-NMDA tion to reversibly form a stable imino€thenn the series of
5830 DOI:10.1021/acs.jmedchem.7b01788
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C'-endo C'-exo C'-endo C'-exo CY-endo C'-exo

A

Figure 5Conformational preferenceld-@fcetyl-proline methyl es@4)(A), N-acetyl-4R)- uorot-proline methyl ested%) (B), andN-acetyl-4-
(9- uorot-proline methyl ested§) (C).

o OYO confers increased polarity to a mole€fieor 1,3-diuoroalkanes,
N — N the conformational preferences are dictated by favorable dipole
-'Q%\ N /KQ-.O\ dipole alignment, with the preferred conformation depicted in

Figure D estimated to be 3.3 kcal/mol lower in energy than that
in which the CF dipoles project in the same direction.

Figure 6 Acetamide conformatior®dilepictingann * interaction. The conformational ects of uorination patterning have been
DPP-4 inhibitor§7 10Q the cisd-F-&-isomero8 was 450- examined in the stearic acid derivativieendl15and the sub-

X ; stituted palmitic aciti$6 118’The higher melting point of the
fold more potent than theans4-F-R)-isomei99, SAR points ;) i reqsomen 15(86 88°C) compared to the:(-erythro
that cannot be attributed to a sterezebecause the 4,440 ¢\, red114(67 69°C) was attributed to the abilitdto
homologuel00 fully retained the potent enzyme inhibitory o 4,5t 5 elongated form stabilized By gauche interactions
2Cg\é'tt¥ g';] tﬂ;?ag'zptg;ytpr?eééggblectgrThﬁ'gstgr?a_nt(l%?zf that project the alkyl moieties in an antiperiplanar arrangement,
ubstitu 1z pucker, whi ATV thereby minimizing unfavorable steric interactions and facilitat-
uoro isomer stabilizes thes®o puckeiHigure } and itis this

phenomenon that is believed to underlie the observed SAﬁ\gnlmproved crystal packifign contrast, the two conforma-

. . N s of the £)-erythrasomerl14that are stabilized by F
These observations were reproduced in the FAP inhibitg . . L
102 104 where the @cts of uorination and the preferred abso- dguche interactions also place the alkyl chains in a gauche rela-

. . . . tionship, while the conformation with the alkyl chains antiperiplanar
I(lfrtgbcignlgm%atlon are identical to those observed@Wwathdd8 sacrices the FF gauche ects. The melting point @18

(89.9°C) was higher than palmitic acid (6Z% and 116
(62.9°C), while117 was isolated as an amorphous solid that
could not be obtained in crystalline féfi8ingle crystal X-ray
structures df16andl118revealed extended, zigzag-type confor-
mations that presumably facilitate crystal packing, while the amor-
t phous nature dfl7was attributed to repulsive intramolecular

e ects associated with the patternuofination that lead to

s-cis s-trans

However, the SARs foorination of a proline moiety installed
at B, of the series of thrombin inhibitd@ 108re ected the
opposite preference to that observed with thei€ty of DPP-4
and FAP inhibitorS.In this series, thens4-(R)- uoro isomer
106 was 300-fold more potent than d¢fsd-(S- uoro isomer
107, while the 4,4-dilfuoro analog08 was 6-fold less poten
than the hydrogen prototyp@5(Table 1).

The e ects of uorination of a proline ring do not always mani-d'sorder'
festas an imence on potency. In the series of VLA-4 antagonists §
109 113 all three uorinated compound41 112exhibited /\/\WC%H
potency comparable to the paddi8and the 48)-hydroxy F

114

derivativé 10 indicative of considerable tolerance for substitution mp = 67-69°C

at this region of the pharmacophore.
R Ri

E
NN NS SN CO0H
H

N
iméﬁ
0 N CO,H = 86-88°
N7 N 2! mp = 86-88°C
H H o AN
O\

/\/\/\/Y\/\/\/COZH
109:R=Ry=H 111:R=F;Ry=H FF
ICs = 1.6 "M ICs0 = 2.2 NM 16
M3:R=Ry=F COH
ICs0=1.4nM £ "»F
Fluorine for Hydrogen in Alkyl Groups Proximal to 7
Fluorine. An understanding of the conformational preferences amorphous
of alkanes in which hydrogen atoms have selectively been replaced FF
by uorine can confer advantageoeste that may be useful in /M/WA/COZH
drug designRigure Y.”® 8 The C C C bond angle of the FE
R CF, R moiety widens t0118, while the FC F angle is 118
narrowed to 104 relative to normal tetrahedral carbon bond mp = 89.9°C
angles, which can manifest as a THogmd eect Figure A).”® An example of the application wdrination patterning to

When CEmoieties are introduced in a 1,4 relationship to an alkgbnformational control is provided by a detailed analysis of the
chain, dipoledipole interactions and the relief of steric but-solid state and solution conformations of a seriegariniated
tressing favors an extended conformdtigaré B). Vicinal 1,3-diphenylpropane derivafiVemiquely, the aflintiisomer
di uoroalkanes adopt a gauche conformation that overrides ti®was found to adopt a conformation that placed the two aryl
unfavorable G~ dipole dipole alignment and, as a consequencejngs in a topography that mimicked those of the preferred

5831 DOI:10.1021/acs.jmedchem.7b01788
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Table 10. SARs for the 4-Substituted Pyrrolidine-2-nitrile-Based Inhibitors of DPPX®7And FAP (101104)

H Br
H,N Q
[¢] W
N

o R
D ~R
N\‘ ” I
N

R R DPP-4 ICso (nM) R R FAP IC5o (nM)
97 H H 1.5 101 H H 10.3
98 H F 0.6 102 H F 33
99 F H 290 103 F H 1,000
100 F F 0.8 104 F F 3.2

Table 11. SARs Associated with 4-Fluorination of the
Inhibitors of Thrombin 105108

R R thrombink; (nM)
105 H H 0.6
106 F H 0.37
107 H F 110
108 F F 3.6
A n=116D B
~104° e / 1
S F FtF
A N )EF —_— /y\)\/
R™ 'H R™ 'R -
R ~118° FIF
1,1-difluoroalkane 1,4-diCF, motif
c D
Fl F p=163D
H/E/H - g‘@/{' R R RY\rR’
HY [y == B %
FT > H/ F-i— F B oRT

1,3-difluoroalkane
GC.H = O'CF

1,2-difluoroalkane

Figure 7.Geometry of 1,1-dioroalkanes (A), the 1,4-di,@kotif
(B), and conformational preferences for lupvdr (C) and 1,3-

di uoro-alkanes (D).

conformation calculated for 2-benzyl-2,3-dihydrobenzofuran
(120. This provides an interesting example of how isosterism
at the level of atom replacements (F for H) can translate into :

potential higher order bioisosteric relationships.

U O
. O,
Y0 C

119 120

di uoroisomet23 re ected inthe lower measured value of Log
P. These properties translated into a more than 8-fold increase
in aqueous solubility compared to the parent dlkadespite
the addition of the two slightly more lipophilicrine atoms
(Table 1} This result was attributed to the gauche interaction
between the twaiorine atoms df25favoring a conformation
that projects the G~ dipoles in a similar directiongeted in
the higher dipole moment of 168ompared to 1.IBfor the
geminal arrangementli2l For the butyl seri@d27 129 the
vicinal diuoro-substituted compouhd9 was less lipophilic
than the geminal-substituted analog@@sand 128 which
translated into modestly higher aqueous solubility. Indeed, the
LogP value measured fi#9was only slightly higher than that
for the vicinally substituted homoldf2sdespite the presence
of the additional CHmoiety, providing some instruction on
how to deploy uorine to advantageously modulate physical
properties. The metabolic stability of the compounds in liver
microsomal preparations was also evaluated, and while there
appeared to be some enhancement associated with increased

uorination, the results were less thamitile®"

A practical consequence of teeiof a considered deployment
of uorine patterning on the solubility of a compound can be
appreciated by comparing the properties of the homologous
Mycobacterium tuberculdib) inhibitors 130 and 131%2
While both compounds areetive Mtb inhibitors that act by an
unknown mechanism, the aqueous solubility of e CF
substituted compourd@1was more than 20-fold higher than
the CK homologué&30despite a modest increase in the measured
value of Log.

130: X= CF, 131: X = CHF,
MIC = 440 nM MIC =600 nM
measured Log P =4.4 measured Log P = 4.6
solubility = 9 uM solubility =212 pM

REPLACING HYDROGEN BY FLUORINE IN

The e ects of theuorination pattern of alkyl side chains on
the physicochemical properties of a molecule has been evaluated ROMATIC RINGS
in the structurally homologous 3-probylrtioled21 126and Aryl Fluoride Derivatives and Metabolism.The judicious
3-butyl-H-indole derivativd®7 129 compiled inrable 15* substitution of a hydrogen atom in aromatic and heteroaromatic
The experimental results revealed interestizig ef the pattern  rings by a uorine atom can exert a sigant impact on the
of uorine substitution in the propyl setiés 126 with the properties of a molecule that are of lmémlenterest in both
vicinal diuoro derivativd25 less lipophilic than its geminal drug design and development. An early focus of the introduction
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Table 12. Physicochemical Data Associated with the Series Fluorinated 3-Alkyl Indole Derivativas 121

F F F
R \J_g\/\ MF F"K/\r ”'JA\/\K
L LF L A F
121 122 123 124 125
Eson (kcal/mol) -6.7 -9.4t0-9.8 -10.1t0-10.4 -8.8 -12.3t0-12.6
Log P* 33 2.8 2.9 3.1 2.5
solubility (uM) 200 30 >1720
R FE F E F W WF * Log P dat
og P data
L | X < I
were
126 127 128 129
determined
Log P* 2.8 3.1 3.0 2.8
experimentally
solubility (uM) 820 182 115 277

Table 13. HCV GT-1b Replicon Inhibitory Activity of NS5B Inhibitors 1B36
CF,
N~ NZ=N
e L3 N
133 134 1
=
] =) =0 =0 -0

F FF F

35 136

ECso GT-1b

replicon (uM) 0.11 0.016 >50 5

of uorine to aromatic rings was as a tactic to slow metaboliggnocess presumably assisted by an electronic interaction with the
although uorinated rings are still subject to metabolic modi imidazo[4,%}pyridine heterocycle, leading to the generation of
cation by CYP 450 enzymes aindine has been shown to undergo the enonel39 This molecule ers two electrophilic sites

the NIH shiff® A particularly interesting and complex exampléhat can react with GSH, with pathways A and B leading to the
of metabolism associated witlu@rophenyl ring is provided putative metabolitéd0and141 However, GSH attack at the

by the hepatitis C virus (HCV) NS5B polymerase inhibitomore hindered site outlined by pathway C would generate a
tegobuvir 132, which was discovered using a phenotypic cellnolecule that retains electrophilicity and is capable of reacting
based screéffiThe uorination pattern of this chemotype is a With either GSH or a cysteine residue of the HCV NS5B protein.
critical determinant of antiviral activity, illustrated by the SARhile the identity of the reactive cysteine in HCV NS5B was not
associated witt83 136 (Table 1} which were only under- de nitively determined, Gyswas suggested as a potential
stood as the result of a careful mechanistic &#IRssistance candidate because itis proxw_nal to the active site of the enzyme,
mapping with:32identi ed the NS5B polymerase as the antiviraf'd cOmpounds that react with this residue are documented as
targetin the cell-based screen, but the compound was not a difd¥pitors of the enzyrfié:

inhibitor of the enzyme in biochemical a&$4ysstern blotting FsC CFs

analysis of replicon cells treatedi8iPnevealed the presence of Z NN

both the natural NS5B polymerase protein and a related protein N | @N)_Q
with amolecular mass that was 820 Da higher. Thedin8bB N F
protein represented the addition of one molecule of a metabolite 132 (tegobuvir)

of 132that had lost oneuorine atom and acquired GSH. The  Aryl Fluorides: Membrane Permeability and P-gp
antiviral activity associated WB2 was reversed by CYP 450 Recognition. Substitution of a hydrogen atom bgrine to
inhibitors, and this activity was subsequently narrowed to Citoduce an intramolecular interaction with a pendetias
1Al as the activating enzyme. The proposed metabolic pathiyegn exploited to enhance membrane permeability following the
presented ischeme 4elies upon metabolism1#2 to the seminal observations made with the two series of inhibitors of the
intermediate epoxide7, which readily losesioride in a coagulation enzyme factor Xa (FXa) summarizeblinl4>
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Scheme 4. Metabolism of 132
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Table 14. Caco-2 Cell Permeability Values Associated with the Two Series of FXa InhibitbdS8 B4l 149151
R F3C, R
J_ R J’_BYH
N N N
N O S0O,CHj 5 ’(
o] N
(2 G B
NH,
NH, oK
R R Caco-2 permeability R Caco-2 permeability
145 CH; H 1.20x10° cm/s 149 H 0.82x 10° cm/s
146 CH; F 3.14x10% cm/s 150 F 7.41x10°%cm/s
147 CF; H 3.38x10% cm/s 151 CN <0.1x 10%cm/s
148 CF; F 4.86x 10° cm/s

Caco-2 cell permeability was improved by substituting the hydrogeRigure 8 was also examined by evaluation of 15 MMPs, of
atomorthe to the anilide NH, illustrated by comparing the which 9/15 exhibited an increase in the permeabilityiese
MMPs 145 146 147 148 and14915Q These observations of +0.3 logP.. A simple increase in lipophilicity was not the
were attributed to an electrostatic interaction between the F atsgurce of the enhanced membrane permeability because there
and the proximal NH that shields the H-bond donor properties, was no demonstrableeet withmetasubstituted uorinated
important to both passive permeability and recognition?’;% -gp. compounds. Moreover, the observation that introdusorine
That the eect was not a function of the electron withdrawingatom had no ect in six out of the total of the 42 MMPs examined
properties of the substituent was illustrated by the poor megmphasized the contextual nature of this phenomenon. An analysis
brane permeability associated with the linear nitrile moiety incgf-the motifs depicted ffigure 8n the Cambridge Structural
porated intd51 This structural motif is well-represented in theDatabase (CSD) idereil a number of examples where there
medicinal chemistry literature and is particularly prevalent\iere close contacts betweeorine atoms and the pendent
kinase inhibitof$. _ . N ~ N Hs that stabilized the molecular confornfition.

This phenomenon is not restricted to anilides but is also Another practical illustration of the value of engaging an NH
observed in benzamide derivatives and the presence of a proxipalproximaluorine is provided by observations in the series of

uorine atom to interact with these H-bond donating function-_hydroxyethylamine-based inhibitors of the aspartyl protease
alites are common in drug candidates, particularly kinase inhiksjte amyloid precursor protein cleaving enzyme 1 (BACE-1).
itors. The eect of intramolecular interactions of this nature hagne |ead inhibitot52 exhibited potent activity in a cell-based
been explored more explicitly by comparing the permeabilfysay, hut the brain/plasma ratio following oral administration to
properties in a parallel astal membrane permeability assayats was low, attributed to P-gp-mediater based on obser-
(PAMPA) of 27 MMPs dd-phenylamides thatdr by onlya  yations of compound performance in a human LLC-PK1 cell

uorine for hydrogen atom exchafggufe 8)."In 12 ofthe  |ing ata that are summarizadisle 15A potential solution to

27 cases examined, replacingrthe hydrogen by auorine s’ yrohlem was probed by introducing structural elements

atom led to an increase in permeability £0.3 logF. _The designed to interact with the acetamidel Necause of the
alternate arrangement represented by the benzamides depw.l% n role of exposed Ns in P-gp recognitiéfiThe methoxy

moiety in154 which is capable of establishing a conventional

34, f (BHV Fy n-R intramolecular H-bonding interaction with théiNexhibited
N R . 2-fold higher permeability and a 5-fold reduced eatio
73/ while only modestly (2-fold reductiongéaing potency, data

that contrasts with the properties of the iso-butyrastde
Figure 8Core structures of MMPs\ophenylamides and benzamides Theorthe uorobenzamide derivaié&exhibited similar mem-
examined in a PAMPA. brane permeability b2 but P-gp recognition was reduced
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Table 15. BACE-1 Inhibitory Activity, Membrane Permeability Data, anck Ratios for 152156

R\(O oH Y
HN\./'_\,N
0 3 e
ST I
O ~
152 153 154 155 156
R CHs iso-propyl \o/g\gj Q\/ F/\;
F
BACE-1 ICso (nM) 8 144 17 76 29
Papp (10 cm/s) 11 17 23 11 16
efflux ratio in parent.al LLC-PK1 19 16 16 1 2
human cell line
almost 20-fold based on theaur ratio, while the data 56 in uences conformation, are@ exploited to illuminate the

suggest that an alkybride can perform similarly. These obsertopology of the pharmacophore associated with the spiroindane-
vations are consistent with an interaction betweeuotiree based calcitonin gene-related peptide (CGRP) receptor antag-
atoms and the NH along with a reduction in the basicity of the onist161, which was evaluated as a potential therapeutic agent
C O oxygen atom that masks these elements from the exterioakhe prevention of migraine attathithough the oral bioavail-
environment and which is believed to compromise P-gp recognitilnility of161 was reasonable, the PK [@® of more potent

These eects were also manifested in the series of cyclic amidingalogues were inferior, attributed to a high polar surface area
based BACE-1 inhibitdr'§7 160 in which the exocyclic NH  (PSA) limiting absorption and focusing attention on replacing
engaged the catalytic residues, Asd Asp,gOf this aspartyl  the central amide moiety with a less polar bioisostere. Modeling
proteas€’ The lead compounti57 exhibited limited CNS  studies indicated a preference for coplanarity between the amide
penetration due, in part, to P-gp-mediated,evith a ratio of  and spiroindane cores, with the lowest calculated energies observed
12 determined froRy, values in Caco-2 cells. The introduction at the two topologically divergent conformatiorfsamicl0186)
ofa uorine substituent in the peri position ortho- to the amidinghe preferred binding topology was probed by separately replacing
carbon atom df57reduced theify by 1.3 units from 8.4t0 7.1 each of the H atoms ortho- to the anilide bprne to aord 162
in 158 a structural modiation that increased membrane per-and163 It was anticipated that these substitutions would stabilize
meability while reducing the ratio by almost 4-folteble 1§ the complementary topologies depicted by the combination of an

o . attractive electrostatic interaction between tHeaNd uorine

Table 16. BACE-1 Inhibition, Membrane Permeabilityui and repulsive ects between the G oxygen andiorine atoms
Ratio, and K, Values for 157160 due to steric and electrostatic considerations. Biological evaluation
of isomer$62andl63demonstrated a 10-foldetence in CGRP
receptor anity favoring the extended conformation represented
by 162 a hypothesis corroborated by the synthesis of the fused
ring compoundl64 that constrains the topology in an
unambiguous fashion and preserves bindiity:

BACE-11G, Py e ux pKaof
R, R, (nM) (10 ®cm/s) ratio conjugate acid @'\ Q
H 500 34 12 8.4
H 158 12 3.1 7.1
Ck; 134 0.13 >10 ND 161
CR 241 39 0.6 6.9 CGRP K; =20 nM

NH
157

158
159
160

M I I

In this example, the positive@ on permeability was angdi L L

in the matched pair of homologli8and16Q attributed to 1 QQ\ by Hf m by @ Q
a weak interaction between therine atom and one of the  R™ N N0 N NN RE A |
hydrogen atoms of the Mthat reduces the number of H-bond H—F A r
donors available to the environment. In addition, the solvatior 162 163
energy of theuoro derivative was calculated to be less negative  CGRPKi=55nM CGRP K =720nM
than for the hydrogen analogue, while the combination of elec

tronic and steric ects was proposed to shield the polar nitrogen

atom from the environment. In addition to the improvement in @ Q "
permeability and ex ratio, BACE-1 inhibitory potency was 7N m
retained for this series and an X-ray cocrystal structure of a clo

~

analogue df60revealed that theiorine atom interacted with 164
the carboxylic acid moiety of the catalytic/Atbye side chain CGRP K;=17 1M
hydroxyl of Thg, and three water molecules, with O to F GPR119 agonists have been explored for their potential as a
distances that ranged from 2.9 to 3%3 A. treatment for diabetes because they increase cAMHeétisn
Aryl Fluorides and Conformation of Proximal Sub- and stimulate insulin release, mimicking dwaseof GLP-1.

stituents. A uorine atom ortho- to the NH of an anilide also The introduction of auorine atom ortho- to the NH of the
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Table 17. hGPR119 Agonistic Activities Associated with 1%

/—N
N N/\:>_</N‘ NN N@N—COZ‘Bu
o-N =

O:éQNH NO, O>§Q-NH NO,
R R R
R R hGPR119 agonist ECsg R hGPR119 agonist ECsg
165 H H 5.8nM 168 H 11.5nM
166 H F 0.68 nM 169 F 1.5nM
167 F H 3.4nM

GPR119 agoniss5a ordedL66with 8-fold improved potency, exhibiting a dependence on cofit€t’° The dipole relation-
an e ect that was not reproduced by the meiee analogue  ships betweenuorobenzene and pyridine, 1,2afiobenzene
167, which displayed potency similar to the progémitoe (L.”* and pyridazine, and 1,3udirobenzene and pyrimidine are
Asimilar SAR observation was made with the pair of related cal@picted inFigure 9 Using a simpler metaphor of structural
poundsl68and169 leading to the proposal that an intramolec-

ular interaction between theorine and the NH favored a 0 {F QupR 4 F F
planar conformation. This hypothesis was supported by the much ENj b /NQ{ &} NJ$N F\®/F F F
weaker agonist activity associated witk-thethyl derivative . < (A

171compared to the hydrogen analdgi@and inspired the 23D 163D 39D 259D 24D 151D 29D (est)

synthesis of bicyclic homologues as functional bioisosteres _ )

designed to constrain the preferred topology. Thiglsddized ~ Figure 9.Comparison of the dipole moments and vectors of
in this exercise was of particular importance because the inddlir¢erinated benzenes and azines.

172 f 10-fol han the h I . . N
tetraﬁ??jrgggi%gl)ingagg old more potent than the homo Ogouasnalogy, the electron density associated withotiree atoms

may be equated with the lone pairs of electrons associated with
o=t - 0% N the heteroatoms of the heterocycles. There are, however, some
g Q N: I n-COBu O N7 N-COZBu limitations to the isosteric relationship because the experimental
I R',\' L) N NJ\Q/C dipole moments determined foorobenzenes are less than

those measured for the analogous azine heteradytdbly,

e R ezl the addition of the thirdiorine atom in 1,2,3-tmiorobenzene
171. R= CH, 173 =2 increases the predicted dipole moment compared to either the
ECso =>1000 nM ECeo =793 1M 1,2- or 1,3-duoro isomer, enhancing this aspect of mimicry with

Aryl Fluorination and Solubility. An interesting observa- pyridine and pyrimidiri&’
tion of the eect of replacing a hydrogen atom ortho- to an anilide Bjoisosterism between an aryF@nd an azine @ bond
N H by uorine is provided by the CGRP receptor antagonisyas examined as a means of addressing developability issues in a
175 derived from the progenifat4™ The measured aqueous series of2/ 3 subtype-selective GABgonists, explored as a
solubility ofL75was determined to be over 30-fold higher tharpotential treatment for anxi&yComparison of the receptor
that of174 an observation not well understood, with conjecturginding data accumulated for the MM#177and178 179
focused on theuorine atom polarizing the adjacenHN  demonstrated ective bioisosterism between & Bond and a
thereby rendering it a more powerful H-bond donor to promotgeterocyclic nitrogen atom in this conteaile 1% Of partic-
enhanced solvation. However, this phenomenon may contribyfgr interest, 78exhibited a poor PK pte due to the formation
to the poor membrane permeability and oral bioavailability asgptheN-oxide at the exposed pyridine nitrogen atom in vivo. By
ciated witlL 75 which led to a focus on intranasal drug deliveryeplacing the ring nitrogen atom with & @oiety in combi-

for the treatment of migraitie. nation with switching the other Eto a nitrogen atom, both
Ho X Log P and potency were maintained, while the Pkepras
Oﬁ/\"‘b improved because the steric encumbrances surrounding the
o O/N nitrogen atom id79interfered witiN-oxidation. This type of
N structural isosterism may also be of value as a means of avoiding

AN
/Q 10 the CYP inhibition that is often associated with sterically exposed
QN pyridine nitrogen atoms or mitigating susceptibility to aldehyde
B oxidase-mediated metabolism.
N In the related GABAagonistl80 where the imidazo[1,2-
174: X = H 175: X = F alpyrimidine heterocycle functions as an interestingeatide
Zi.‘i?f’.ﬁéﬂ;&“ﬂ Zgﬁsﬁ"tyﬁgo%%;:n“f bioisostere of the pyridazine rin@%8 179 replacement of
the nitrogen atom in th%};six—membered ring withFariety
led to improved potency. This was illustrated by comparing
FLUORINE MIMICRY WITH NITROGEN-BASED the proles ofL82with the pyridine prototyd80and the CH
LONE PAIRS OF ELECTRONS analogué81, with1820 ering equivalent potency at both the
Aromatic Fluoride and Azine Mimesis.The similarity of 1 and 3 subtype receptors similarl89) but with slightly
the dipoles ofuorobenzene and azine heterocycles has bebigher e cacy at the3 receptor and lower eacy at thel
recognized as a potential drug design element, and this bioisostgigype Table 19 In this particular example, this was the
concept has been explored in several settings, with the redaltgeted biochemical dem In contemplating the desigh&%
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Table 18. SARs Associated with a Series of GABA 3 Subtype-Selective Agonists 1789

F
N | N |
RN
F
F

176 177 178 179
A~ F F N F Fa~F

R “ | X < |

N
NTY F F

GABA, al Ki (nM) 0.5 0.1 1.8 15

GABA, a3 K; (nM) 1.4 0.4 6.3 8.5

GABA, a5 K; (nM) 2.4 0.3 6.0 12.1

Table 19. SARs and Receptor Selectivity Associated with the Series qfAgdBi&ts 180182

4“
ST

X 1K; (nM) 3K (nM) 1 e cacy (% chlordiazepoxide) 3 e cacy (% chlordiazepoxide) of core D)
180 N 0.71 0.47 60 79 5.10
181 CH 4.35 5.16 35 61 3.37
182 CF 0.20 0.32 34 104 4.52

this study conducted what has probably been the most detailedAnother example of an aryliCmimicking a pyridine atom
analysis of CF/azine bioisosterism. After careful consideratiowas observed in a series of CHK1 kinase inhibitheslead
of the calculated and measured physicochemical properties ofrthiitor 189 which was discovered using amtp selection
abbreviated core heterocyt&3 185 compiled inTable 20 mass spectrometry-based automated ligandatentisystem
i screen, exhibited modest selectivity over CDK2 that was iter-
Table 20. Calculated and Measured Properties for 185" atively optimized into the more potent and selective pyridine-
RepaN based inhibitat90°’ An X-ray cocrystal structure @0 with

L 2 the kinase revealed the important inter- and intramolec-
ular interactions that contributed to the observed inhibitory
potency Figure 1°’° The key intermolecular interactions

X calculated dipol®)( measuredlfy, measured Ldg;,
183 N 3.37(R=CH 49 (R=H) 0.2(R=H)
184 CH 510 (R=CH) 6.9 (R=H) 0.8 (R=H)
185 CF 452 (R=Ch 4.9 (R=H) 0.9 (R=H) HO,C /,j‘l
® Lysss

. . . Gl \ H
3Structures were built and energy minimized using the Merck e % o yNew

Molecular Mechanics Force Field (MMFF). The dipole values were Tyrag A A
extracted from an AM1 semiempirical calculation. Cyor §>/s7Ao‘3/§)L
the C F derivativé85was determined to more closely resemble HEN ( Q >=N ------ o
the aza analogli@3based on dipole and electrostatic potential o, 28 N [Nj
mapping. Moreovdi83andl85express similakpvalues that H@ He 10y Gls
are 2 units lower than for thel@homologud 84, adding fur- o & %
ther to their functional resemblance; however, thg Lg‘mjue | Glug: s
for 185is closer to that dB4than the more pola|83

In the MEK inhibitot 86 the uorine atom ortho-to bromine Figure 10.Key interactions between CHK1 kinasel@0dn the
was observed to engage the backbadefSes, , a stabilizing ~ cocrystal structure.
drug target interaction that was an important contributor to
potenc;? More conventional H-bond acceptors were explor
in the context of the fused heterobicyclic derivi8ikersd188
where the exposed pyridine and imidazole nitrogen atoms, res

tively, interact with the M of Sej;» This illustrates a bioisosteric

relationship between theEsubstituent df86and the hetero- ;
cyclic nitrogen atoms 187 and188%° sulfur atom of the thiazole and the backbon® Gxygen of

Glugs, which approach each other at a distance of 3.0 A, less than
T Ho Ho the 3.32 A sum of the van der Waals radii for the two atoms and
KE I 1 one of the limited number of reported examples of an inter-
molecular oxygen lone pair to suffimteractiori* In addition,
the planar topography associated1®iliwas stabilized by an
\©\ o\ \©\ \©\ intramolecular O to S interaction between the isoindolinone
N N amide oxygen and the thiazole sulfur atom which are closer than
the van der Waals radii, separated by just 2.87 A. The potency and
187 selectivity 0190was matched by thaorobenzene analogue

e\g/ere catalogued as H- bonding between the pyridine ring nitro-
Een atom and the ammonium moiety of;laysd a H-bond
Efiveen the amide @ of the isoindolinone and the N of

Cys In addition, there was a close association between the
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191, in which theuorine atom was suggested to be involved in-stacking and dipoldipole interactions were observed between
either a chargelipole or H-bonding interaction with the side these compounds and the backbone amide bong oBG#yof

chain ammonium of Lys the enzymeRigure 1). However, while thaiorinated phenyl
F

N

= N S S

S g S/\[)LH S/ﬁ)l\N
=N N =N N SN B F F
0 o & oY F F
N N
[N] [N] N [N] I\/N\WN\ # 195 196 197 198 199
H H H No_N pKi=63 pK,=67 pK =70 pK=69 pK=66
° o )

Q
\ \ [ \Q :E x H:N
189 190 191 R I = | X N| N l\lll\ |
CHK1IC55 =75 nM CHK1 IC5p =1 nM CHK1 IC5 = 4 nM N~
50 n 50 =11 50 = 4 N Na =N K/ N

CDK2/CHK1 =3 CDK2/CHK1 = 11,000 CDK2/CHK1 = 10,000
200 201 202 203 204

The e ective pairing of the doro-benzimidazal®2 with oK=68 pk=70 pk=64 pK-66 pk=68

cytidine in the context of RNA duplexes inspired an examination .
of the purinel93 and pyrrolo-pyrimidin94 as functional  Figure 11Structures and cathepsin L inhibitory datdfr204

mimetics.’ These structural elements were incorporated as &(erivativels% 199were eective mimics of their matched azine
into the 12-mer RNA&UU-UUC-XUU-CUU-3hybridized

. heterocycle)0 204 there was no clear correlation between the
with the complementary strandsGBA-AAG-YAA-GAA-5 ; ; L
that incorporated each of the natural bases at Y and the meldl ole moment of the (heterojaryl ring and inhibitory potency.

- was attributed to the proximity of the adjacegt Gdyg
temperatures of the duplexes determined. The results of thiSije bond which adopts a complementary topology to that of

study are summarized Timble 21 with ParaFrag similarity Glys, Glyss such that the dipole is aligned in the opposite

scoring indicating thatorobenzene was 45% similar to pyridinggirection, believed to be a source of interference with the targeted
while chlorobenzene was of lower similarity at 27%. Interestingly, 499

the ParaFrag scoring system indicated that in this context, Qlitrogen Lone Pair Mimesis by an Alkyl Fluoride An
pyridineN-oxide was 25% similar while pyridone was just 22fteresting suggestion of isosterism between the piperazine
similar to pyridine. Although these base pairings were less Stﬁhi@gen atom of the 5SHF &nd 5HT } receptor ligar2D5and
than the natural base pai@20 ers a relatively small energy the C F bond of the 4uoropiperidine analog2@7 has been
di erence compared to the natural bases, suggesting utilityn@®ked to explain the SAR observatiorRiperazine205

universal baSg. is rapidly absorbed in rats, but the piperidine an2@gue
F exhibited a poor PK pte attributed to the highly basic nature
<,N:©\ <,N:© a N\j of the nitrogen atom of this compound. Thectepiperidine
N E NN NN 207is less basic and displayed a similar in vitro receptor binding
L pro le to205and206but was associated with much improved

192 193 194 absorption in the rat. These observations led to the suggestion

Fluorobenzene-azine bioisosterism has also been assessa@iét the C F bond oR07may be mimicking the unprotonated
series of mechanism-based inhitii@s204 of cathepsin L nitrogen atom a205 based on electronic considerations and
although the results were less thamitile? In 195 204 the dipole moments, depicted in simplistic ternfSgmre 12
(hetero)aryl ring occupies thegpdcket of cathepsin L and although other factors may underlie the observed &AR e

Table 21. Melting Temperatures ofGUU-UUC-XUU-CUU-3Hybridized with Complementary StrandsGAA-AAG-YAA-
GAA-5

NH, NH, o] o
N X SN N NH

Y </]|\/LN (\ &Y ﬁ
N N/) N/go N N/)\NHQ No

oy o o o
X Tm (°C) Tm (°C) Tm (°C) Tm (°C)

\Q 27.4 27.3 276 27.9
.

N

¢ :@ 28.4 287 294 293
N F

o,

N—Nx
¢ )N 345 32.2. 35.1 30.8
ol
N,
4 | \\|
N N 35.8 35.0 35.4 33.1
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@ 1 ;'F‘;i improved potency over the unsubstituted comRé@@dith
N PR Ph the exception of the monmromethyl derivativ09 The
’{N/\/ ’{Nﬁ\/ CHF, analogu@10was found to be equipotent with the CF
Figure 12.Proposed relationship between a piperazine lone pair 8€rivativ&ll, and both were 9-fold more potent than the CH
electrons and thelorine atom of a 44oropiperidine ring. prototype208 X-ray cocrystal structures revealed@8&1Q
and211bound to the protein in a similar fashion and that one of
Ph the F atoms @&10was 3.2 A from the CO of Met,, while for
N N

N Ph
= @ N Oﬁ 211, the uorine to C O carbon distance was 3.4 A. However,
\\/N\©f§\/ \VNC[\CV for 209 the uorine atom was oriented 3&5t of the plane of
N N
H H

R

the thiadiazole ring, located 3.7 A away from tied@rbon of
Mets,, a distance that was considered to be too remote for a

205 206:R=H 207:R=F productive multipolar interaction. The conformat®@Beias
ICs0 5HT1p = 0.14 nM ICs0 5SHT1p=0.3nM  ICs0 5HT15=0.9nM L ; ;
o SHT o = 11 1M o BHT = 10nM 16 SHT o 15 mMd unanticipated, and a quantum mechanlcs. (QM) analysis sug-
PK,= 8.2 pKa=9.7 pK,=8.8 gested that the secongrine atom a210stabilized a confor-
mation that allowed one of theorine atoms to engage the
FLOURINATION AND POTENCY C O of Met,» A similar SAR analysis conducted at the ben-

S . zothienyl alkyl moiety in the context of the thiazalli2e215
The judicious replacement of a hydrogen atoombipe can revealed that the GHanalogu213was almost 5-fold more

exert a signtant eect on both the potency and spaEty of a .
molecule, and examples where this change either enhancz(;%rm than the Ciprototype212 while the CH analogue

: d an additional 4-fold potency improvement and this
erodes the potency of a molecule have been described that o ere , .
haps not surprisingly, are dependent upon context. In sev poyndlwaSJust 165_—folrc]i_wealger t_han yuedvative1s
examples, the potency-enhanciegte associated with the '€ OPtimal compound in this subseries.

introduction of uorine have been traced to intermolecular inter- | €S€ results of this study are consistent with an earlier
actions between theorine and the carbon atom of O moi- seminal analysis of cocrystal structures in the Protein Data Bank

eties that are characterized as multipolar in nature or to intdfPB), which revealed thabrine atoms of ligands approached

actions of uorine with proximal H-bond donors that may havé€ backbone or side chain G moieties of a host protein

an electrostatic badiéHowever, other intermolecular inter- closely (3.5 A) and with an appropriate geometry in 16% (442 of

actions and ects involvinguorine atoms of ligands have also the 2559) of the examples eval ﬁbtbvyever, afewexamples

been described and are summarized in the next section.  Were highlighted where theets of uorine substitution were

Multipolar and Hydrogen Interactions of Fluorine with predicted to be berwal but the experimental results were not

Proteins.A detailed mechanistic understanding of howdhe ~ Supportive, emphasizing a need to be holistic when assessing the

rination of alkyl groups can lead to enhanced potency is providédential for orthogonal multipolar interactions between the

by208 215 a series of inhibitors of the binding of mixed lineageuiorine atoms of a ligand and a protéfithis is emphasized

leukemia (MLL) to the tumor suppressor protein m&tihe by an analysis of 247 matched pairs of compouerttsybnly
uorination patterns of the two alkyl moieti2g88n215were by a uorine for hydrogen exchange and for which there were

found to play important roles in modulating potency based dth X-ray cocrystal structure data foutenated compounds,

the systematic SAR studies that are compilelin22In the and the uorine atom was believed to be engaging in a multipolar

X-ray cocrystal structur@blbound to menin, each of the,CF _ interaction with the protefft°In 67% of the examples in this

moieties were found to engage a backbo®da the protein ~ data set, theuorine was attached to a phenyl ring while the

in an orthogonal multipolar interaction. One F atom of thenajority of the remaining compounds wesel@fvatives. The

CF;CH, substituent o211is 3.0 A away from the backbone results of the analysis revealed a modest advantage in potency for

C O of Hisg, while auorine atom of the GEhatisboundto  the uorinated compounds compared to the hydrogen analogues.

the thiadiazole is 3.4 A away from th©®f Met,, The eect After ignoring 79 compounds that were within 2-fold of the 1:1

of modulating the thiadiazole substituent was explored in tberrelation line as being within experimental error, 123 (73%) of

context of the homologous se2i@® 211, where uorination the remainder experienced an increase in potency associated with

Table 22. SARs Associated with Inhibitors 2208 of the Association of the Tumor Suppressor Protein Menin with MLL

FsC R

sTN SN

R
=N\ ST =\ /\ S
| N N N
N J N N—<\N’N W, _<\N ]L
R ICso (M) R 1Cso (M)
208 CHs 779 212 CH3 1200
209 CHyF 1653 213 CH,F 260
210 CHF, 82 214 CHF, 65
211 CF3 92 215 CF; 46
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J. Med. Chen2018, 61, 58225880


http://dx.doi.org/10.1021/acs.jmedchem.7b01788

Journal of Medicinal Chemistry

uorine substitution while the other 27% exhibited a reductiontm the combination of weak H-bonding and suffunter-
potency of more than 2-fold. The average improvement in thetions®®

plCsy value of theuorinated compounds amounted to 0.36 log N
units, which translates to a free energy of binding advantage of H
approximately 0.5 kcal/mol. Thisepts a modest but beoial

e ect of uorine substitution on potency that did not appear to be "t

a function of increased lipophilicity; however, because the changes R

in both parameters were similar in magnitude gitteoa lipo- 223:R=CH
philic ligand eciency (pIG, LogP) was neutraf’?" 224'R = CF,

A uorine for hydrogen substitution in the benzamidine-basedy, 5 series of potent inhibitors of Bristagrosine kinase
thrombin inhibito216led to a 5-fold enhancement of potency g1k 5 yorine scan idenéid a site for substitution that led to
for218 which was found to be 3-fold more potent than the 4-Cl 15 40-fold enhancement of potefféyihe e ect of uori-
analogu@17and 5 10-fold better than the otherorination nation was mostectively exemptid by the comparison of the

patterns probed 819 222'°* An X-ray cocrystal structure aiched pair of BTK inhibit@25and226 (RN-486), where
provided an explanation for the observed SAR, which noted thal introduction of a singleorine atom increased potency by

the 4-uoro atom was proximal to both the backbon®C 5 grder of magnitud®® An X-ray cocrystal structure of the

carbon_atom/SSB.S A) and backbondi®f Asrg (F to N dis- ethyl homologu227, where theuorine atom contributed to a
tance = 3.1 A), as summarize8ligure 13productive inter- e markable 400-fold increase in potency in a human whole blood

actions that are not available to ekh6éor 217. (HWB) assay over the hydrogen-substituted prot22ge
provided some understanding of the SAR observation. The
Foco = p o uorine atom d?27was observed to be close to the protonated
TR amine of Ly, (3.2 A), the ortho CH of Phg,5(3.4 A), and a
. O?/"‘QN,/&J conserved $D molecule (3.4 A), as capturedigure 15°°2
° N F to Ca o -
Asp Q“"“H_NH H e © d =o3-1 AHZNAS”QS Lys4a0 Phegqs
b, @ ® H Asps;
O wiH-NH N o
L/ | 2 ]
. . . o . s o}/’g H{‘QS HAGH 2|
Figure 13Key interactions between inhibk&b8and thrombin. Metery NNy, S
HN" S0, ° N| °
R R lH‘N x
~r* r@ " @
o 0 Z

216:R=H 217:R=Cl 218 R=F 219:R=F,R,R'R"=H 220:R,R'=F,R,R"=H Figure 15Key drugtargetinteractions between inhiifdtand BTK.
Ki=310nM K;=190nM K;=57 nM K =500 nM K= 490 nM
220: R'=F,R,R"\R"=H 222:R,R"=F,R,R"=H . . . .
K= 360 "M K;= 260 M Of note with respect to developability issues, while the cyclo-

A more recent example of the importanceasination on propyl substituent in these analogues replaced a metabolically
potency is provided by a series of carbazoles that stabilizel@hgletertbutyl element, subsequent studies revealed a metabolic
Tyr,,dCys mutant of the tumor suppressor proteit’pB@this liability assomated' with the pyr!dor)e ring which was susceptible
inhibitor series, the gMomologue224 exhibited 5-fold t0 CYP 450-mediated bioactivation and trapping by GSH,
improved binding anity compared to the hydrogen-substituted@ttributed to an initial epoxidation of the C-5,C-6-double bond.
prototype223 an observation rationalized by an examination dfhis problem was relieved by further optimization in which the

the X-ray cocrystal structure. As illustraéidiine 14each of ~ Pyridone ring was replaced by a pyridazin-3-one heterocycle but
not when a pyrazine-2-one was used as thlel 5%%

i oy | Q?A
Cyszz0 S, N~ LN 0y N_HO_ O
\1—>)N O H QN%N =z
H

F7z

F
H o/*’“’\ H
LN N)\WN\E 225:R=H; R; = CH, 227:R=F; Ry = CH,CH3
: H BTK Kq = 4 nM HWB IC5p = 4 nM
\'/ 226:R=F; Ry =CH, 228: R=H; Ry = CH,CHj,
Leuqss Trp14s BTK Ky = 0.3 M HWB IC50 = 1,600 nM
Figure 14Key drug target interactions between thggbBstituent of The CK substituent i@3Q, an inhibitor of th, site of the .
224and the p53 protein. cytochrombg complex, enhanced potency by an order of magni-

tude when compared to the Qtfototype229'°” An X-ray

the three uorine atoms @24was found to engage the protein, cocrystal structure280with the chicken enzyme revealed close
with two establishing multipolar interactions with the backbowentacts (2.432.98 A) between theuorine atoms and two

C O moieties of Lews and Trpue While the third uorine hydrogen atoms of Rygthree hydrogen atoms of Jeand two
atom was proximal to the thiol ofGyan association attributed hydrogen atoms in each of,Jyand Phg,of the proteir®’

5840 DOI:10.1021/acs.jmedchem.7b01788
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N—H""Q,
i N= Gin.
K W N
A

Glngqg, N—4 H
7N~
oH (~— 0,
— F F @}/\é
229 230 16510 O AsPa
Ki=0.75nM K;=0.083 nM 3.21A

The Ck Moiety and Tetrel Bonding. A weak but never-  gigyre 17 Key interactions betwe2®4 and IDH2 in the cocrystal
theless interesting interaction between them@lety and stucturé1op

electron rich centers of proteins §G@mide carbonyl, and the

oxygen atoms of serine, threonine, and tyrosine) that involves ;71467/:
tetrel (Ck:--O) bonding has recently been catalo]é’ﬁed Fooy
Molecular electrostatic potential (MEP) mapping afigrer I
; ; in =N F
otoluene revealed &hole associated with the aromatic ring NH Tyr
calculated to be +32.9 kcal/mol and a small region of positive \ ¢ “
potential at the $parbon atom that characterizedale that O.;éoz,H
was calculated to be +16.9 kcal/figlLte 15'°°The larger N
I;I;N Trpay
F ) FF xS F FF Figure 18.Key interactions betwe285 and the NmrA-like family
. f V'F X F ' domain containing protein 1 NMRAL1 in the cocrystal cdrtiplex.
F F
o-hole: a-hole: however, because this is data from a cell-based assay, it represents
MEP value = +16.9 kcal/mol MEP value = +32.9 kcal/mol at best an imprecise index.
Figure 16Calculated energies of tHeole and -hole associated with Y
per uorotoluene. HN. O

v < )ors
MEP value of the-hole suggested that the dominant inter- O Q )OL

actions of electron rich species withupeotoluene would be at FaC NN
this site, substantiated by calculations of the interaction energies NS S
of the - and -holes with Nk the carbonyl oxygen atom of S

acetone, formic acid anion, and phenoxide. The geometry of the s 232
interaction of electron rich species with thele associated R
with the CEsubstituent is highly directional in nature, optimal at J
an angle of 18@o the Ar-spcarbon bond. By N\ | CF3
To develop insight into the contribution of this interaction in Y @ N
protein ligand structures, a search of the PDB was conducted A G N
using parametric restraints that required a resolution factor of CFs  HN R Com
3.0 A, a distance between the carbon atom of jtsilGF
stituent of a ligand and the oxygen atom of the protein of less PN e o FT

than 3.37 A (the sum of the van der Waals radii of the two atoms;
1.7 Afor C and 1.52 A for O) and anC%-O angle of >160
This process identid eight complexes where the carbon to
oxygen distances ranged from 2.59 A in the @&kiribr-
acting with the side oxygen atom ofy,Ash macrophage
migration inhibitory factor to 3.35 A for the;Agpide chain
carboxylic acid of the pAifpIn mutant of mitochondrial .
isocitrate dehydrogenase 2 (IDH2) interacting with AGI-678§)able_ 23. Cyclooxygenase Inhibitory Reoof 236 and Its
(2321991193 T\yo examples were examined in detail as illud-UOrinated Homologue 237

trative of the phenomenon: the IDH2 inhibitor AG-224 (n COzH
N

Indomethacin36) is a potent but nonselective inhibitor of

the COX-1 and COX-2 enzymes, d@tbat can be modid by
uorination of the 2-methyl substituent, illustrat28hwhich

is a selective but 2-fold weaker inhibitor of COXERe(2R

Detailed kinetic studies revealkeda human COX-2 of 13/

complex with the enzyme andumic acid Z35 in complex
with the NmrA-like family domain containing protein 1
NMRAL19910811The key aspects of drigrget interactions o
betweer234and235and their protein partners are captured in
Figures 1@nd18 respectively. In the cas23# the side chain
carboxylate of Agginteracted with the G&f the inhibitor, while

Cl

for235 the hydroxyl O atom of hygwas the partnering element. 236 237
It was suggested that a potential indicator of the contribution of R CH; CF;
tetrel bonding to the interactior28#with IDH2 is provided by ovine COX-1 I, 27 nM >100 M
the prole of the des-Gerivativ@33which is 2-fold weaker; mouse COX-2 I§g 127 nM 267 nM
5841 DOI:10.1021/acs.jmedchem.7b01788
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for 236and 1.5 M for 237, while studies with a series of site- Table 25. SARs Associated with Triazolopyrimidine-Befsed
directed mutant enzymes indicated that the two compounds vBODH Inhibitors 241 246

likely bound to the enzyme in a similar fashion. Modeling studies 1
suggested that the {Roiety o237 lled a small hydrophobic QR
R{/:;']'\N\/

pocket in the enzyme in aaiential fashion, as detected by
di erences in inhibitory potency toward mutant COX-2 enzymg

In particular, the inhibitory activity2@7 toward the Valjle

COX-2 mutant enzyme was reduced by more than 15-fg

R!

Pf DHODH ICso (M)

Pf3D7 cells ECso (UM)

compared to a smaller 3.7-fold reductior236r However,
because in the cocrystal structugg;\édbcated proximal to the

241 (DSM12)

H

>200

>100

5-OCH, moiety o236 the data were interpreted as being the resu

242 (DSM97)

CH;

4.2

6.4

of the larger GFsubstituent causing displacement of the
heterocyclic core toward the center of the binding pocket. T

243 (DSM74)

CF,

0.28

0.34

244 (DSM280)

CH3CH,

CF3

0.087

0.058

arrangement was postulated to induce a moreaigriteric
clash between the 5-OCddibstituent and the larger isoleucine

245 (DSM267)

CH3CF,

CF3

0.038

0.010

side chain of the mutant enzyme.
Another example of the introduction of an@dtety contrib-

246 (DSM265)

CH5CF,

SFs

0.033

0.046

uting to increased potency is provided by the series of HCV NS3

protease inhibito®38 24Q where both the intrinsic enzyme The binding modes of these compounds Hetween the two
inhibitory potency and the antiviral activity in cell culture exhienzymes, with the M engaging Hig the residue in the

ited a dependence on the absolutegewation of the truo- human enzyme equivalent to,ddizia the intermediacy of a
romethylated carbamate moiety that projects intg sid-S  H,O molecule. Additional optimization focusedanination
pocket of the enzyme, data that are summarizznlér2 4> of the C-12 substituent to gddswhich inhibite@fDHODH

with an IGyvalue of 38 nM and was active in the cell-based assay
Table 24. SARs Associated with HCV NS3 Protease Inhibitorsvith an EGyvalue of 10 nM. The in vitro antimalariallprof

238 2407

o
A
N
cl 7

o,
H § 9
. Q\H/NI,, H’S‘\O
(0]
ROy o
I
4%

R

GT-1a ICso(nM)"

GT-1b ECso (nM)*

238

iPr

10

67

F3C,

146

the SE-containing DSM-26846) was similar to that of the CF
analogue DSM-26245), and these two compoundsied an
optimal compromise between potency and metabolic stability for
the series of 4-substituents that were examined. However, in an
animal model of infecti@#60 ered a potency advantage while

a more linear dose-exposurelpnwas observed in rats, leading

to its selection as a candidate for clinical evaluationsghe IC
values fdPfDHODH inhibition were 33 nM f@46and 38 nM

for 245 and both compounds weak inhibitors of the human
enzyme, Ig values >100M; however, rodent enzymes were
found to be more susceptible, with thgvislues for mouse and

rat measured as 2.3 and RIyrespectively, {246 and 24 and

7.2 Mfor mouse and rat, respectivel@4@rinterestingly, the

239 b= 8

FaC

species specity of inhibition was found to be highly sensitive to

{ 13 47 the uorination pattern of the aniline ring with the additional
/- uorine atoms ortho- to the C&ubstituent of analogues of
2 Biochemical enzyme inhibition asSayl-based HCV replicon assay. 243 245enhancing inhibition of the mammalian enzymes by
5 100-fold. This phenomenon was attributed to an increase in
In the absence of cocrystal structure data, rationalization of the entropic contribution to binding as a consequence of favor-
observation focused on modeling studies that placed; the GBle hydrophobic interactions established betwearthe
moieties of the two diastereomers iardnt interactive rela- nated inhibitors and leucine residues in the mammalian enzymes,
tionships with the enzyme, with thad@suggested to exhibita suggested as evidence thatination of a molecule can enhance
closer contact with the protein. binding to the lipophilic pockets of proteihs.

Fluorination patterning has been shown to play an importantAn unusual ect that was observed when aryl hydrogen atoms
role in modulating both the potency and species selectivitywaére replaced withiorine is found by comparing the activity
triazolopyrimidine-based inhibitorsPlatsmodium falciparum pro les of the Aurora A kinase inhibi2dis 249**>The mono-
dihydroorotate dehydrogenaBeOHODH) that have been uoro compoung48was 2-fold more potent than protog4eé
probed as therapeutic agents for the treatment of hialariain both a functional and binding assay, while potency was further
While the prototype triazolopyrimiddd was inactive in both  enhanced by introducing@rine atom to the pyrimidine ring to
biochemical and cell-based assays, the introductiparaf a give249 However, the most interesting observation arose from an
CHgj substituent to the phenyl ringaded the homolog2d2 analysis of X-ray cocrystal structures which revealed substantially
as a compound exhibiting modest inhibitory activity in bottli erent biochemical modes of inhibitior2fiot compared to
assaysl@ble 2» However, the GRanalogu243was 15-fold  248and249 In the X-ray cocrystal structure of Aurora A kinase
more potent thaB42 while the introduction of a gEH, at with 247, the DFG loop was in the active DFG-in conformation,
C-12 @44 improved potency by a further53fold. In these  stabilized by an interaction betwees; /sl Lys;, Attempts to
compounds, the aniline N engages Higin the active site of soak248 into crystals of Aurora A kinase were unsuccessful,
the enzyme in a H-bonding interaction that is a source of selsuggesting that binding required changes to the crystal lattice.
tivity toward the malaria enzyme over the human homologu&ter developing conditions for cocrystal formation, the X-ray

240
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Aspars N Table 26. Basicity, PNMT Inhibition, and Adrenoreceptor
" _{“} e - } ) :?_/Aspm A nity for the Tetrahydroisoquinolines 25053
N CO,H Br-
NH %O
Q N O @ 3-8,A§NH m‘
HO,C @i NHAIa273 HO.C A NHA|3273 R
gﬂ pK, of K; PNMT K » PNMT

R conjugate acid (M) (M) selectivity
Figure 19Proposed dipole interactions bet®é8and Aurora A kinase 250 CHs 9.29 0.017 11 65
leading to a conformational change in the DFG loop of the enzyme. 251  CHF 7.7 0.023 6.4 280
252 CHR, 6.12 0.094 230 2400
structures of bo®8and249revealed that the DFG loop had 253 CR; 4.33 3.2 >1000 >310

ipped to the DFG-out conformation based on rotation about

the Ala;; amide carbonyF{gure 1R In this conformation, . . . .
o . syndromes and contribute to the sensation of pain. In addition,

Aspy4was rotated 100 away from the ATP binding site and g o5 ot sites of damage that produce pain are associated with
there was substantial rearrangement of intramolecular mﬁﬁr'ammation and a lower pH, providing a unique environment
3\2'30;}:0\'\3322;2% S\Iri?l‘tletll‘lrg (;rhr?(')ff g?ot;,‘r:\oz_yr;ne d?g‘:’(;_n;%tr'gglothat could be taken advantage of to modulate the selectivity of
of 248but not with the CEO-. or bhen I-subgtituted ana- %tidn oR54in a fashion that would spare receptor activation in

.  CF, CRO-, or pheny normal tissues. The hypothesis was based on the understanding
logues, arguing against a steecteas the Eource. In the that the protonated form of the highly 2BAcpK, > 8, that
cocrystal structure, theorine atom was 3.8 A away from the predominates at physiological pH is that recognized by the

carbon atom of the GHide chain substituent of /dawith : . . .
. . ; receptor where it engages; Asphe introduction of a single
the C F bond aligned almost collinearly with the vector of theuorine atom to the piperidine rin@6# 1o a ord 255 eval-

C C bond. For Cland Br, the measured distances were shor : .
at 3.4 A, but the geometry remained collinear. These ob (&lted as a mixture of diastereomers, reduced the mégsured p

vations were interpreted in the context of an induction of a dip éTue t0 6.8 and, as such, this compound would be substan'gia!ly
inthe C C bond of Algsby the C F dipole of the ligand that otonated only at pH values that are below those characteristic

. ) e . of normal physiological conditions. Binding experiments con-
was transmltted to the amide O, there'by chﬂﬂatmg rotation ducted in human embryonic kidney cells transfected with the
of the peptide backbone, as summariZeglire 19

opioid receptor indicated that thendy of 254 was inde-
HN_{’— R pendent of pH with th€ value at pH =7.4 = 1.1 nM wiigb
N / bound less potently at physiologicakp#17.9 nM, than pH =
NH 5.5K;=7.3nM, and pH = 6.K,= 3.7 nM. This prde would
favor binding d?55to the opioid receptor only at lower pH
HOC R values, providing a measure of selectivity based on local tissue
conditions. Thug55was anticipated to activate thapioid
47:RR'=H 248 R=F R'=H lzgs: f"OR; =,\: receptor at the source of pain generation where the pH is
P R believed to be lower than 7.4. In a series of in vivo 2&8lies,
° g produced analgesia in rats in an injury-restricted fashion in two
di erent models of iammatory pain that, in contras@,
E;%?CF?JFI\J(EOA":NEMT“ESMODULATION OF THE was reversed by a peripherally active, non-CNS penetrant
opioid receptor antagonist. Consistent with the proposed
The high electronegativity associated witk&@hd has made  selectivity prde,255was devoid of the respiratory depression,
introduction of uorine a useful approach to modulate the basigedation, and constipation sideets associated wah4 and
ity of proximal amines without introducing additional polaritgxhibited reduced addiction potential as measured by a con-
with e ects that are quantitatively predictable based on thgtioned place preference evaluation.
number of uorine atoms and their connectivity with the nitrogen o
atom:'°A careful analysis of therination pattern of a series of N _/—O
tetrahydroisoquinoline-based inhibitors of phenylethanolamine N‘QN
N-methyltransferase (PNMT), the enzyme that methylates nor- R

epinephrine to produce epinephrine, led to the @eiun of 254: R=H
compounds with improved selectivity because binding fo the 255:R=F
adrenoreceptor subtype wasodlem inherent to this chemo-  In a series of inhibitors of kinesin spindle protein (KSP), a

type™’As summarized Trable 26the successive introduction of member of a family of motor proteins that was explored as a
uorine atoms to the Gihoiety o250led to stepwise reductions mechanism for the treatment of taxane-refractory solid tumors, it
in the basicity of the tetrahydroisoquinoline heterocycle imas determined that P-gp recognition was sensitive to the
homologue®51 253 Fortunately, PNMT inhibitory potency basicity of a core piperidine madieta pK, value of 6.58.0

proved to be less sensitive to a reduction in basicity than eds determined to be optimal for maximedey in a tumor
binding to the , adrenoreceptor, allowing the sought-after balancell line by reducing ax, and this was achieved by both the

of selectivity to be achieved with the idRvativ52 N-cyclopropyl andN- uoroethyl derivative®56 and 257,

An interesting application of thea of modulating amine respectively. Howev@sgdisplayed time-dependent CYP 450
basicity by replacing a hydrogen atom witbrane is found in inhibition in vitro, a known liability of cyclopropyl amines, while
255 a mono-uoro analogue of the potenbpioid agonist  evaluation &57in vivo revealed toxicity consistent with the release
fentanyl 254).**® The design a255 explored the hypothesis of uoroacetic acid as a consequenteledlkylative metabolism.
that peripheral opioid receptors are upregulated in painfulThe solution to this problem was to instalicaine atom in the

5843 DOI:10.1021/acs.jmedchem.7b01788
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piperidine ring where theeet on K, was found to be sensitive to BACE-1 inhibitoR68in order to improve membrane perme-
disposition, with the axial compoRBf which was selected for ability and reduce P-gp-mediatagkdrom the CNS compart-
clinical evaluation, more basic than the equatoriaPisamet ment-?* The amino oxazine ring system had beencsplyci
selected as the soial to present the key amidine pharmacophore
based on calculations conducted a priori that predicted moderate

2_40 %—/(O pK, \_/al_ues. Howeyer, the expe'rimem@wiues revealed the
/N’WN/ N - predictions to be inaccurate, with measured values considerably
F higher than had been anticipated. This was exehtyylithe
P e e 4 258 259 prototypeQGSfor whiqh the measurédd,pvas 9.6, over 3 units _
pK,=T7.6 pK, = 6.6 higher than the predicted value of 6.4 based on the calculations.
267: R = CH,CHoF After subcutaneous administration to mice, the measured brain

In the structurally related series represented by prototyp&rels fo268 were low and the compound was found to be
260 modulation of P-gp byorination of the primary amine- subject to P-gp-mediatedug in vitro. The introduction of
containing side chain idead boti261and262as satisfactory  several uorinated elements to the oxazine ring was contem-
solutions with eux ratios of 3 and 5, respectively, compared tg|ated as a means of furthemireg the basicity, with C-2

the much higher value of 1200 recordezbr*” selected as the optimal site based on an analysis of the X-ray
" _Q Q cocrystal structure where this vector was directed towapd the
: R O residues, @ring potential to productively engage the protein. In
@/\N the event, a simple @oro substituent proved to be the most
N~ 0PN O e ective modication, reducing theKpvalue of the amino
oxazine by 1.2.4 units. However, potency was shown to be

dependent upon the absolute gonation of the newly intro-

W0RR=H 263 R=H 264:R=F duced chiral center because the agalk(#ner270was less

261: R = CH,CHF; R'=H a7 NAChR ECs0 = 0.15 uM 7 NAChR ECso = 5.8 uM ! —

262: R = H; R = CHCHF, Caco-2 efflux ratio 6.9 Caco-2 efflux ratio 0.6 pOtent and Iess baS|C éde 102 I’IM, Ka - 76) than the
Pk, =10.1 PR =76 equatorial ([®)-isomer269 (IC5o = 12 nM, K, = 7.8). The

The introduction of auorine atom at the bridgehead position reduced basicity enhanced the correlation between enzyme
of the quinuclidine-basetiN-acetylcholine receptor inhibitor inhibitory potency and activity in the cell-based assay, which was
263a orded264 a compound with a 2.5 unit lowég yalue  attributed to reduced accumulation of compounds in the acidic
that e ectively addressed the Caco{2xeproblem associated endosomal compartment where BACE-1 is located. However,
with the more basic parent compadidinfortunately, this 269 exhibited low metabolic stability, and the more stable
structural modcation also resulted in a sigant erosion in pyridine nitrile271was subsequently selected for evaluation in
receptor recognition. in vivo studies where a dose-related reductioA2rigvels in

Control of basicity is also an approach that has been exploitegF was observed, with a 90% decline measured following drug
to modulate the binding of inhibitors to the hERG cardiac potagosing at 2.5 mg/kg to ddgs.

sium channel, a phenomenon that has been associated witthfhhn HoN HoN
occurrence of arrhythmias in humans, and the induction ph WNl/\O WNI/\O \N(\O
pholipidosis, etarget liabilities that have been suggested to pc [ e I»r e I F
sess overlapping pharmacophdrEsr example, reduction in Q e

N S H =N H | S

the electron density and l®galue of the pyridine heterocycle |

\

of the JAK3 inhibito265 was examined as an approach to NP el NAg NP en

reducing the anity of this compound for the hERG chatiriel. 268 269:R=a-F 271

As captured ifiable 27the installation of aorine atominthe #5254 SRR A g M
hp42 cell ICs = 9.1 nM 270: R = p-F hp42 cell ICso = 8.1 NM

Table 27. JAK3 Inhibitory Potency, hERG Binding, and BACE-1 1050 = 102 nM AB dog ECso =20 ng/mL

Calculated Lo Values for 265267 o P =0 .
® N-CF; Derivatives.N-Tri uoromethyl amines represent an

NC@N | HO Nra emerging functionality that c_ompromisesthe basicity ofar_1 amine
_ QN 2 but have only been cursorily explored as an element in drug
RSN design, presumably a function of issues associated with synthetic
(S accesS." A recent article has described a facile synthesis of
R R JAK3IG,("M)  hERG binding (M)  cLogP N-CF; derivatives using a mild preparative procedure that is
265 H H 13 13.4 28 compatible with late-stage functionalization. The developed
266 F H 1.7 =100 27 process relies upon the reaction of an amine wild)3GH
267 H F 0.3 >100 27 and AgF in CECN or Cl‘bC|2 and theN-C% derivatives of

anilines, cyclic amines, and alkyl amines were prepared in good
piperidine ring reduced hERG binding by an order of magnitudigld using this protocol. Included in the survey was the prep-
without a signcant change in the calculatedajue thatwas ~ aration o272 274which are thd-CF; analogues of the PDE-5
accompanied by a 4-fold increase in potency forg#®) (3 inhibitor sildend, the antifungal agent terbima and the
isomer267 compared to prototyf#65 The (3R 4R) isomer tricyclic antidepressant amitriptyline, respectively. Unfortu-
266 was several fold less potent #@fbut was also poorly nately, these compounds were not evaluated in the appropriate
recognized by the hERG channel. assays to determine if biological activity was preserved or in
A uorine for hydrogen exchange was also taken advantage oftro assays that wouldepinsight into drug developability
as an approach to modulate the basicity of the oxazine-basexperties and potential issiés.
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which is hydrolyzed rapidly to the inactive carboxylic acid

EF;\/K 0.0 derivative. Replacing the lactoneQCwith an - uoro ether
moiety was examined as a potential bioisostere based on an
OO

appreciation of the similarity of dipoles of tHe&hd C O

0PN bonds'?’ The (&R)-isomer279was a sigriantly less potent
K/N\CF3 inhibitor of both topoisomerase | enzyme-mediated relaxation of
- s ora supercoiled DNA and tumor cell proliferation in vitro than the

) o (29-isome280 However, in assays measuring stabiligin H
The best documentation ofN€CF; derivative thathas been 4; hH = 7.4, theuoro ether ring 280 was found to @r

assessed biologically in vitro is provided by the quiitBone superior performance when compared to the la2¥éne
which was tested in the series of antibacterial assays summayize@ne278 was degraded by >50% after 6 h of incubation
in Table 28°° The inhibitory prde of 276 toward both  compared to a loss of just 4%288 with a similar prée
observed in phosphate &u The antiproliferative potency of

Table 28. Antibacterial Activity Associated withKh€H,- 279was fully restored to the levelsred by278by decoration
Substituted Quinolone 275 and KsCF;-Substituted of the quinolone core, with the C-7 cyclohexyl deri2ative
Homologue 276 optimal. This compound demonstrated dose-related inhibition of
o tumor growth in two xenograft models following IP administration
FI:fﬁ/COZH of doses of 24 mg/kg, with ecacy comparable to topotecan
N Nl (282, a camptothecin derivative, at a dose of 0.5 mg/kg.
N Y Notably, administration 281 at 2 mg/kg was not associated
N _ with the weight loss observed with 0.5 mg/kg daz@2 of
Gram-positive Gram-negative N o
S. aureus St. pneumonia€E. colNIHJ  P. aeruginosa AN
R Smith type Ill JC-2 1ID1210 NNy
275 CH; 0.78 3.13 0.05 6.25 > ° o= .;0
276 CFRy 0.39 6.25 0.05 1.56 / /S F
278 279 280
Gram-positive and Gram-negative bacteria was comparabl A459 ECs =0.65uM A459 ECsp = 46.2 M A459 ECso = 9.95 uM

. . MD-MB-435 EC5o = 0.45 UM MD-MB-435 EC5p = >100 uM  MD-MB-435 EC5 = 58.3 M
the N-CH; homologue@75 with some possible advantage for Her-116 £y = 0,07 M HCT-116 ECag = 50.9uM  HCT-116 ECqy = 6.35 uM

276with respect to inhibition Bf aeruginosa

The purin@77was prepared as the $6IEF; derivative in a
series of Cdk2 inhibitors, and this compound inhibited th
enzyme with an igvalue of 1M.***Unfortunately, the matching
N-CH; analogue that would allow a direct comparison was n
made but the Cdk2-inhibitory activit? ©f was comparable to
similar alkyl-substituted analogues in the broader series.

N7 N-CFa

HN—g/—\<N 281
L7, T
HCT-116 ECs0 = 0.07 uM
Fluoro Alkenes and Aromatic Fluorides as C O
FLUORINE AND CARBONYL BIOISOSTERISM Bioisosteres. Fluoro- and truoromethyl-alkenes and chlor-

A number of drug design initiatives have sought to take ad\},%gll_kenes have been proposed as potential amide bioisosteres

tage of uorine-containing functionality as bioisosteres of tHe@sed on the topological, steric, and electronic relationships
carbonyl functionality. However, while there has been soffigstrated irrigure 2pand some of these structural elements
focus on mimicking the amide functionality, which will be dis-

cussed later, there are examples of the uedmdited elements 1§ i & e 1 7
as bioisosteres of the carbonyl moiety of ketones, Iactones,‘DL H/ ‘I&/ "p\/ ’b\/ P\/ J&/
carboxylic acids. In this section, representative examples _

. . .. . . =36
discussed that demonstrate functional bioisosterismin a randJe or
biochemical contexts, with the underlying design principlesHigure 20.Dipole moments and vectors that illustrate isosterism
some cases supported by X-ray cocrystallographic data.  between an amide moiety anmbrinated alkene derivatives that

sp® C F as a C O Bioisostere.Mimicry of C O by a  contrasts with simpler alkenes.

C Fisafunction of the similarity between bond lengths, van der

Waals radii and dipoles of the two functionalities and tHeve found application in the design of both small molecule
electronegativity of oxygen amafine. A successful application drugs and peptidomimefits® 132 However, while the geo-

of C O/C F bioisosterism can be found in studies withmetries are similar, the dipoles associated witlotireated
camptothecir(8), a naturally occurring alkaloid derivative thatand chlorinated oles are of a lower strength when compared
potently inhibits topoisomerase | and prevents tumor cell prm an amide, more comparable to an aldehyde or ketone, and
liferation in vitro with Egvalues of <1M.>***?" However,  although the dipole vectors are similarly aligned, DFT calcu-
in vivo applications @78 are limited, in part, by the low lations indicate that a chloroalkene more closely approximates an
chemical and metabolic stability associated with the lactone @ngjde than auoroalken&®*3*

D u=14D u=23D pu=02D u=01D u=~15D
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Examples of Fluorinated Alkenes As Amide Bioisos-  activity as measured by cAMP production, with the exception of
teres. An example whereaoroalkene functions as aeative 289 which acted as a partial agomisble 29.2%*°
amide replacement when embedded in a peptidomimetic backA uoro-olen was examined as a potential amide bioisostere
ground is provided by studies with Leu-enkepB8®) & in DPP-4 inhibitors in an attempt to confer resistance to cleavage
pentapeptide that activates trapioid receptor but fails to by amidases or proteases,2@idtiound to be 5-fold less potent
produce analgesia in vivo due to poor PK propéfiee.ester  than its matched ami@63 attributed to the weaker dipole
284and thioamid2B5retained-opioid receptor activity, indicating associated with the formiérHowever, potency was enhanced
that a H-bond donor at this site was not essential and inspired Byevariation of both thgRoiety and the pattern of substitution on
design of theuoro olen 286 The potent activity 286con rmed the phenyl ring, witB95 a considerably more potent DPP-4
the H-bonding hypothesis, while the weaker receptor bimting a  inhibitor. An X-ray cocrystal structug98bound to the enzyme
associated with the simplerok87emphasized the importance of revealed a similar binding mimden amide homologue, with the
the uoride atom for ective functional mimicry. uorine atom of the bioisostere proximal to the side chain N-Hs of

Arg,sand Asp, described as a H-bonding interatiion.

HO.
B Cl
i X ﬁ :
H H H,N N
\?:,Nj\,(“\)]\lq N ¥ N7 coy IY/)—@—CI
o Holg \é C/w o O-N

283
Ki=6.9+23nM 293

LogD7 4 =-0.95 IC50=0.20 uM

0. 286 JAN
%f kd 284 &(\“é Ki=43:+140M : cl E cl
e} Ki=34+17nM F Log D74 =-0.11 HzN _N HoN ~_N
/>—<\ >-C| p SO,CH3
N 287 F 9N o\N> z >
N F
S{ 3 285 Ao K; = 587 + 19 nM
s

K =47 + 17 nM
i=arzien Log Dy 4 = -0.07

294 295
IC50 = 1.17 uM IC5=02nM

e f\ A conformational analysis of the symmetrical and potent HCV
H/\(N\)kﬁ coy NS5A inhibitor daclatasvi9g revealed that the most stable
e

conformers were those stabilized by an intramolecular H-bond
between the valine carbonyl oxygen atom and the imid&tole N
fow s o (distance = 2.2 Aj®This topography resembled that efuan
ECso 1= 60 M and inspired the design afiaro-alkene amide bioisostere in which

ECs0 10,000 1M both of the valines @97 were predicted to adopt a similar

A uoro alkene was also examined as a replacement for {3y mation, with theuorine to imidazole NH distance
amide moiety at the FyiGly* junction as an approach to ,edicted to be 2.29 A. In contrast, the ana8gu@ which
interfering with metabolism at this'Sit@he Leu-enkephalin e contormational constraint associated with the cylcopentane ring
analogu@88 demonstrated sigoant activity toward activating of 297 was relaxed, was predicted to exhibit a much lower

the - and -opioid receptors stably expressed in CHO cell ropensity to adopt durn to ;

; . pography. Ina GT-1b HCV replicon
although the @_alues were 60- a_nd 45.'f9|d higher, respective ssgy, atli/hougm? was several fold weaker tB886 it still
than for .pr'ogemt(283 However, dere'ntllatlon was obsgr\{ed al maintained subnanomolar inhibitory potéfityowever, in both
the -oplczjlotlﬁrSecep:](.)rhwhere the daCt'\llgglm vvfaSSOne I|2g|ble GT-1laand GT-2areplicd&/was substantially (>2500-fold) less
compare 3 which expressed agalue o nIVE. active thark96 demonstrating the heightened sensitivity of

Both a uoro- and a chloro-alkene were found todasiee -
amide mimetics when installed in a 36-residue peptide deri\t/re]z%lse two genotypes to structural changes in the mlecule.

from the amino terminus of human parathyroid hormone (hPTH), HaCO,CHN

. . . z o] HN N§(\?/I\>
where they were incorporated as part of a dipeptide element ﬁfNH o

installed at the amino termintfComparison of the matched

Q/ NHCO,CHs
pairs289 290 and291 292 indicates that in this context, the 296
.. X GT-1a ECsp = 0.050 nM
uoro- and chloro-alkenes performed similarly with respect to GT-1b ECso = 0.009 nM
binding to the PTH receptor and expression of full intrinsic G723 ECe = 0063 M

H3CO,CHN

Table 29. hPTH Receptor Binding Data for 2892 " HN
s \ ,
0 \(\%(:_/LN M coscHs
Al-AZ = HzN/'\/\i)Ker GT-1a ECm = 168

X R GT-1b ECgo = 0.079 nM

: ) GT-2a ECs = 167 M
AL-A2%-Set-Glu-lle-GIn-Leu-Met-His-ASheu-Gly-Lys-His-Leu-Asn-Ser-Met-Glu-

Arg®Val-Glu-Trp-Leu-Arg-Lys-Lys-Leu-GIi%A&p-His-Asn-Phe-Val-AlagNH HyCO,CHN

i Ne
binding a nity to opossum  cyclic AMP OK1 Eg \@\i,} Q O \m
X R - F

kidney (OK-1) cells i) (nM) (intrinsic activity

i'\1Hc02CH3
289 F CH, 8.2 9.1 (0.6)
290 ClI CH; 8.9 5.5(1.0) 298
. GT-1a ECsp = 659 nM
291 F iPr 8.9 4.4 (1.0) GT-1b EC5500= 27.3 nM
292 ClI iPr 8.9 7.9 (1.0) GT-2a ECy = 3977 nM
5846 DOI:10.1021/acs.jmedchem.7b01788
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The antiviral eects 0298 were of lower potency, lending some O
support to the fundamental design principle. O NHz

Fluorinated olaic peptide nucleic aci@81 (F-OPAs), N N wo=(
patterned after peptide nucleic @986PNAs), were prepared saAH Hleﬁ 3 v
with adenine, thymidine, and guanine as the bases and incor- 0 E ' HN@ H"":fo
porated into decameric oligomers for evaluation of the stability gu T H \H»,,,f)‘\/z ASP1as
of the duplexes with complementary strands of DNAe Glyz1e o ©
stability, as determinedfyyvalues, was dependent upon the P
location of the nucleotide mimetic in the sequence, and while S::/\lg 3

fully modied F-OPA decamers and pentadecamers formed

parallel duplexes with complementary DNA, their stability weigure 21 Key interactions between and FVlla and the benzamidine-
lower than either the peptide nucleic acid an2@goeOPA based inhibitc804

analogu80Q
. Base Base A uorobenzene motif has also been found to bective
o ase oF amide bioisostere when incorporated into allosteric inhibitors of
0 2 A | 4 the HCV NS5B RNA-dependent RNA polymeras&0witie
S AN~ A &y vioON N prototype of the seri€s.The 2-uoro derivativ809 was a
H H H H potent inhibitor of NS5B biochemical activity in vitro, Epro
299 300 301 that extended to the 2,4+dro homologug1Q However, the
PNA (E)-OPA F-OPA

des-uoro analogug08and the 3,4-isome&t1were found to be
Aromatic Fluorides as C O Bioisosteres.An aromatic  less potent, data that collectively emphasized the importance of
uoride, which may be viewed as incorporating an embeddhd topology ofuorine patterning and were concordant with the
alkenyl uoride, has been shown tecatively substitute for a idea that the CF moieties i809and310mimic the C O of
lactam carbonyl moiety in several biochemical contexts. Pr@&d7. An X-ray cocrystal structur8@Jwith the NS5B enzyme
inent examples where a bioisosteric relationship is supporteddwealed that hydrophobic interactions were dominant, with no

Ph\/\N)ﬁ(N Ph\/\N N
H ;\ Rl Ho L
N NH

O o NH 07 NH o
KEj\rNH2 k@\rNHz NH,
| | |
NH NH NH
302 303 304
FVlla IC50 = 0.34 uM FVlla ICso = 3.98 uM FVlla ICso = 0.34 uM
Flla ICso = 0.3 uM Flla ICso = 7.0 uM Flla IC5 = 0.95 uM

X-ray cocrystal structure data have been provided by inhibitgsecic interaction observed between the carboxylate element
of enzymes in the coagulation cascade, studies that have prowdgigdhe proteinfigure 22 However, theuorine atom c309
detailed insights into structural emulatfon? Comparison was close to the backbone NH of,Ewith a nitrogen to

of the MMPs302 and303 which are dual tissue factor Vlla uyorine distance of 2.6 A, while the hydrogen atom ortho- to the
(FVlla) and thrombin (Flla) inhibitors and prototype molecules yorine substituent was 2.9 A from the backbone carbonyl oxygen
in their respective series, provide an index of the level gtbm of llg,; a distance less than the sum of their van der Waals
functional mimicry, with theorophenyl moiety approximately radii that was suggestive of &®-bonding interactid?***

an order of magnitude less potent in both enzyme'&$8ays. Ar

An X-ray cocrystal of the anal@fibwith FVlla revealed that _ C'm
the uorine atom was close to theHNof Gly,s (N to F O coaNH
distance = 3.4 A) in a fashion that was reminiscent of the H-bg o

observed between the carbonyl oxygen atom of the amide-bz * N—coH R

inhibitors Figure 2% In this structure, the iso-propyl-

N
F
substituted aniline NH of 304 donated a H-bond to the HzN\(j) F F
backbone C O of Gly; with the N to O distance measured as N/ Ar= @\F EP\F .

34A

Comparison of the data for the matched pair of thrombi 207 . . . .
inhibitors305and306 suggests the potential for a bioisosteric  icg=0017um |c3:08'=§.25:w |c3:)9¥|;.9EM |c3510°'='§,1f:v| |03511¥S46(;|hn
relationship between thaorophenyl and pyridiré-oxide In a series of non-ATP competitive MAP kinase kinase

moieties although the H-bonding properties of the two elements(\EK1) inhibitors, the fused pyriddBE2 exhibited an
are considerably drent, with the N-oxide moiety the more |c_ value of 38 nM'?'*3 Although clearly not a MMP, the

powerful acceptoi: ™4 di uorobenzene homologue RO498784353) (demonstrated
7 CN 7 N high inhibitory potency toward the kinase, and this compound
ENEY\N/Q;{O @Y\NJ\/N@)L(O was advanced into phase | clinicalfffad& X-ray cocrystal
FrFH ¢ N FFH o6 N structure of the bromobenzene derivati#bound to MEK1
305 HF VAR 206 HF 7N was informative, revealing an intramolecular H-bond between
Ki=33nM = Ki=15nM = the N H and the C O oxygen atom of the hydroxamic acid
5847 DOI:10.1021/acs.jmedchem.7b01788
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ester Figure 2R**#“**In addition, there was a halogen bondingoxygen atom of \(glwhile the 4-uoro atom was close to the
interaction between the iodine atom and the backbone carbobgtkbone NH moieties of both Sgsand Val, ..

R o 0 OH
N
o~ 9 HO™ ™" ¥in HN~©—| —~ F
HN— HN | HO o o
F HN HN—% >—|
7\ 9
N N F
0

312 313 314
MAP-1 IC5 = 38 nM MAP-1 IC50 = 5.8 'M

required at this site of the pharmacophore, leading to the
suggestion that the active tautomer was that of the pyridone
represented Bil6rather than the alternate hydroxy pyridie.

A C F bond has also been invoked as ®@&ostere in the
context of the GABA aminotransferase inhiBit8end319
where the carbo>gylic acid moiety was mimicked by a 2,6-
di uorophenyl ring:°The uorine patterning B18and319
which are competitive inhibitors of GABA aminotransferase with
K;values of 11 and 6.3 mM, respectively, enhanced the acidity of
the phenolic hydroxyl, which has aplue of 7.12 compared to
9.81 for phenol. The structural overlays preseftiediia 24

Figure 22 Key drugtarget interactions betwe3® and the HCV
NS5B polymerase protein.

N Hobil
Lys:
H.® g Valip7 F
on TN < .
/_& HH HN HOT, O FO”"~OH
HO o oH F

OrH
HN NQ' """ o ¥ Figure 24 Structural overlays8#with 318and319illustrating CF
and C O mimicry.

& f\l-! were used to illustrate the postulated isosteric relationship
H N "0 between the G- bond o818and319and the C O moiety of
the carboxylic acid &#**°

Val
Seryrz (¢] 211

H;N NH,
Figure 23Key drugtarget interactions between MEK1 and int8tiifor
F F F F
OH OH
318

Several additional examples where there is evidence of a
bioisosteric relationship between thE &hd C O moieties
have been described. In a series of pyridone-based fused tricy
human androgen receptor (hAR) antagonists of 3dtich
representative, examination of the potential of a bioisost
relationship between thel€and C O moieties was adopted
as an approach to understand which pyridone tautomer
responsible for the drugrget interactions The assays for

ic Ki=11mM K,=::.:mM
thhese observations were the basis of the installation of a 2,6-
ec”Cuorophenol moiety as a potential carboxylic acid bioisostere
In a series of carbonic anhydrase inhibitors patterned after the
Jsarboxylic aci@0and321In the analysis of the matched
pairs32Q' 321 and322 323 the 2,6-duorophenol cered a

assessing these compounds were based on a primary und 0 Q

standing of hAR binding @ity in a biochemical assay, while Ph L_fh’“ 0.0
functional eects were determined based on inhibition of hAR- 7\ /N\ @S'NH
dependent transcriptional activity in mammalian CV-1 cells, N o
While 8-amino and 8-alkoxy compounds were much weake COzH o
antagonists, small electron withdrawing groups at C-8 wer: F F

preferred, with nitril816 and uorine @17 optimal. In this OH

context, there appears to be a bioisosteric relationship betwee - =, " Co 2 " | c5022§7 W

the C O, C N, and CF moieties, and the data were
proposed to support the concept that a H-bond acceptor is

0.0
CF; CFs CFs3 R < >O‘\s"0 R < >°s'ﬁ Br
=z = = “NH N
T e w [; Q
07 "N N NC™ °N N F” N N
H H H H
F

315 316 317 F F OH
IC50=27nM; K=26nM  IC5=9nM; K;=22nM ICsy =22 nM;K; = 11 nM OH
hAR efficacy = 74% hAR efficacy = 83% hAR efficacy = 66% 323: R=H 324:R=NH, 325:R=0CH; 326:R=H 327:R=NH,
clog P=34 clog P=4.4 clog P=5.1 ICs0=33uM  ICsp=14 uM ICs0=16 uM IC50=5.7 uM ICs0 = 0.4 uM
5848 DOI:10.1021/acs.jmedchem.7b01788
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potency advantage that was further modulated by modifying #eheme 6. Reaction Process Catalyzed bRihydroxyacid
phenyl ring substituents3@R (compound824and325 or by Dehydratase
the introduction of the benzyl moiety, &8and3274’ OH oH
Alkenyl Fluoride as an Enol Mimetic.Alkenyl uorides
have also been contemgitas mimics of enol-based HO})\COzH - %COzH
intermediates in enzyme-mediated reattioh§The alkenyl
uorides329and330were prepared as mimics of #)eahd
(B) enol forms, respectively, of pregnen@28€erhese com-
pounds were probed as inhibitors of stergich@roxylase/ on . o
Ci7(20) lyase, which converts progesterone to androstenedione %CO y \%CO o “~ )J\CO |
and328to dehydroepiandrostene, with extension to potential i : \h : \ :
therapies for prostate cancer and hormone-dependent breast 337 338 339 340
cancer which rely upon the production of androgens and KiKn=018  KfKn=36  KyiKqy=notactive
estrogens, respectivéyThe enol 0B28is thought to be an The 1,1-Di uoro Alkene Moiety as a C O Bioisostere.
intermediate in the initia}Chydroxylation step catalyzed by The uorine atoms of the 1,1lbroalkene moiety have been
the dual acting enzyme. IncubatioB28fwith cynomolgus advocated in CO mimesis, with the twouorine atoms
monkey testicular,£,,) lyase at a concentration of NI approximating the electron density associated with the lone pairs
resulted in 49% inhibition of enzymatic activity, withébe e of electrons associated with the oxygen atom, although with
determined to be time-dependent because inhibition after 40 raifilar dipole alignment of 30% lesser magnitude, as summarized
of preincubation increased to 72%. By way of c@8fasas  in Figure 25°*
associated with 54% inhibition gf/;lyase activity at a con-
centration of 1M but with minimal evidence of time-dependence ‘Q o Fo F
because the amount of inhibition was relatively constant, measured 1 o j]: 1
as 60% after a 40 min preincubation péfiod. HJ\H H” “H

Hoﬂigi? HO' HO
328

r
329 330 A pioneering examination of a 1,liaibalkene as a GO

Other steroidal enzyme inhibitors where an alkaemde mimic was in the desigrBdfLas a substrate analogue of thymi-

has been explored as a transition state mimic are the type | ding diphosphate (TDP)-6-desokyxo-4-hexulosg42) which

type Il 5 -reductases which convert testosteB81# to the is reduced to TDRrhamnose343 by the action of TDE-

more androgenic dihydrotestoster@3@ with the enolate  rhamnose synthase, a pathway summarigethéme .7

332a postulated intermediafeieme)5 *°Finasterid&8is a

potentinhibitor of the type Il Geductase, ig=1.2nMbutisa ~ Scheme 7. TDPrhamnose Synthase-Catalyzed Reduction of

more modest inhibitor of the type | enzyrggd®50 nM. The ~ 34210 343

alkenyl uoride334inhibited the type Il 5reductase with an NADH  NAD+

IC5ovalue of 480 nM, 400-fold less potentlylifBamd the type u

| enzyme with an kgvalue of 1300 nM, 2-fold weaker &an WOTDP o WOTDP

The alkenyl uoride 334 was unique in the halogen series 7 Ho HO

because the homologous chi@Rieand bromid&836 were OH TOP-L-thamnose OH

o

YLCOZH

superior in this case to the simpler ac88&and the amide
340 which was inactive.

n=233D n=138D

Figure 25.Isosteric relationship between formaldehyde and 1,1-
di uoroethylene.

A . . ; th
inactive in both assays. In this context, the alkerige moiety 342 synhase 343

may be considered eetive of a bioisosteric relationship with

both an enolate and an amide. The design premise was based on the underlying electronics

The , -dihydroxyacid dehydratase class of enzyme catalygeghe C CF, moiety acting as a G mimic, with the anti-
the elimination of water from a dihydroxy acid to produce thgipation that the addition of hydride to therokeould occur
enol337 which is tautomeric with afeto acid, as summarized with facility and in the same fashion as the addition to the ketone
in Scheme.&°The alkenyluoride338was prepared as amimic carbonyl. This mode of reaction was expected to generate an
of 337, a design principle successful to the extent that thistermediate anion on a carbon atom that is adjacent to two
compound inhibited the dehydratase vKitka, ratio of 0.18, uorine atoms, setting up potentially unfavorable interactions

Scheme 5. Metabolism of 33333 by Steroid 5-Reductase

OH OH OH
. .
L)E?':S /Q:’éjiS J/i\/giS §
(o] O o) Ifi
331 332 333
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with the uorine lone pairs that would be destabilizing andan be recapitulated by nonimmunosuppressive compounds that
precipitate either a structural rearrangement or the loss mimic the FKBP12-binding portion of the macrolide lactone.

uoride to aord a reactive carbene spécies. The design concept explored initially assessed replacing the
o oTDP ketone carbonyl of the prototype mole@bilawvith a Ck to
a ord 351 a compound that performed slightly better as an
F HO OH inhibitor of FKBP12 rotamase activity than the progenitor. The
F importance of the GElement was underscored by the absence
_ e of signicant rotamase inhibition by the,Gldmologu&52
In the event, incubating T#hamnose synthase (¢) Chemical stability studies indicated 36atwas stable over

with a 6000-fold excess (6.1 mMp4f, evaluated as a 3:1 7 jn phosphate-hered saline/DMSO, alleviating concerns
mixture of - an(_j -anomers, revealed that it acted as a poor bWround the benzylic doride moiety and particularly its
nevertheless kinetically competent substrate. However, irrepgitionship with the electron rich aromatic ring. The optimized
_S|ble inactivation of the enzyme was not observed; _rather, FHSIecuIé354, which was patterned as an analogue of V-10367
isolated products exted th_e loss of org4d) or both uorine (353, inhibited FKBP12 rotamase activity Wihof 19 nM,
atoms 845, an observation that was attributed to hyd“depotencythat compared favorably with the Ok oidderved for
addition to the exocyclic carbon atom which was favored 0¥gf3 \,nder comparable experimental condifibis X-ray

the alternative site of attaéicifeme)3 The resulting anion  cocrystal structureaf4bound to FKB12 indicated that one of
the uorine atoms was close to the hydrogen-gf OHM (F to

O distance = 3.18 A), resembling the H-bonding interaction of

Scheme 8. Postulated Reaction Pathway of 341 with. TDP-

rhamnose Synthase the ketone C O of 353 while the seconduorine atom
NADH  NAD+ interacted with a meta hydrogen of;Phéh an aromatic

FW"TDP \_/ (of 97 otoe carbon to uorine distance of 3.02%4&%
HO  on
F 341

F HO OH
H F)

F H HO
HO OH OH
H H
344 345

would be expected to decompose by eliminatiarode,

with the initially producé&d4also acting as a substrate for the
enzyme, able to engage in a repeat of the reduction cycle that
would lead to the completelyaarinated olen 345 a process
depicted itscheme.& hus, in this context, theutro olen of

341does indeed act as a mimic of the keton® But reverses o ~ |
the regioselectivity of hydride addition. Q\r( \

A successful application of the 1 dedbethylene moiety as a x/&o ©
bioisostere has been in the design of improved derivatives of the
antimalarial agent artemisinddg for which resistance is p
beginning to emer§&>° The di uorinated alker@47 was "o o
conceived as a more stable derivative of the la@4§eniith -0
in vitro potency improved 2-fold compared to the progefitor. 350: X =C=0 351:X=CF, 352 X=CH,
Intraperitoneal (IP) administratiorBd¥to mice infected with K=40uM K=087uM  Inaciive
Plasmodium bergitei dose of 35.8nol/kg for 4 days resulted
in no detectable parasitemia on day 4 compared to parasitemia %0 -
levels of 25% for animals dosed 84 and 50% for the P
untreated control grotips'In this setting, a Gfalkene moiety o
is also an ective carbonyl bioisostere, as demonstrated by the =
potent in vitro antimalarial activity associate@4@thi** \OQ\O/ Nig

H H A0

353 X=C=0 354 X=CF,
(V-10367) Ki=19nM
Ki=0.3nM
The pyrazolo[4,8pyridine355was characterized as a potent
o -secretase inhibitor that was active in vivo in a wild-type FVB
i CorodM G 30 mM mouse model, reducing braid@®levels by 25% following an
ICg0 = 14.5 NM ICg0=7.3nM oral dose of 5 m7q/kg despite the low oral bioavailability (2.5%) of
The Ck Moiety as a C O Bioisostere. A CF, moiety has  this compount.”However355was labile in liver microsomes,
been shown to function as aadtive ketone bioisostere when with oxidation of both the ethyl substituents and the methylene
installed in analogues of nonimmunosuppressive inhibitorstlwdt is exocyclic to the pyrazole idedtas signtant sites of
FK506-binding proteins (FKBPs), members of the immunophiietabolic susceptibility. In addition, the pyrazold gtgm
lin class of chaperori@The in vitro and in vivo neurotrophic was subject to rapid glucuronidation, while GSH adducts were
activity exhibited by the immunophilin FK506 (tacroBaf)s, formed by a process that involved the direct displacement of the
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chlorine substituent on the phenyltigerative optimization s e FE H R F Q5
to address these problems led to the idatitin of the ketone ko) ~120° FiF TF R—g/’
analogu856 which was less susceptible to glucuronidation b‘%‘)J\N}s_ ))N)% % N}a N}'l \N
exhibited poor biological activity in a cell-based assay, des® H H H H H
potent intrinsic enzyme inhibition. This was traced to a chemit%a

I . - .
; ; g i} gure 27 Functional aspects of the mimicry between an amide and a
degradatlon' pathway that involved elimination of 4 chI_orop séulfonamide moiety andCF,NH and CHECH,NH.
nylsul nic acid from these molecules twéthe corresponding

hydroxy pyridine257. Replacing the ketone © with a Ch donating properties of the N are more like that of an amide
gave a series of compounds from \8b@bmerged after fur- - 159 aqdition, the CF dipoles and electron density are

ther structural manipulation designed to more comprehensivglieved to ; ; ;

. - ; provide some emulation of the amide oxygen lone
address HLM instability. This compound lowered brelirbg airs of electrons. Somewhat analogously, $@HBRH may
27% in vivo in a mouse model following oral administration o}@ \iewed as a sulfonamide mimic in which theutwine

7
dose of 1 mg/ky. atoms function as metaphors of the sulfone oxygen atoms, with

/@/C' N | CFs o ‘ CFs the imprecise topographical relationships between the bonds of
2 N PN the two moieties possibly compensated by the lon§em@d
0=§ 0=3 I YN 59

N VAV VAN RN R N Sbonds$>“These structural elements have the advantage of

relieving the topographical constraints imposed by an amide
functionality which, in appropriate circumstances, may enhance
complementarity with a specarget. While deployment of the

ﬂ
ﬂ
be

. | N .
oi% HO™
/ V.
HN-N HN-N HN-N

e NN
E%
/
HN-N

355 156 357 158 CFCH,NH or CHFRCH,NH moieties eliminates metabolic
ICs (APP)=0.3 1M ICsg (APP) =0.6 1M [Csg (APP) = 1.4 nM sensitivity to amidases, esterases, and proteases, these motifs do
SNC cell ECsp=1nM SNC cell ECsp =2 nM SNC cell ECso = 4 nM

_ ) . ) .. introduce a new asymmetric center.

In a series of atypical antipsychotics where the combination of e CRCH,NH moiety has found application as an amide
antagonist activity at the dopamipeafii serotonin SHE  pjpisostere beyond incorporation into peptidomimetics, most
receptors with agonisteets at the serotonin SgiFeceptor prominently in mechanism-based inhibitors of the cathepsin
was sought, the Cfmoiety in360 performed similarly to the  tamjly of cysteine protease inhibitors from which the cathepsin
ketone359 an SAR point reproduced in analogues in which thg inhibitor odanacatiB§) was derivet?’ An analysis of the
benzothiophene moiety was variéd: X-ray cocrystal structures of peptide-based inhibitors of cathep-

XY/N sin K revealed that while the P, amide engaged the protein
(/Nj‘J:/\N via H-bonding interactions involving both thelldnd C O
o O\EQ oxygen atom, the FP; amide element relied upon a H-bond
8 interaction involving only the N as a donot>**This inspired

the design of truoroethylamine derivatives that would reduce
359: X=C=0 360: X =CF;,

D,R = 40.5 1M DR = 3.51 M the K, of the amine while preserving the H-bond donor
5HT1aR =329 nM 5HT14R =7.09 M attributes. The data presente@6@r 365in Table 3(provides
S5HT,4R =44.0 nM 5HT,4R =11.56 nM

Table 30. SARs Associated with the Series of Cathepsin K
FLUORINATED MOTIFS AS AMIDE, SULFONAMIDEjnhibitors 362 365 that Incorporate Potential Amide

AND UREA MIMETICS Bioisosteres at the,PP; Junction

Tri uoroethylamine and Di uoroethylamine Deriva-
tives. The bioisosteric relationship between aotoethyl- R 3
amine moiety and an amide functionality was originally conceived /@/KN N._CN
by Zanda who examined its potential in the context of designing Hoo
peptidomimeticg{gure 25°%**°In addition, the plasticity of B
this structural element was recognized based on its potentie R cathepsin K Kg(nM) PKa
be incorporated either in register within the peptide frame, as 362 CF; 0.9 1.3
depicted irFigure 2B, or in the partially retro-inverted con- 363 CFCF; 2.4 1.8

guration illustrated Figure 26G. 364 CH; 988 6.7

The fundamental basis for mimicry between aHNH 365 CN 30 0.7

moiety and the more recently explored ,CHNH homo-
logue and an amide is capturédgore 27and relies upon both  key insights into the iderttation of suitable amide bioisosteres
geometrical and electronic considerdfihse key CC N in this serie$*The compiled SARs indicate the importance of
bond angle of the @EH,NHR moiety is comparable to that of amine K because the Genalogu@64is 1000-fold less potent
an amide, while the electron withdrawiegte of the CF than the CEderivativ862 however, the GEF, homologue
moiety reduce the basicity of the amine such that the H-boB63is somewhat less potent, while the r@88ewhich has the

R o Ry R CF3 R; R CF; O R
H H H H 3 2
ANy AN AA Ay ‘(H%N}\A)&N)Wn\;
H o r " o Ho & " o o " & " o
A B o3

Figure 26Incorporation of the GEH,NH motif in a polypeptide backbone in register (B) or in a partially retro-invegeadation (C) that
mimics the amide of a conventional polypeptide (A).
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lowest i, within this series, is 30-fold weaker3banThese 361t0 0.11 foB69 Compoun@69retained the potent cathepsin
results focused attention on theibtoethylamine series which Kinhibitory activity (I6=1 nM) and protease selectivity associated
was elaborated into the exquisitely potent int8BB0IC;, = with 361, while the modéd physicochemical properties led to
5 pM, a compound that idewti the preferred absolute con- improved oral bioavailability in rats when the compound was
guration at the trioroethylamine asymmetric center becausadministered as a 1% methocel suspgnsion.
the epimeB67is almost 1000-fold less poteng #@.6 nM-®* A tri uoroethylamine moiety was examined as an amide bio-
However, the basicity associated with the piperazine moietysoitere in the design of inhibitors of BACE-1, where a replace-
366led to its accumulation in acidic lysosomes, rising to concenent for the anilide 8¥0was sought to alleviate concerns about
trations where it was able to inhibit cathepsins B, L, and S despeiease of the aniline in vivo and its potential to express toxicity
lower intrinsic inhibitory activity toward these proteasgs, ICafter metabolic activatiAiThe drug design process spady
values of 111, 47, and 451 nM, respectively. Consequently,fdteised on preserving theHNof the anilide moiety &f70
next phase of iterative compound design focused on structimatause this was involved in a critical H-bonding interaction with
modi cations that avoided overt basicity, accomplished initiathe C O oxygen of G}y, of the enzyme based on an X-ray
with the discovery 868 cathepsin K kg= 0.2 nM, that was  cocrystal structure of a related analogue. It was recognized that
cocrystallized with the enzymelhe X-ray data cormed the conformational constraint imposed by the planar anilide
e ective amide emulation, with theutiroethylamine NH might be optimized for interaction with,£glyy a benzylamine
engaging the carbonyl oxygen atom gf @hile the Cmoiety moiety because it was anticipated to adopt an orthogonal arrange-
projected into bulk solvent. The structural data alsonedn  ment with respect to the plane of therophenyl ring. Initial
mechanism-based inhibition, with the nitrile mad&gerigaging  derivatization took advantage of a reductive amination protocol to
the catalytic cysteine as a covalent iminothioether (Pinner-typegpare libraries which idegdithe ethylamirg¥1as a modest
adduct. Further optimizatior868focused on modulating the PK  inhibitor of BACE-1 in a cell-free biochemical aggay,3® M.
pro le, with the sulfonamide replaced by a methylsulfone andHawever371was considerably more potent in the cell-based
uorine introduced to the isoleucine methine carbon atom &xreen, which was attributed to concentration of the basic drug in
block a site of metabolic hydroxylation. A cyclopropyl moietythie acidic endosomal compartment where BACE-1 is located.
P; was installed to reduce susceptibility of the amide towa@bnsequently, further mazition focused on modulation of
hydrolysis resulting361, a potent cathepsin K inhibitogg€ amine basicity, which was accomplishadbhipation 872
0.2 nM, that exhibited good selectivity for this enzyme ov@r7), as summarizediable 31The Ck-cyclopropane moiety
cathepsins B (ggz 1034 nM), L (IGo= 2295 nM) and S in 377 provided the optimal balance of properties, although
(ICso = 60 NM)>®1°Although361 completed advanced clinical further structural manipulation of this chemotype was required in
trials as a potential treatment for osteoporosis and bone metastagier to surmount a problem associated with problematic CYP
increasing bone mineral density and reducing the risk of fracture&ld® inhibition. The conformational changes anticipated in the
patients, the compound was abandoned by its sponsor prior todlesign phase were observed in an X-ray cocrystal structure of
ling of an NDA due to the observation of an increased risk f877with the BACE-1 enzyme, although the compound bound
cardiovascular events@ass with drug thera]&]/fj slightly dierently in the active site compare87din order
F to accommodate the altered dtagget vectors. The CF
CFs H substituent projected into the vestibule ofsthecket, while
O N NKCN the cyclopropyl rindled a lipophilic pocket at the rear of the
0 interface of the, @&nd § pockets. This application provides an
O illustrative example of the advantage of tyieHIW¥H as an
Me0,S 161 amide bioisostere where relief of steric constraint sdiéte

The high crystallinity associated3iflvesulted in low aqueous F o
solubility, a property that contributed to the Id@%6) oral bio- (\JQ\N N
availability observed after adtratian of the drug as a suspension SN HoN
to preclinical speci@éln an e ort to address the dissolution-limited IH F
bioavailability, the diroethylamine analo@@9 was prepared ’ 370

with the anticipation that the enhanced baskifyn(weased by RCECH,NHR as a Bioisostere of RSNHR. While a bio-
1 unit) would facilitate sa_lt. fprmafcion with sulfonic acids and HGdpsteric relationship between the sulfonamide a;@HTH
and lead to reduced lipophilicity, withD dgcreased from 3.53for - mojeties has not been explicitly recognized, inhibitors of the serine
protease thrombin provide an example of the potential for this
R /g‘jﬁ o CFs /d; kind of structural metapHdr->°°The X-ray cocrystal structures
O N ~ O N N CN of thrombin and factor Vlla inhibitoFsgure 2)Lindicate that
O © O o the anilide NHs of378and its analogug®9 382engage with
(N % the backbone CO oxygen atom of Glyin a H-bonding
N w6 ke T © NH, 268 interaction; howev&78is a modestly potent inhibitor of throm-
' oF, bin with &; value of 1.28M (Table 3% The di uoroethylamine
367: R= 3 379is 27-fold more potent, while the pyridine anad8Qadds a
further 6-fold potency increase. In this examptaation is of
importance because the dimethyl and cyclopropyl defigatives
O and382 respectively, are several fold less bﬁE@threstingly,
O the uorine atoms were originally introduced as a means of
abrogating metabolic maxdition at the benzylic site rather than
369 for the purpose of structural emuldtioh.

FF
CN

Iz
o:?W(
ZT m

X

MeO,S
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Table 31. SARs Associated with the BACE-1 Inhibitors 371

SYN R
NH,
BACE-1
BACE-1 CFA HLM Cl
R WCA*ICsy | MDREr | LogD | pkKa
ICso (UM) (mL/min/kg)

(uM)
371 CH;CH,NH 13.9 0.008 2.0 <15 <8
372 CF5CH,NH 1.31 0.060 1.2 1.0 3.8 12.0
373 CHF,CH,NH 5.89 0.058 3.1 0.3 5.2 13.0
374 CF3CH,CH;NH 547 0.400 6.1 0.5 6.0 9.3
375 F3C><NH 0.49 0.031 3.6 1.5 42 <8.0
376 FZHCyNH 0.335 0.012 2.5 0.7 4.2 22.2
377 F3CyNH 0.069 0.018 1.5 1.8 2.9 <13

#WCA = whole cell assay.

Table 32. StructureActivity Relationships for the Thrombin “ ) NH,
Inhibitors 378 382 NN NSO
FF F

Cl

o) NH, 383

RN N/\/O\NANH Ki=12nM
H H H QL T o NH,
S. N
rT] \/U\N/\/O\N/gNH

Ki (nM) ) U H
384

R
©\ K =4nM
378 - 1,280

o Fluorinated Amines and Mimesis of Imide-like Motifs.
The N-(2,2,2-triuoroethyl)methanesulfonamide moiety has found

379 % 471 application in the optimization of HCV NS4B and acyl-
7 ' CoA:monoacylglycerol aeylsferase (MGAT) inhibitdf&:®>
Symmetrical monaorination of each of the Cgroups 0B85

380 ® 86 enhanced potency 3-f@8¢), butN-dealkylative metabolism gave

di uoroacetone, a compound associated witltasigrioxicity,

o while glutathione adducts resulted from oxidative metabolism of the
D indole heterocycl@gble 3R'%*® Pe uorination of a single GH
381 N 58.0 moiety of385gave a pair of enantiomers, of whictStisomer
387 was 30-fold more potent than tReigomer388 while the
~ homologue889 and390 were less potent. Further optimization
382 I N 57.0 gave891as a compound that was advanced into clinical'frials.

The MGAT inhibitoB92was claimed to express aguglue
of <12 nM in a biochemical assay and inhibit MGAT expressed in
a Caco-2 cell line with angg@lue of 58 nM, biologicakets
Comparison of the thrombin inhibitorgets expressed by thattranslated to a 69% reduction in triacylglycerol absorption in
383and384illustrates a broad-based application of biosisostépale beagle dogs after an oral dose of 30 Tig/kg.

ism in drug design?*?In these molecules, the oxyguanidine CN o

provides a mimetic of the guanidine found in natural substrates mgﬁ

but with reduced basicity to facilitate oral deliveryydhe N N H‘N4 & f?é//o
benzene ring @B3can be viewed as a bioisostere of the cyclic N\;; o >‘\GNV©/LH A
amide 0f384 while the diuoroethylamine &83 functions =

analogously to the sulfonamidesdf 391 392
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Table 33. Structureactivity Relationships Associated with ~ Table 34. Inhibition of Steroid 5Reductase Enzyme Activity

HCV NS4B Inhibitors by Aza Steroid Derivatives 18 and 3995
CN o steroid 5-reductase enzyme inhibitiog, (GM)
)F\ m&p rat prostate  human prostate  human type |  human type Il
F7 0 N N HN-R 18 30/32 52/58 470/313 8.5/11.8
b 393 4° <0.P
394 15 16 36 3.3
R GT-1b HCV replicon ECso (NM) 395 34 20 3.9 1.8

“Data taken from 2 independent assays abstracted feoentdi
articles®9%” Pynder the assay conditions used to generate this data,
nasteride inhibited the type | and type Il enzymes wjthal@es of

386 g<:F 4 150 and 0.18 nM, respectivély.
F

discovered as cytotoxic antitumor agents using an in vivo screen
conducted in mice implanted subcutaneously with solid tumors,

385 ~CH,CH(CHs) 12

387 2 < 2

CF3 a screening approach developed as an alternative to the more
_ traditional approach of in vitro evaluation using hematopoietic
388 = 67 tumor-derived cell lin€¥ Clinical toxicity associated with the
CFs metabolic release of 4-chloraniline 8@éied to its replace-
ment by LY29550897).1"“"*The mode of antitumor action
389 §—<CF3 55 of the sulfonyl ureas is enigmatic but has been attributed, in part,
to mitochondrial uncouplig”’?The discovery @96 stim-
390 -CH,CF; 420 ulated considerable interest in this class of antitumor agent,

and one interesting class of cytotoxic agent is prova®&d by

400" "*The mode of action 898 400is equally enigmatic, but
There are several higher homologues of ti@HENH one interpretation is that they may be related to the sulfonylureas

moiety that appear toer opportunity for evaluation as poten- in a fashion that relies upon a bioisosteric relationship between

tially interesting structural metaphors. However, while these hthwe(CF),CH and S@moieties. Unfortunately, MMPs are not

not been the subject of systematic analysis in the context of lzigailable that would allow a more precise comparison. However,

isosteric relationships or the delineation of key physicochemibalt the electron withdrawingets of the two GBubstituents

properties, there are examples of applications scattered througinouence the proximal urea moiety was indicated by the presence

the literature in molecules that, in some cases, have been studfi¢ioe isourea tautomer that was observed in polar sotent by

in some detail in a preclinical setting. In this section, I highlightMR spectroscopic analysis.

representative examples that demonstrate applications in ¢+~ 00 O cl o
¥ /@ FsC_ CF30 s@ FaC_CFsQ
NN RO \)(NJ\N

design, and which, if applied in an informed fashion in the app
priate context, mayer interesting berts.

Ay . : - RO N NN H H
Inhibition of steroid Sreductase enzymatic activity has beer * HoH cl
shown to be sensitive to amide substitution patterns in a serie 396: x = CHy; R = H (sulofenur) 398: R=H 400
397: X =0, R =CI (LY295501) 399: R = CH3CH,

azasteroid-based inhibitors, particularly with respegetain i k > )
ing activity toward the type | enzyme that is only modestly Fluorinated Motifs and Urea Bioisosterism.A careful _
inhibited by18°® The introduction of the phenyl ring in and detailed theoretical analysis of the isosteric relationship
dutasteride393 is associated with potent type &ductase ~ between the uretland uoro enamidd02has been con-
inhibition that aords a more balanced-@ductase inhibitor ~ducted that recognizes the close topological similarities depicted
than18 (Table 3} The benzylamine derivatBgstexhibits  in Figure 287* However, while the bond angles and lengths
enhanced potency toward the type 1 enzyme compaged to

which is further enhanced by replacement of thevidHa 1.230A 1.366 A
second CFmoiety, as depicted B95*°” This modication @L 1233°  1.302A CF 120,19
removes the chirality associated3@thnd would be expected TR T HOSIQ K
to enhance the H-bond donating capacity of the amidie N E‘\/E E / !
although in this example the H\ does not appear to be 1304 A A

specically involved in drugarget interactions?
FaC, Figure 28Bond angles and lengths that illustrate topological mimesis

R between a urea anduroenamide.

FiC
NH CF, 0 N\/:'_Q show a close and compelling analogy\-aiky|N-tosyl deriv-
atives were prepared as part of the survey, and although these
were shown to be chemically stable under neutral, basic, and acidic

= =
| | conditions, the synthesis of compounds with a ftéa/ak not
o WA o Nh described. In addition, there was no discussionkf vhkp of
393 394 R = CH, the N H in 402 and its homologues. Nevertheless, this motif
395: R = CFy represents an interesting element for use in drug design, partic-

N-CH(CE), as a Sulfone BioisostereDiarylsulfonylureas, ularly for analogues of ureas that do not possess aHraed\
of which sulofenuB6 is the representative prototype, werewould thus be more amide-like. However, this moiety has not
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been adequately explored despite its potential to also be corsigintiomerd14 and415*’° The similar performance4if4
ered as an amide bioisostere, with functional mimicry potentiaid415as agonists at the TRPV1 receptor led to the conclusion
extending to the GBnd CEH derivative403 405 respectively. that the bound form was the extended conformation depicted in

o) F CFs CFs CHF, Figure 3A that is accessible to both enantiomers rather than the
Ry oy R R‘N)\(R R~N)\rR RonSyR R~N)\(R alternative topography presentdédgnre 3B1"°
poH HoH HoH f HoH
401 402 403 404 405 A B

In a series of dopaming fiartial agonists explored for their o L= 7 7
potential to treat schizophrenia, théilf benzimidazolone of - DANJ\R - Dﬂl}ljﬁ\
406that is distal to the oxyethylamine side chain functioned as a HO H—F HO HF R
pher]ol bioisostejréS.Thg cyclic urea motif@)Gwas eec_tiv_ely Figure 30.Conformational preferences of theuorinated enan-
mlmlckgd by the 2-tioromethyl-substituted benZImId""mletiomers oft13designed to illuminate the bound conformation.
409 which was 24-fold more potent than the methyl homologue
408 and 54-fold more potent thd@7, the parent molecule

(o]
of this series, presumably @cton on the H-bond donating 0 NJ\(\/\/Y
propertie$!*°Further optimization focused on fused pyran deriv- HODAA R
atives designed to confer conformational restraint, with@®oth
and411potent ligands for the highrity dopamine frecep- T4 R (R F
tor2">® However, in this chemotype, the Zutiomethyl- 415 R = (S)F

substituted benzimidazole was a less\e@ mimic of the urea  However, there are circumstances where this inherent pre-
of 410 and amide o411, with 15 40-fold lower anity, for ference can be overridden in favor ajabieheonformation,
which speculation focused on attof ring fusion on the  which for a simple uoromethyl amide has been calculated to

preferred tautomeric statetbg" "> be 6 kcal/mol higher in energy thantta@szonformer, while
0>\\NH R)\N for the. , -di uoromethyl homologue_ the energy of t.he. con-
HN O oN O formation that places thel@and N H in asyrrelationship is
©/ NP N© P 4.5 kcal/mol higheF{gure 3).**°Under these circumstances,
- uoromethylamides and, particularly;di uoromethyla-
408 A07:R=H mides, oer an opportunity to function as urea mimetics, as
Bz /=018 oM O ™ illustrated by the solid state structu#d &fvhich crystallizes in
DZ“‘Q“K:4.4?1M the conformation shown, stabilized by close contacts between
S :;9’:<R==OC1?HM both the NH and C H hydroggn atoms and.the pendent
o o A carbamate oxygen atom. The histromethylamidé17 and
Nx = monotri uoromethylamid&l8behave in a similar fashion, with
HNWNA% HNWNA% the C H to oxygen H-bond iA18 shorter than that 417,
H H re ecting the poorer H-bond donoeets of this motif, antic-
o ipated based on the @iences in electron withdrawingces
410: X = NH 412 . .1.180 .
0,78 K. = 0.14 N 0,7 K. = 5,75 nM and polarizability°*These molecules adopt conformations com-
411:X = CH, parable to that observed with the thiodt8aand uorinated

high je — o . .
D" K= 0.37 M acetanilides have been exploited with some success as organo-

Fluoroamides and Urea Bioisosterism. -Fluoromethyl  catalysts based on the anticipation that they would recapitulate
and , -di uoromethyl secondary amides preferentially adopttae e ects of ureas and urea miffi¢$ "However, the- uoro
conformation in which the € and C O bonds are aligned in  derjvatives are more active catalysts than tieuoro ana-
atransrelationship that is favored by both dipole interactionggues, perhaps surprising based on the calculated H-bond
and reinforced by an electrostatic interaction between tgﬁengths which have been estimated 18.8écal/mol for the

H H H 176 178
uorine atom and the amide il (Figure 2)2 Indeed, - uoro derivatives and!.0 kcal/mol for the bis-G&mides,
with the latter more capable of overcoming the natural bias
Q Q 7 toward a conformation in which the F and amide a:@&e
H F F . .
\rﬁh\;‘“ \NJ\*H \N)KF'H in atransperiplanar arrangemétit.
H\,FJ[ HoH HoH These motifs have found only very limited application in drug
vans gauhe sis design presumably a function, in part, of concern for the release
0 kealfmol 6 keal/mol 8 keal/mol of di uoroacetic acid andoroacetic acid in vivo. However, an
o o o interesting example where therination pattern of an amide
- H - H - £ moiety exerted anext on ligandprotein interactions is pro-
~F “F . : . . O
E)H: EJ\E F EJ\HF vided by the disaccharide derivatR@sA23which bind to the
o kealimol 0.5 kealimol 4.5 kealimol lectin wheat germ agglutinin (WGA), although in this example

urea isosterism is not a bdSighe mono- and dioro-
Figure ZQ.CaIcuIated conformationa! preferences faoromethyl acetamidet21and422 respectively, bind more tightly to WGA
and , -di uoromethyl secondary amides. based on NMR analyses than the acet2@iaed, particularly,

the tri uoroacetamid#23 These data were interpreted in the
this phenomenon has been exploited to illuminate the topogpntext of a productive & to interaction between a 8 of
raphy of the vanilloid receptor (TRPV1) agonist activity dhe acetamide moiety and the phenol ring of a tyrosine residue of
capsaicird(L3 by synthesizing and evaluating theorinated WGA. The electron withdrawinge&ts of uorine substitution
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Figure 31Topologies and bond lengths associated-witbro-substituted amideks 418and ured19in the solid state.

in 421 and particularlg¢22 polarize the CH bond, thereby
enhancing this interaction. The importance ofeébeig under-

explored, with gemcitabid@2?, the HBV inhibitor clevudine
(433, and the HCV inhibitor sofosbuvi34), a phosphor-

scored by23 which cannot engage in this kind of interactioramidate prodrug, the most prominent clinically appnosed

and exhibits an order of magnitude loweity for WGA
than422'%2

Q HO
HO
Hmom
NH
o=<( N

O~ NH,
R
420: R = CHj3 421: R = CH,F
Kp = 190 uM Kp = 150 uM
422: R = CHF, 423: R =CF;
Kp =50 uM Kp = 650 pM

Halogenated amide analogues of mela#2¥nhgnd ago-
melatine426) have revealed interesting structcsvity rela-
tionships that indicate the im gortance ofitbenation pattern
on binding anity (Table 35***The Ck amide429derived

Table 35. StructureActivity Relationships Associated with
Melatonin Agonists

MT, (pK) MT (PK)
424 9.34 9.02
425 9.7
426 10 10
427 8.21 9.40
428 10.27 9.07
429 8.24 8.75
430 8.30 8.75
431 14.3 7.62

rinated nucleoside derivati’és®’ The introduction ofuo-

rine atoms to the ribose ring has a complgarioe on the shape

of a nucleoside analogue, with antiperiplagets edipole

dipole, anomeric, and gauche interactions contributing to the
overall conformational bias, while interactions betveeire

atoms and a pendent B of the ribose or the base can also play
arole. Consequently, the outcome is dependent upon tlee speci
topological arrangement of functionality and their stereochem-
ical relationships, with complexity heightened by the potentially
selective e&ct on recognition by kinases and viral polymerases.
For example, a2- uoro substituent in a8eoxy ribose favors

a north conformation of the ribose ring while Roro sub-
stitution prefers the south conformation but less strongly, although
this preference can be reinforced by a 3oro substituent
(Figure 3@ Because HIV-1 reverse transcriptase is believed to

Base
Base

HO H HO
2-o-F 2'-B-F 2-p-F, 3-a-F
north conformation south conformation south conformation preference
preferred preferred reinforced by the 3'-F

Figure 32.Preferred conformation of a 2 uoro-substituted ribose
compared with a -2- uoro substituted isomer and a ,22- -
di uoro-substituted ribose ring.

“Data from an assay assessing binding to cell membranes using ligagsssynize nucleotides adwritie south conformation, 2 uoro

that do not distinguish the receptor subt§fes

substitution leads to inactive antiretroviral éﬁ%mtss con-
trasts with the ect of 2- - uoro-substitution on ribose topog-

from426shows reduced aity but similar receptor selectivity, raphy, which has been shown to preferentially adopt the south
while the CHF homologud27 exhibits 10-fold selectivity for conformation®®

the MT,receptor subtype. In contrast, the Cififide is 10-fold
selective for MiTreceptor and retains the potency2ff a

pro le analogous to that of the uf@&d, while the balanced

pro le and reduced potency of the CH@lide430illustrates
the importance of selecting the correct haldgen.

e}
e ik
s S G
HN (o] (o]
424:R=CHj; 426: R =CHj 429: R=CF;
425:R=CF3 427: R=CH,F 430: R = CHCI,

428 R=CHF, 431: R = NHCH,CH,CH;

C F AS A CARBINOL (©H) MIMIC
C F as a C OH Bioisostere in Nucleoside Analogues.

Replacing the hydroxyl substituents and hydrogen atoms of
ribose ring of nucleosides witlorine has been extensively

5856

NH, o)

HO F oH
432 433
o 0
> -
)\‘ | NH )\‘
o o '
: o o 0 N
HN"--?—OW HNwP-0
Ph© - ph© \g':
HO F uo
434 435
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The importance of the correabrination patterning is most

e ectively illustrated by the poor HCV inhibitory activity asso-

ciated with435 the 2- - uoro analogue 0$34'°° The O\COzH O\COzH

2 - uorine atom o#:34 mimics the ects of the Zhydroxyl

of 436 while435 mimics that ofi37. While conformational 438 439

preferences may contribute to these observations,ispeei The antibiotic pristinamycig (440, which incorporates

actions with the HCV NS5B polymerase also play a role becapigine and inhibits protein synthesis by acting on bacterial
it is sensitive to the identity of the 2and 2- -substituents, ribosomes, sars from dehydration at acidic and basic pH to
critical ribose recognition elements fog.®&the enzym&’® give a conjugated trienone, which is inactive as an antibacterial
While the uoride of434lacks the H-bond donating properties agent:>>To identify structural modations that would address

of the hydroxyl o436 (Figure 38) and binding leads to a this problem, reduction of the ketone to an alcohol was explored,
with the result that both inhibition in a cell-free translational
assay and antibacterial activity were preserved \Rjtisthimér

pase pase 441 (Table 3% In contrast, the§-alcohol442 was 120-fold
U ‘(—5 Asnzm U \(_g ASI"Iggq ( ﬁ ea
Table 36. SARs Associated with 440 and Its Analogues

o o
H, =) =y
o- ||wﬁt‘2/>ﬂASP?75 oqpﬁg/}ASDm
AN & AN
Y Y
Serzgn Sers
R poly(U) IGo( M)  MIC (IP8203) ( g/mL)
Figure 33.Key H-bonding interactions between-me2zhyl ribose 440 c o 0.1 4
moiety @36 and the 2 uoro-2-methyl homologue that is the ribose 441 (R-CHOH 0.05 1
hallmark ofi34 442 (S-CHOH 6 32
443 (R-CHF 0.06 0.25
disturbance in the interaction network associated with thet44 (9-CHF 0.5 8
2 -hydoxyl, it appears to be capable of interacting with a side
chain N H of Asng, (Figure 3B), and although th,, is less potent in the cell free translation assay and 8-fold less potent
higher, this nucleotide is able to align correctly for incorporatias an antibacterial agent. These struatiingty observations
into the growing RNA chdit(” were recapitulated with th®-(and @- uoridesi43and444
o o respectively, with the former exhibiting potency sinditt, to
kaH NH while444was 10-fold more potent ti#2in the protein trans-
| lation assay and 4-fold improved in the antibacterialassay.
HO\CZN © Ho—~_o N Fluorinated Motifs and Alcohol/Thiol Bioisosterism.
- \gOH Fluorine has played arole in the design of bioisosteres of alcohols
HO  OH HO  * and thiols where the ClRoiety has been exploited as a H-bond
436 437 donor while replacing a OH with a C F relies upon the

However, there are limits to the bioisosteric relationshigmi cations of dipole mimicry.
between a 2 uoro and a zhydroxyl substituent in the context ~ The intramolecular interaction between the, Gtdkety of
of RNA. While the use aforinated RNA is common in SiRNA the pyrazole-based fungieidé and the adjacent QO has
and aptamers as a means of stabilizing the RNA, incorporatieen characterized as H-bonding in nature based ofHR and
into RNA:DNA hybrids has been found to be poodg@ous ~ NMR datd®* The energy of the intramolecular interaction in
toward activating mammalian RNaSeH. 445has been estimated to He0 kcal/mol based on a distance
Collagen is the most abundant protein in animals, amountiof2.4 A, which calibrates the CHiBiety as a relatively weak
to 30% of the total protein content of humans @B@o ofthe ~ H-bond donor compared to more traditional functionalities
weight of human skin. The polypeptide chains of collagen avhich are typically associated with energied ®k2al/mol.
comprised of approximately 300 repeats of the triplet sequens/ertheless, this interaction appears to be important to the
XYG in which X is often aPro residue while Y is frequently a fungicidal activity d#45 which is a consequence of inhibiting

4-(R)-hydroxy=—proline @38 Hyp) residué’ These sequen-
ces contribute to both the structure and stability of collage
chains, which adopt tightly wound triple helices that are org,,
nized into brils conferred with considerable tensile strengthr
Cl

The hydroxyl moiety of Hyp is known to contribute to the prop

erties and stability of collagen but its precise function has bt |

esoteric in nature, initially attributed to either its H-bondin 448
properties or an ect on stabilizinganspeptide bonds along fluxapyroxad  sedaxane isopyrazam
the backbone. However, studies witlofeproline439 as a

bioisosteric substitute for the Hyp resi@&éndicate that the

predominant esct of 4-substition is to irence the confor- C§J />—N N—</

mation of the pyrrolidine ring of proline, with both thH&-4-( J§<

hydroxy and 4R)- uoro substituents favoring ae€o con-

former as depicted figures B2 449
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fungal succinate dehydrogenase because;then@ifogue, o o
which is absent the H-bond donor, exhibits weaker biological o N_I NI

e ects' %% The 3-(diuoromethyl)-1-methyHipyrazole- =T T TN T e
4-carboxamide moiety is a common structural element in a range F_(

of fungicides, includingxapyroxadt46), sedexanet47), and COH
isopyrazan#48."°>More recently, intermolecular H-bonds have 453

been observed between the Cidbiety and the nitrile of an

adjacent molecule in the single-crystal X-ray structure of the o9 HoQ
oxadiazole derivati449 with the key bond angle and length Ph\/o\n/N\;)LN/d;\‘\;)J\COZH
captured ifrigure 34%°° 0 /ﬁ : OF_(

F

-

F 454
A CO,H
;\ib<CH"-N: 140° & ?
HwN=C—-R AN (0] (o]
— N
248 A N ¥” COH
. . . NH o] /
Figure 34Intermolecular H-bond observed in the single-crystal X-ray F_(
F
455

structure of oxadiazdi9

Perhaps the most compelling application of ther@bigty However, in the X-ray cocrystal structure of the reletal
as a H-bond donor is providedbg, an inhibitor of HCV NS3  acid455bound to HCV NS3, the carbon atom of the St
protease in which the doro-Abu was designed as a mimic offound to be 6.28 A away from the backbon® 6f Lyszsand
the cysteine residue found at theife of natural substrates, 4.08 A away from the backbone @ oxygen atom of
with the structural similarity illustrated in simplistic fashion ikeuss ™ “The 4.08 A distance represents i @ OH-bond
Figure 33°"2The design of this compound was inspired by théhat is probably above the preferred limit, so while not ideal, it
was nevertheless considered to play a role itadgeg inter-

N R actions>99 These observations eet signicant dierences
s H between this complex and those obtained4&8tand 454
:'{N:L"/OH ;;Nl‘/OH

H & H 9

because wi#b5 the serine hydroxyl approached the activated
C O from the opposite face to that typically observed with
Figure 35.lllustration of the functional mimicry between RSH andSerine proteases. This arrangement resuited in the carboxylate
o9 ; . - moiety rather than the hemiketal oxygen atom occupying the
RCRH in Py residues incorporated infband452 oxyanion hole. The dioromethyl! side chaitted snugly into
the § pocket with one of theiorine atoms proximal (3.34 A) to
earlier observations with the pyraitieandd52was foundto  the C-4 hydrogen atom of the thiophene ring, viewed as a form of
be equipotent with the Cys analogp@ indicative of good hydrophobic collapse that may preorient the molecule for pre-
functional emulation. Satisfactory bioisosterism was furtls@ntation to the protease in its extended conformation.
emphasized by the 20-fold reduced potency observed with th&he direct translation of this Cys mimic to {heldent of
Ala analogué51, re ecting the importance of the presence oftripeptide-based inhibitors derived from asunagiyinas

the H-bond donor iA52 unsuccessful, with the naturallygaredd57found to be 900-
COM COH fold less potent in the GT-1a enzyme assa¥3Gamhile the
yoo boo Lo R)\ unnatural isomeéb8was a further 2-fold weaker and demon-
\rfN\:)I\N N A A AN A o strated poor inhibition in the GT-1b replictai(e 3Y.*°°This
o C; H Ph/:\PhH o ; " SAR point was mirrored by the desro derivativet59and
2

46Q which were poor enzyme inhibitors, observations that

demonstrated the importance of the cyclopropane moiety at P
450:R=SH  451:R=CH, 452 R=CHF, of 456 However, replacing the vinyl substituet®ivith a
Ki=40nM  K;=700 M Ki =30 nM CHF,; a orded the potent inhibitd61, with activity dependent

The presence of an intermolecular interaction between thg conguration becaudé2was an order of magnitude weaker

CHF, moiety and the HCV NS3 protein was ooed with  in the enzyme assay. The unique attributes of thesGibiF

X-ray cocrystal structures of the smaller inhiBand454 stituent in this setting were underscored by the 10-fold loss in

both of which formed a mimic of the tetrahedral reactiopotency observed with the desro derivativé63and the fully

intermediate by the addition of the catalytigoBgdroxy! to uorinated homolog4é&4 while projecting the Chifnoiety

the activated carbonyl moiety that is a hallmark of the&arther from the core, as465 also led to reduced potency.

compound$’’® The X-ray structures indicated that the In this analogue, the presence of tiseine atoms incurred a

hydrogen atom of the g¢Felement donated a H-bond to the small but negative impact compared to the simple ethyl

backbone C O of Lysss While one uorine atom was close to  derivativel66 An X-ray cocrystal structuretdt with HCV

the C-4 hydrogen atom of the phenyl ring g Pbeggestive of NS3 protease revealed a close approximation of the hydrogen

a weak CH to uorine H-bonding interaction. The H-bond atom of the CJH moiety to the backbone carbonyl! ofd-atia

lengths measured for the@moiety were 2.57 and 2.9 A, distance that was consistent with a H-bonding intefattion.

at the upper end of the preferred distance but consistent with thd he importance of the CRBubstituted cyclopropyl moiety

2.9 A suggested for B to oxygen interactions with aromatic identi ed with461in HCV NS3 protease inhibitor design is

ring donorg>9<97° re ected in the incorporation of this structural element in the
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Table 37. SARs Associated with the HCV NS3 Protease Inhibitord@&6

Cl

AP

H N N/S
>I/OYN —\, © H \V

o A
Py GT-1a enzyme inhibition ICso (nM) | GT-1b replicon inhibition ECso (nM)
H O
/N’.
456 L ¢ 1 6
7
H o]
AN
457 Y 976 509
F*F
H (o]
4
458 Ejfj\f 2,479 >1,000
FooF
H (o]
/N
459 % \ekf 3,079 >1,000
|‘H
H o)
460 4 f)‘\;’ 7,970 >1,000
H
H [e]
Ve
461 " gk ¢ 1 7.6
F F
H o]
e
462 e {k § 12 58.9
F7OF
H O
463 kY ‘K\g’ 13 64
H 0
/N’
464 Y $ 17 125
CF,
H [e]
i
465 14 31
F
F
H o]
/N’,
466 " ¥ 5 16

potent inhibitors glecaprevi6) and voxilaprevid68), both

of which express pan-genotypic activity and each of which basbination regiméf{2°*

5859

been approved for marketing by the FDA as part of a drug
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o— Table 38. K, Data for Pyrophosphate (473) and Its Carbon
Q Q Analogues 474478
N\_/N Ny N 1 I
. o HO—P-X~-P-OH
7 e e A OH OH
£ (D\WH 1 9 DG N 473 474 475 476 477 478
. . H 7, P
Do ALY W Do AL Y
Ty, o \lg Y o X o CH, CCL, CF, CHF  C(OH),
O AN N TS FF pK2 236 287 <26 <27
467 (glecaprevir) 468 (voxilaprevir) PK3 577 745 6.11 5.80 6.15 581
pKA 822  10.96 9.78 8.00 9.35 8.42

Lysophosphatidic acid (LP#§9interacts with four GPCR
receptors designated as;LP#nd also acts as an agonist for the ) o ] ] )
nuclear hormone receptor peroxisome proliferator-activategctive mimic of phosphate has led to its widespread adoption
receptor- (PPAR). However, the propensity of LPA to rear- N th_e design of |r_1h|b|tor528g 0r;iosphatases Fhat are of physi-
range by acyl migration inspired the design of treidated ~ Ological relevanceigure 3= “"“The synthesis d79asa
LPA analogué70in which the terminal primary alcohol has building block for the construction of nonhydrolyzable tyrosine
been replaced by autromethyl moiefyy?While470failed to phosphate mimics for use in the design of phosphatase inhibitors
interact with LPA receptors, this compound stimulated theWas followed by the developmeA80hs a mimic of phosphor-
PPAR receptor as detected by luciferase expression in C\yJ@ted serine, motifs that have been extended to sphingomyelin
cells transfected with the enzyme under control of a-PPAF&Nd other naturally occurring phosphate e'?%?‘%ﬁ{é-
responsive element, demonstrating the contextual nature of big-n€ di uoromethylenephosphona@l inhibited PTP1B

isosterism and the limits of functional mimicry. with an IGgvalue of 120 nM, was active in a cell-based assay with
o o an EGy=1.2 M, and exhibited 13% oral bioavailability in the
ook f ok rat, with &C,,,,0f 35 M, plasma exposure that reduced glucose
Ho Aol A Aol levels in rat and mouse models after single oral doses of 30 and
I 3 10 mg/kg, respectivély.The furan carboxylate 482 was
469 470 introduced to engage glHMolecule observed in the active site
R = CysHar or Cy7Has of Yersinia pestister protein H (YopH) phosphatase, and this

The bioisosteric relationship between the GGFOH  compound was a potent inhibitog, k€190 nM, that reduced
moieties has been extended to hydroxamic acids where indgjfacellulaiversinia pesteplication by 9-fold at 101, a
poration of an NCHCF, element functioned as aaative mimic ~ concentration below that where cytotoxicity wa$'S&ée.

in the context of the 5-lipoxygenase inhiitdrand4722%° phosphopeptidomimetig3targeted the Src homology 2 (SH2)
domain of signal transducer and activator of transcription 6

(STAT6) and blocked phosphorylation of,fwf STAT6 in
intact Beas-2B cells when introduced as its bis-pivaloyloxymethyl
prodrug at concentrations oflD M.?**

Brg F

)Y\ " i
o=s o=s R o o &
=S. =S. , . P~OH
g NH & NH: Poy  HO—-P-OH O OH
HO F

471 472 .
5-LOX ICsp = 4.9 M 5-LOX ICsp = 5.0 M

so = A s0 =2 HN7 COoH HN7 COH 5 O

479 480 481

Ck AS A BIOISOSTERE OF AN OXYGEN ATOM

CF, and Phosphate/Pyrophosphate Mimicry.The Ck Ho 2
moiety has been explored extensively as a mimic of an oxy HO™ Y~ C \L o
atom in a variety of structural backgrounds in which Ehe C O '\@ :. NT(\H 7 .
bond is considered to be a mimic of the one of the lone pairs O NSo © F
electrons of oxygen. A seminal example is provided by studi 3 SN© @ Ho R0
phosphate chemistry where a phosphonate is frequently emplc w - on

as a bioisostere. However, this substitution leads to lower acicm}/ . .
compared to a phosphate, which can result in poor functionall N€ di uoromethylenephosphondgswas designed as an
emulation Tables 3&nd39). The data compiled ifable 37 ~ analogue of sphingomye#4) that inhibitedBacillus cereus
illustrates the sigoant dierences between the acid dissociaSPhingomyelinase with anl@alue of 57 M, 2-fold more
tion constants for pyrophosphde3 and the CH analogue ~ Potent than the desioro analogue.

474294295 While the CGlhomologuet75 reduces thekf 1 /\/\)Ok

values compared4®d4 uorination oers a superior ect, with CisHa™ NH © \/\/\/\)Ni;z ©

the CK derivative476 the optimal mimic with respect to ="~ o‘,,"\’o\/\hlli : ,,P\’O\/\T/
reproducing the acidity43 Indeed, the electron withdrawing on 009 o 009
properties ofuorine are such that, in this context, maro 484 485

substitution474) is as eective at modulating the acidity astwo CF, as an Oxygen Bioisostere in Sulfonic Acids and
chlorine atoms. Sulfonamides.The e ects of uorination - to sulfonic acids

The recognition that the physical properties, bond angles, aarttl sulfonamides has been examined in the context of inhibition
bond lengths of dioromethylenephosphonate render it anof steroid sulfatases, protein phosphatases, and carbonic

5860 DOI:10.1021/acs.jmedchem.7b01788
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Table 39. K2 Values for a Homologous Series of Phosphonic Acid Derivatives Compared to the Phosphate Phenyl Ester

PhOP(O)(OH), PhCHP(O)(OH), PhCH(F)P(O)(OH), PhCEP(O)(OH),
pK2 6.22 7.72 6.60 571

Table 40. Carbonic Anhydrase Inhibitor Activity Associated
with Sulfonamides 50%04

ICs (NM) PKa

500 PhCHSONH, 630 10.5

Figure 36 Geometric parameters for the phosphate, phosphonate, and 201 PRCHFSGNIM, 220 88
diguoromethyleneph(?sphonate moieties‘.) P - PRosP ' 502 PhCRSONH, >8 R
503 CH;SONH, 650 10.8

504 CF:SONH, <2 6.3

anhydrase?® 22° Steroid sulfatase (STS) catalyzes the hydro- . o
Iytic desulfation of steroid-based sulfate derivativesittha prototypes0Q while the monaioro derivativeO1fell between

free phenols. Estrogen sulfd&§(and estrone sulfatdg) these bookend$¢ble 4] The e ect was more dramatic when

are substrates for STS, and the former is believed to act é‘é)glparing the activity of methylsulfonab08avith its Ch

reservoir for the production of estrogen in breast tumors, s -?gggﬁsg?ér\l’xheare th;al Se"i[‘r?; m:a:;egor?sgt(()asnet C’?r:rt?]lgtrﬁgre
gesting this enzyme as a potential therapeutié taBysio- ween p y andpalu w : wi

nates have been evaluated as STS inhibitors but were poBﬂgnt |nh|b|tocr)s being Itgh_ose n:ore |pn||ie(tj at nelft?éiﬁH'
active, witl#88representativis; = 600 M.****This was not R as an Oxygen Bioisostere in HeterocyclesThe

attributed to an ect on the l, relative to the sulfate moiety; morpholine heterocycle has long been a staple of drug design

rather, the sulfate O atom was considered to be important {§ff€" @ moderately basic ring system is required because the
interacting with the enzyme. Fluorination of the benzylic carb roduction O.f the oxygen atom Into p'Pe”d'Qg reduces the
atom o0f488 gave489 which was 5-fold more potent and PRa by 2.6 units compared to piperidifiabfe 4)." Other
exhibited competitive inhibition kinetics in contrast to the mixed .
inhibition kinetic prde observed with88 These potency | aPle 41. Experimentally Measurdd, values for the
observations were reproduced in the sulfonamide homolog{r@¥iugate Acids of a Series of Heterocyclic Amines
490and491, where - uorination enhanced inhibitory potency

by 4-fold, although in this example both compounds exhibited

mixed inhibitory kineti¢5:®Interestingly, the potency4sfl
increased with pH, with thgvalue = 28M at pH = 8.8 while
that of the sulfona#@9decreased, shifting 2-fold fromNat

pH =7to 147 M at pH = 8.8, an observation attributed to the
e ect of ionization of the sulfonamide.

0%
2P @ E P
HO™™ O HO™

electron withdrawing elements that exert a sirethbat oer

a range of lipophilicities include sulfur substitution, with thio-
morpholine dioxide the most powerful of this series that reduces
the K, of piperidine by a more substantial 5.74hit$'Dual

486: X = p-CHOH 490:R=H uorination at the 4-position of piperidine modulatekhe p
487:X=C=0 A Akt the same extent as morpholine beito 2.5 units of increased
K= 57 uM K= 82 uM (pH = 7) lipophilicity accompanied by a 70% reduction in PSA, providing a

Di uoromethylsulfonates have also been probed as PTP4gful heterocycle when physicochemical properties are being
phosphatase inhibitors whereorination resulted inincreased OPtimized. As a consequence, 4ubwipiperidine has been
potency in two series, as illustrated by comparing data for fPlored extensively by medicinal chemists; however, only a
MMPs492 493and494 49578 Perhaps not surprisingly for a Synopsis of the applications is presented in the following section
monoionic specied93 and 495 were less potent PTP1B which also highlights examples where biochemical emulation is
phosphatase inhibitors than the phosphonate homdi@gues POOr-

and499 where - uorination also enhanced potency over the The morpholine derivati8@5is a potent inhibitor of the
unsubstituted compoud#i6and498*° class 3 tyrosine kinase macrophage colony-stimulating factor-1

receptor (FMS) but was poorly stable in HLM, with just 5.2% of
the parent remaining after 10 min of incubtidm contrast,
the di uoropiperidine analogb@6 fully retained the enzyme
inhibitory properties 805while o ering enhanced metabolic
stability in HLM, with 83% of the parent drug remaining intact
after 10 min of incubation. A similar relativdemas seen
when the compounds were incubated in RLM. In the selective
Carbonic anhydrase is &'Zrependent enzyme that exhibits cannabinoid GBagonist series represented®y 510 the
a nity for primary sulfonamide moieties which coordinate to thgarent piperidin®07 and 4,4-duorinated homologus09
metal*® Fluorination - to the sulfonamide moiety led to a o ered potency superior to the more polar morpBoi@and,
progressive increase in potency, witbhodi(phenyl)- particularly, the thiomorpholine dio%i#l§ a reection of the
methanesulfonamid&0@) 10-fold more potent than the lipophilic nature of the receptor binding Sitdowever, while
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potency increased in parallel with lipophilicity in this series, radiministration of a phosphate prodrui®&to DIO rats

clearance was higher307 and509 compared t&08 while at a dose of 0.3 mg/kg resulted in a 5% weight loss, and this

510was too weakly active to qualify for testing, indicating a nessmpound exhibited no evidence of the hepatobiliary lesions

to carefully balance physicochemical properties. that had been seen with earlier compounds in the series
when administered daily to rats at doses of up to 100 mg/kg for
30 days$?°®

The 4,4-diuoropiperidine moiety &fLl2 was an eective
replacement for the morpholine heterocyslElin a series of
histamine-3 receptor inverse agonists, with both compounds
exhibiting comparablerity for the human receptdf.The
prototype511 was also a potent rat Feceptor ligand that

exhibited high selectivity over the hERG channel (21% |nh|b|t|onA CF, moiety appears to be an acceptable substitute for ether

at 10 M) and CYP inhibition (I§g> 30 M) while presenting rﬁ)ﬁ%{gen atom of the sodiugiucose cotransporter-2 (SQLT
i

ood metabolic stability in mouse, rat, dog, monkey, and hun . s ? . L
EMS (tu, > 40 min), hi)éh Caco-2 cell pegrmeabilit)):, and lown bitor dapaglifozib {9, with520claimed to exhibit a longer

plasma protein binding. However, the in vivo clear&taof duration of glucosuria in vivo in fat&This work complements

the rat was very high and the molecule was extensively distribﬁfé'g'es that successfully_ repLaced the C-4 carbltohih a
gem-uoromethylene moiety-

to tissues, with a high volume of distribution, a large bra owever. there are a number of examples where a gem-
to plasma ratio, and an extended brain residence time. Té]y : P 9

uorinated piperidiné12 exhibited accepifle metabolic 2 Uoromethyl moiety has been found to be an inadequate sub-
titute for a heterocyclic oxygen atom in a biochemical setting.

stability in vitro but, unfortunately, exhibited a short 30 miﬁOr example, the 4 4bropiperiding22 derived frons21,
tyz IN VIvO. an antagonist of the dopaminedaeptor, exhibits several-fold
lower binding anity than the morpholine-based prototype.
In another example, the morpholine ring of the RI3kand
inhibitor 523 was uniquely active compared to the 4,4-
di u%rzopiperidine analodgsatand the thiomorpholine dioxide
525

Careful modulation of thEmf the SYK inhibitofsl 3 515
was of importance to the PK peoof these molecufes.
Although the potency B15was an order of magnitude better
than the morpholine compoubil4 while maintaining mild
basicity relative 513 in this series the morpholine heterocycle
ultimately oered the optimal compromise of good oral
bioavailability and eacy in a rat Arthus model. However,
514 was genotoxic in an Ames mutagenicity ass&l5and
proved to be an inadequate substitute because its exposure

in vivo was lower than fait4 attributed to higher clearance. ArCRCH, and ArOR Bioisosterism.The di uoroethyl
moiety has been advocated as a bioisostere of an aromatic
@9%0 substituent based on the structural metaphor depicted in

1 (MCHR1) inhibito518 which was advanced into clinical triaBl;ifgure 37with recognition that the conformational preferences

as a phosphate prodrug of the alcohol for the treatment
obesity**While the oxetarid 6showed high plasma exposure
in rats following PO dosing, the compound wasciine at
inducing weight loss in a 4 day diet-induced obese (DIO) rat

study, attributed to low brain and plasma concentrations at 20 h

postdose. Reversion to the cyclobutane ar&ldgse means  rigyre 37.Proposed isosterism between anisole and (igiod
of increasing lipophilicity provided an avenue forward but furthghyibenzene.

modi cation to518was required in order to slow metabolism.
This compound had adequate metabolic stability in rat LMs aofithe two substituents may be quiterdnt, although the
when dosed as the glycine ester prodrug at a dose of 10 mg#igyioroalkyl substituent may be conformatiomilyle”>>>

high plasma (4.9M) and brain (11.3M) levels were observed An example where a 1,ludroethyl substituent ered

at the 8 h time point, recting a brain to plasma ratio of 2.5. advantage is found in the series of inhibitors of the kidney urea
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Table 42. SARs and Metabolic Stability of 5289, value, although this was accompanied by some reduction of
Inhibitors of the Kidney Urea Transporter UT-B intrinsic agonist potency. Neverthéd@dsyas the compound
selected for more advanced in vivo sftidies.

FLUORINATED ALKOXY MOIETIES AND MIMESIS

Conformational Aspects of Fluorinated Alkoxy Moi-
eties. A probe of the CSD camed previous literature
observations that in the absence of dual ortho substitution, Ar-

R 'Co(M) % remaining in RLMs OCH; prefers a coplanar arrangement of the aromatic ring and
253 2?38 lﬂg 92 the O CH; bond favored by3 kcal/mol Figure 3p*°" 2%
£2g CcH éH 11 < This is a consequence of rehybrldlz_anon o_f the oxygen atom to
2 allow overlap with the unsaturated ring which overcomes allylic
529 CH4CF, 14 96

1,3-strain. In contrast, Ar-QG@&vors (by 0.5 kcal/mol) a

transporter UT-B represente82§ 529captured ifable 43%° conformation in which the @F; bond is orthogonal to the

While the OCHlderivativ®26 exhibited good potency, metabolic gl?er:?aOfl)tgt?Ngre%rTﬁg%gvr\]/ge’lgf:ttrrlsgitdegt t;)xthzrr]eg[lécr:sgneﬁﬁtéomc
stability in rat liver microsomes was very poouanqatlon of oma?ic svstem that allows allviic 1>ég-strain to dominate
the methyl group was not found to be a viable option to solve t@% Y Y ’ '

) . urthered by the increased sizaafine compared to hydrogen.
problem becaus@7su ered a 10-fold loss in potency, although{;éaddition, a hyperconjugative interaction in which one of the

metabolic stability improved dramatically. The ethyl derivati irs of elect th tom donates int f
528restored potency but metabolic stability was also inadequ%ﬁ@,e pa|rs*o eiectrons on the oxygen atom donates Into one o
a problem ultimately solved by introducing the Lidrgiéthyl € C F * orbitals is believed to contribute to stabilizing the
substituent, wii290 ering an excellent compromise of targete/thogonal topography. An assessment of the Ar,GaIHF
stituent revealed no strong preference for acsp@adiormation

properties. . .
In the series of Takeda G-protein-coupled receptor 5 (TGRAJtH0Ugh the analysis was based on only 22 examples in the CSD.
owever, in two cases examined more closely, the C(Ar)

agonist30 534compiled inrable 43a CECHj; substituent C(A) O C torsion angle was close t6, it the uorine

Table 43. SARs and Metabolic Stability of TGR5 Agonists atoms adopted @ndo excarrangement in one example and an
530 534 endo endaopography in the other. Thuaprination of the

alkyl moiety of alkyl phenol ethers allows the aryl substituent to
function conformationally as mimic of an alkyl substituent.
Developability Aspects of Fluorinated Alkoxy Moi-
eties. Fluorination of the alkyl moiety of phenol ethers has been
explored broadly in drug design, and replacing the @CH
anisole derivatives with an @@Fa common tactic in drug
o « induclczed hun'\w/lan TGR5 Clljm hulma” design that is often focused on enhancing metabolic stability
o (M) ( L/min/mg) based on the premise of mitigating O-demethylation. However,

530 OCH;  CH 137 96 this tactic is not always successful in increasing metabolic sta-
531 OCR,  CH 23 184 bility, dependent upon the potential for alternative sites of metab-
532 CHCH; CH 9.2 238 olism to become a dominant path. This phenomenon has been
533 CFCH, CH 2.7 211

explored in some detail based on an analysis of MMPs examining
534 CRCH, N 43 18 the eect of substituting OGHyy both OCE and the less
common OCHFon metabolic stability, lipophilicity, membrane
o ered increased metabolic stability in human liver microsonpesmeability, and conformatiofiThe successive replacement
when paired with the pyridine heterocycle, aguwred in of hydrogen byuorine in anisole leads to a progressive but
5342°°The OCH derivativé300 ered poor agonist potency, nonlinear increase in cLBgalues, with increments of 0.17,
but this was improved by the introduction of substituents th@t27, and 0.66 for a total of 1.1 log units, accompanied by an
lowered the constraint toward coplanarity, with, C83H), increase in MW of 54 for the QClerivative. Measured g
CH,CHj; (532, and CECH; (533 substantially more potent. values commed the increased lipophilicity which ranged from
However, metabolic stability in HLM was an issh@X¥ds33 0.3 to 1.3 units for an Ogfier OCH; change while an OCHF
solved by the pyridine analogs# which has a lowgt.ogD reduced Lod by 0.30.7 log units compared to QCF

Figure 38Conformational aspects of anisole, Ph@@& PhOCH}f-
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However, the analysis of 439 MMPs where the oslgrdie derivativeé41was 10-fold less potent than substituents that favor
was a OCfor OCH;, substitution indicated that this change hada noncoplanar topographff.

no clear advantage with respect to improving metabolic stability

in HLM. Moreover, the analysis revealed acgighdierence

in favor of OCH (70% of the MMPs) substitution toward

improving passive membrane permeability. The comparison of

OCHF, with OCK was based on 149 MMPs and indicated that

although there were compound-spegcécts, there was a small

overall advantage for OCHIR the membrane permeability

assay, a OCHfor OCK; substitution showed improved perme-

ability in 67% of cases examined. This was attributed to the

OCHPF, moiety being able to adoptemlo endaonformation

that is similar in lipophilicity to Og Bttributed to cancellation

of bond polarities, while thiedo exostate is more hydrophilic FLUORINE AS A NITRILE BIOISOSTERE

due to a 3-fold increase in polarity, which may explain the redugeg similarity of the biochemical pes 0316and317provide
LogD values. In a comparison between Q@REFOCH, the  an example of a bioisosteric relationship betweegre and the
former is more lipophilic by 0®6 log units, and in the HLM nitrile moiety® Bioisosterism between these substituents has
MMP analysis, the OCk#ubstituent showed an advantage ovek|so been proposed in the context of the series of dyal 5HT
OCHgthat was statistically sigant. However, in the membrane agonists and 5-HT reuptake inhibBdf 550°*°An analysis
permeability comparison, the Q@#rivatives were in general of MEPs and dipole moments of 5-cyano- amat8-substituted
more permeable than their OGlaRalogues when the parent indoles corrmed the potential for a bioisosteric relationship,
molecule fell into the high or low permeability bin, while in thgith the C F more similar to a &N moiety than a GCl bond
midrange bin, the two moieties were similarly permeable. Thecause the MEP maps and dipole vector for the 5-chloroindole
conclusion from this study was that OChiErs advantage were more similar to the parent. In the eventuthe® and
over both OCKand OCk during optimization as a means of cyano MMP$446 548 and549 550 pro led similarly in the
balancing lipophilicity and molecular weight, conferring improvisithding and reuptake assays, while the 5-chloro-substituted
metabolic stability without compromising membrane permeahiralogud47of548was markedly less potent and behaved more
lity >*"*Nevertheless, there are examples wimeiration of an  like the parent compouBd5in the reuptake inhibition as&&y.
anisole moiety has a positiveceon metabolic stability, illus- The two benzodioxole analogi%and550 showed similar
trated by comparisons within the series of corticotropin releasegngcacy in vivo in the ultrasonic vocalization test as a measure of
factor-1 (CRF-1) inhibito&85 538compiled ifrable 44%° in vivo 5-HT,, antagonism, and although subsequent studies
focused on the nitrile series, thadro analogues performed in
Table 44. Binding Potency and Metabolic Stability of a Series2 very similar fashion where comparisons were made. These
CRE-1 Inhibitors studies culminated in the idecdtion of viladozon&g]1),

which was approved as an antidepressant by the FDA in 2011;

however, the 5ioro analogug52 presented an analogous

pro le in a range of assays, oming the CF/C CN isos-

terism in this context.

CH4/CF; CRF-11G, intrinsic clearance in HLM

R con guration (nM) (mL/min/kg)
535 CH, R 1.1 130
536 CR; R 6.5 30
537 CHFR, R 0.46 22
538 CHF, S 1.0 62

In this series, replacing the Q@535 a site of metabolic
lability, with either OGI536) or OCHF;, (537), led to reduced
intrinsic clearance in HLM although there was sensitivity to the
absolute couration at the cyclopropyl ethyl substituent with
the (9-isomeib38metabolically less stable.
Fluorination of Alkyl Phenyl Ethers and Conformation.
An example where irencing the conformation of an alkyl
phenyl ether by uorination may have played a role in
modulating potency is provided by the cholesteryl ester transfer
protein (CETP) inhibitos39and540 where the latter is 8-fold THE SEMOIETY
more potent than the fornfét.In another example, the SAR DSM-265246)is rst SE-containing drug to enter clinical trials
associated with the HCV NS4B inhibbdis 544 suggested  and the in vitro comparison betw2é6 and245 suggests a
that an orthogonal projection of the C-6 substituent was impgretential bioisosteric relationship between {laa&ER sub-
tant for HCV GT-1b replicon inhibition because the methoxsgtituentsable 25 Indeed, the SFoiety has been viewed as a
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Table 45. Comparison of the Electron Withdrawing,( Medicinal chemistry applications of the nséiety have

Lipophilicity ( ), and Substituent Dipole § Values for the largely been limited by a lack of convenient synthetic access to
tertButyl, Nitro, SQCH,, and a Series of Fluorinated suitable building blocks, but considerable progress has been
Substituents*® made toward developing new methodology, and this substituent

is beginning to be explored in a variety of settings, although still
most typically as a homologue of thesGistituerft**’ In the

series ofrypanosoma crtigipanothione reductase inhibitors
553 555 the Ch- and SEsubstituted compoun853 and

554 respectively, ered comparable potency and a modest
advantage over thertbutyl derivativé55°*® However, a
kinetic analysis indicated that wh88 was a competitive
inhibitor, both554 and 555 exhibited a mixed competitive
uncompetitive kinetic pte. Compoun&54was docked into

the active site @fypanosoma crirgpanothione reductase with

the orientation guided by X-ray cocrystal structures obtained
with closely related structures, and the key interactions proposed
are depicted iigure 40The comparable bindingrty of the

Figure 40Proposed drudarget interactions betw&&dandT. cruzi
trypanothione reductase based on docking of the ligand into the active
site of the enzyme.

& A negative value indicates that the negative end of the dipole vector, . . . . L
is towa?d the substituent. g P u‘kler inhibitob54compared to the smaller;@Erivativé53

was attributed to the stronger electron withdrawing nature of the

“super CEgroup: however, these two substituents are uitSF5 substituent that might potentially lead to an increase in the
p 9 ' ' q .%trength of the T-shaped interaction of the attached phenyl ring

di erent in shape, size, lipophilicity, and electron withdrawi e .
properties, as captured by the data summafizédtin 5+ gﬁtgytnrlgglectron fich Tap Tynio and Mejysresidues of the

The SE substituent is larger in volume than gb@Fsmaller
than atertbutyl moiety and possesses an octahedral geometry
that presents a pyramidal electron density that is qeiiemti

from the tetrahedral shape of,@fere the electron density is
presented as an inverted céig(e 3p°*#***The SEmoiety

In the matched pair of cannabin&Bé and557, the SE

i _ _ derivatives57 exhibited a modest 2-fold increased potency at

Figure 39Comparison of the shapes of thedbll SEsubstituents.  cp receptors, while in the thymidine phosphorylase inhibitors
558and559 there is a 4-fold advantage for thes8¥stituent

is a more powerful electron withdrawing substituent than CH 559 compared to the GRrototype5582*9°°° The anti-
but similar to S{LH; and NQ and may be considered depressantdrugoxetine®60 is a selective serotonin reuptake
to be a peripheral member of the famil\s@beracceptor inhibitor that also demonstrateqiity for several serotonin
substituents that resemble sulfones in whimiine has a  receptor$®* The SE-substituted analog&$1 exhibited
prominent presence, with the key parameters also capturedeiduced binding to 5HJand 5HT,. receptors compared to
Table 45° The SE substituent is more lipophilic than either 560 but had comparable mity for 5HT,, receptors. In the
a CHSO or a CRSO, substituent, thereby conferring good case of femramine $62), the SE analogué63 exhibited
membrane permeability while being metabolically stable d@fold higher anity for 5HT,, and 5HT receptors than the
chemically robust. progenitof>*
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