
Bioorganic & Medicinal Chemistry Letters 14 (2004) 5503–5507
A 13C NMR approach to categorizing potential limitations of
a,b-unsaturated carbonyl systems in drug-like molecules
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Abstract—Compounds that contain an a,b-unsaturated carbonyl moiety are often flagged as potential Michael acceptors. All a,b-
unsaturated carbonyl moieties are not equivalent, however, and we sought to better understand this system and its potential impli-
cations in drug-like molecules. Measurement of the 13C NMR shift of the b-carbon and correlation to in vitro results allowed
compounds in our collection to be categorized as potential Michael acceptors, potential substrates for NADPH, or as
photoisomerizable.
� 2004 Elsevier Ltd. All rights reserved.
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The use of an aldol-type condensation reaction to rap-
idly generate libraries of small molecules can be very
attractive, as many aldehydes and activated methylene
compounds are readily available.1 However, the result-
ant products often contain an a,b-unsaturated carbonyl
moiety. Though these compounds do not directly violate
the �rule of five�,2 they are commonly flagged as less than
optimal leads due to their potential to act as Michael
acceptors.3 It should be noted, however, that com-
pounds containing an a,b-unsaturated carbonyl moiety
have made it as far as the clinic including most recently
the PDGFR inhibitor SU 11248 1 and the related
VEGFR inhibitor SU 5416 2 (Fig. 1).4 Though these
compounds are only in clinical trials, 2 is noted to have
been administered to two patients for greater than 18
months with no evidence of cumulative toxicity.5a Other
a,b-unsaturated carbonyl containing molecules have ad-
vanced to become successful drugs such as Vioxx 3.5b

Still others, such as drugs that have been designed to
act as irreversible inhibitors,6 forming a covalent bond
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between a nucleophilic residue in the active site and
the b-carbon of the inhibitor, will not be discussed
here.

In order to better understand the potential limitations of
our compounds that contained an a,b-unsaturated car-
bonyl moiety, we began looking for a predictive tool
that could be used to rank scaffolds relative to one an-
other. Measurement of the 13C NMR signal of the b-
carbon was explored as a way to estimate the
electrophilicity7 and any potential limitations associated
with a reactive center. We found that observation of the
13C NMR signal of the b-carbon placed each scaffold
into a distinct group that showed little overlap with
other groups. Each scaffold was in turn found to have
distinct physical properties that distinguished it from
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Figure 1. Known a,b-unsaturated inhibitors.
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other scaffolds studied. In the pyrrolo-pyrazolinone
group B as exemplified by 6, subtle variations within this
group even tracked with the 13C NMR shift of the b-car-
bon. Following experimental confirmation, it became
apparent that compounds (or in this case, scaffolds)
could be classified as potential Michael acceptors,
potential substrates for NADPH, or as potential photo-
isomerizable compounds by simply observing the 13C
NMR shift of the b-carbon. This measurable physical
property allowed us to quickly classify potential limita-
tions of each scaffold.

The scaffolds shown in Figure 2 represent the three
classes studied. In all cases, an a,b-unsaturated carbonyl
moiety is generated during synthesis (Scheme 1).

All compounds were evaluated against our panel of en-
zymes in vitro and an inconsistent SAR pattern began to
emerge. In particular, it was discovered that the pyrazoli-
nones A (Fig. 2) were much less potent than analogous
pyrazolinones B (Fig. 2). Further analysis into the cause
of this apparent shift in potency led us to explore the
possibility that these compounds could be acting as Mi-
chael acceptors of nucleophiles in our in vitro assay pro-
tocol8 as loss of the enone system was known to be
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Figure 2. Representative scaffolds.
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Scheme 1. (a) Piperidine (catalytic), EtOH, 60–80�C; (b) NaOMe,

MeOH, 12h.
detrimental to activity. The assay conditions employed
required the addition of dithiothreitol (DTT) in order
to reduce disulfide bond formation. By simply eliminat-
ing DTT from our assay, the expected SAR pattern
emerged and the anticipated increased relative potency
was observed (Table 1). This was the first in vitro confir-
mation of the Michael accepting potential of this class of
compounds.

Even more intriguing to us was the same relationship be-
tween activity and DTT did not emerge for compounds
of type B or C (Table 2). As is evident from the data in
Table 2, when compounds do not show sensitivity to
DTT, the observed potency drops off. In this case en-
zyme efficiency is compromised presumably due to disul-
fide bond formation, which is reduced by DTT.

The b-carbon in each scaffold was identified by sequen-
tial NMR analysis as described in the literature and in
the representative example here.9 In order to unambigu-
ously establish which singlet was the vinyl proton (e) a
heteronuclear correlation experiment (HMBC) was
run. A through-bond correlation of He to the 13C as-
signed carbonyl carbon was observed (Fig. 3). Further
evidence came from a 2D ROESY experiment where
cross-peaks of both Hg to He (strong) and Hf to Ha

(weak) were noted (consistent with distances from our
Z-conformation model). Hg was assigned via the chem-
ical shift and 1H–1H coupling constants, as well as
TOCSY and ROESY correlation to a signal consistent
with Hp. Ha was also correlated via TOCSY and
ROESY experiments to protons Hb–Hd. This allowed
us to easily distinguish between Hf and He and thus as-
sign the b-carbon in our compounds.
Table 1. Effect of DTT on measured KDR potency for class A

compounds (1mM ATP)
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Scheme 2. Thiol addition to class A compounds.
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Table 2. Effect of DTT on measured KDR potency for class B and

class C compounds (1mM ATP)
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Figure 3. Typical NMR correlation.
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Upon examination of the 13C NMR shift of the b-car-
bon we noted a downfield shift to 137–139ppm in com-
pounds of type A relative to compounds of type B or C
(Table 3). Further examination of a broader data set re-
vealed that the compounds of type B were grouped to-
gether at 128–135ppm and downfield of compounds of
type C at 118–122ppm giving us three distinct 13C
NMR ranges that correlate well with the scaffold stud-
ied. Closer examination of each scaffold revealed that
more subtle trends could exist within individual
scaffolds.

Compounds identified as potential Michael acceptors
(Type A) showed consistent shifts in our in vitro assay
Table 3. Classification of scaffolds

Class Michael

acceptor

Reduction

potential

Photoisomerize C-13

b-carbon
(ppm)

A +++ � � 137–139

B � +++ � 128–135

C � + +++ 118–122
system depending on whether DTT was present. In
order to chemically confirm a Michael addition had oc-
curred, the addition of b-mercaptoethanol (BME) was
studied on an NMR time scale. Concentration depend-
ent equilibrium between unbound A1 and bound A5
forms was observed. Elevated concentrations of BME
were sufficient for observation of adduct formation with
the key proton signal appearing at 6.4ppm (alpha to sul-
fur).10a Examination of stoichiometric amounts of BME
or dilution of the concentrated samples showed only
starting material by 1H NMR and MS. This indicated
that the addition was both reversible (Scheme 2) and
concentration dependent.

Interesting was the fact that both 2- and 3-substituted
indoles A (Fig. 2) behaved similarly. No appreciable
photoisomerization was seen with compounds of this
structural class regardless of whether they were 2- or
3-linked at indole (i.e., photostability via an internal
H-bond was not required).

Unlike compounds of Type A, compounds of Type B
were not susceptible to DTT shifts. However, these
compounds did show higher (though limited) rates of
in vitro metabolism in S9 and microsomal preparations
that contained high concentrations (5mM) of
NADPH.10b Control reactions that were carried out in
buffer with NADPH (2mM, Fig. 4) in the absence of
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Figure 4. Percent parent remaining after incubation with NADPH.
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microsomes also showed a time and NADPH dependent
loss of color. This led us to believe the reduction of the
double bond was a potential nonenzymatic reaction
product. The ability to quantify the reduction products
was made difficult due to the capacity of these com-
pounds to rapidly re-oxidize in air.10d

This series (Type B) was of great interest since the 13C
NMR chemical shift of the b-carbon sits between poten-
tial Michael acceptors (Type A) and known photoiso-
merizable compounds (Type C). As such, we were
interested in the trend within this class. The data demon-
strates what appears to be good correlation between the
chemical shift of the b-carbon and the degree of in vitro
reactivity with NADPH.10c Indeed, we found reduced
reactivity with NADPH by simply altering either the
pyrazine ring (to cyclopropyl) or the chain length to
the basic amine (Fig. 4). This strategy resulted in the
identification of analogs with reduced metabolic poten-
tial and no evidence of acting as Michael acceptors in
NMR studies. Photostability in this case is achieved
due to internal H-bond formation.9 In an effort to assess
the toxicity potential of compounds of Type B, we evalu-
ated their ability to inhibit cellular proliferation. These
compounds were shown not to inhibit cell growth in vi-
tro suggesting their ability to act as substrates for
NADPH at physiological NADPH concentrations is
limited, and did not result in mechanistic toxicity in
our cellular assay.

The third class of compounds represented by the benzo-
thiazinones C did not appear to be as susceptible to
reduction by NADPH or to be a capable Michael accep-
tor, but did photoisomerize to varying degrees. The
equilibrium ratio varied from 0% to 10% of the E-iso-
mer.11a This is the only scaffold where the line was a
bit vague between the neighboring pyrrolopyrazolinone
scaffold B. That is, some benzothiazinones were photo-
isomerizable and susceptible to reduction. Once again,
however, compounds of type C did not appear to be
mechanistically toxic in our cellular proliferation assay.

Not every result was predictable, however. An unantici-
pated result was observed within the benzothiazinone
scaffold C. In investigating the photostability of various
ring systems attached to the core benzothiazinone, we
noted that an imidazole ring with an unsubstituted
N-1 was completely photostable presumably due to H-
bonding to S or O. In support of a H-bond, the N-1
position of imidazole C3 was methylated and lost all
photostability. In a second approach, we were also able
to disrupt the photostability by tethering a proton
source such as a propionic acid to the 2-position of
the imidazole. It is hypothesized that either zwitterion
formation or an internal H-bond to the carboxylic acid
is established essentially disrupting the H-bond to the
core. The b-carbon for imidazole analogs such as C3 is
typically �120ppm (Fig. 5).

In summary, we have shown a correlation between ob-
served chemical shift of the b-carbon of a,b-unsaturated
carbonyl systems and physical behavior of these struc-
turally unique scaffolds. Though this behavior is difficult
to directly correlate to any observable toxicity, the fact
that we are able to rationalize compound behavior is
beneficial to assessing the value of each scaffold.12 This
assessment led us to identify the pyrrole pyrazolinones
B as the series with the best overall properties, consistent
with the 13C NMR shifts of known indolinones 1 and 2
that have been chronically dosed in humans. It is note-
worthy that we were able to identify potent compounds
that were photostable, had reduced potential to reduc-
tion and showed no ability to act as Michael acceptors
using this approach (compounds B1 and B2 for
example).
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