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An analysis of in vitro human liver microsomal turnover assay results from a large dataset (�75 K) of
experimental compounds tested is presented. Combined with an analysis of small (<6 Ha) substituents
on known drugs and existing published results a new set of 29 substituents (consensus) is proposed to
increase stability and probe SAR (an enhanced ‘Topliss set’). In addition a different group of 28 substitu-
ents are identified as unlikely to change in vitro HLM stability, and a further set of compounds focuses on
increasing HLM stability only.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

In 1972 Topliss published a seminal paper recommending a sys-
tematic stepwise method of building a structure–activity relation-
ship for a chemical series.1 At the time of that publication
biological testing methods often had limited throughput so a
focused low rate of synthesis was more in tune with the rate of
testing. In recent years parallel synthesis, and more importantly
purification, in addition to a larger pool of available reagents have
vastly increased the number of compounds synthesised within
projects. As a result of this, a ‘blunderbuss’ approach to SAR gener-
ation has been more common, with libraries of compounds syn-
thesised, tested then analysed together in parallel, in line with
efforts to streamline processes and efficiency. However the indus-
try is under pressure to reduce costs, and timelines, whilst increas-
ing the quality of compounds entering development.2 Indeed
efforts across several companies using the ‘lean manufacturing’
principles have led to closer attention being paid to the quality
of compound design.3–6 If a hit explosion campaign were to make
100 variants on a phenyl ring, test them in parallel, and find that
the SAR was ‘flat’, that is, no gain in activity or any other property,
then this would be wasteful. A leaner, more agile approach would
initially assess SAR with a small subset to add ‘high value’ quickly
or more importantly to stop work in an area.
ll rights reserved.
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To illustrate this, when the hit compound 1, was varied to in-
crease CCR5 antagonist activity (Fig. 1),7 89 compounds of the type
2 were synthesised. After testing and analysis no compound was
more active than the initial 4-chlorobenzyl hit.8

A simple solution would be using the whole Topliss tree, which
can be argued as very lean design, by using all 32 substituents in
parallel synthesis. However within large pharmaceutical compa-
nies there exists a vast dataset of knowledge from the intervening
35 years of drug discovery, so it should be possible to define a new
set of small group substituents that are more likely to yield ‘drug
like’ properties. One such analysis has already been carried out
by Hajduk and Sauer,9 where they examined matched pairs of
compounds for simple substituents anywhere within a molecule.
From their analysis over a vast range of protein targets they
produced two possible sets of 24 substituents for use in drug
Hit (+/-)-1 Library (+/-)-2

Figure 1. CCR5 antagonists library synthesis, where R1,2 = small groups (65 Ha)
or H.
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discovery; one set with an increased probability of gaining affinity
and the other to examine diversity of substituents. In a similar vein
a database of in vitro human liver microsomal stability data could
be mined to examine which substituents gave a higher probability
of increasing stability, and thus increased chances of yielding im-
proved pharmacokinetic properties and low clinical dose. An anal-
ysis has already been carried out by Lewis and Cucurull-Sanchez,
using the Pfizer corporate database of results, yielding probabilities
of changing stabilities by >2-fold.10

We have attempted by looking further and in more detail using
the AstraZeneca (PLC) database of human microsomal data and
matched pair analysis, Hajduk and Sauer sets, and by looking at
the frequency with which these substituents occur in known drugs
as corroborating evidence to achieve the goal of an ‘ideal’ design
set. Thus we propose a new refined set of 29 (21 from the original
Topliss tree) substituents to examine substitution on a phenyl or
potentially any aromatic ring.
2. Results and discussion

The AstraZeneca (PLC) global database of in vitro, in vivo biolog-
ical, physical properties and pharmacokinetic test results contained
�75 K results for single compounds tested in an in vitro stability
experiment using human liver microsomes.11 These data were col-
lated from 18 assays throughout the company over several years. To
compare meaningful results and draw conclusions, matched pairs
of compounds were found for a single change from pendant phenyl
ring to the required combination of substituents for each of the
groups from the Topliss tree; along with several di-substitutions,
and other common phenyl bio-isosteres (Scheme 1); in total 73 ‘
transforms’.12 The dataset used here predominates from single test
results (96%), and further study found that the majority of matched
pairs (89%) were tested in the same assay (i.e., same protocol, same
laboratory site). Ideally to reduce error and increase robustness of
the results and interpretation, all compounds would be tested
multiple times in large batches, ensuring matched pairs are done
within the same experiment. However, within each experiment
standard compounds are run and the assay data have only been
uploaded to the database where the standard result falls within a
range of previous results (usually <2-fold). In a similar manner
measured lipophilicities were extracted for these matched pairs,
where available, (Log D7.4, octanol) to derive a D Log D7.4 to use in
the analysis.

Results were standardised and expressed in units of ll/min/mg
of microsomal protein. Each result was converted to a base Log10

and subtracted to look for fold changes [i.e., D Clint; improve-
ment = lower HLM Clint +ve value or detrimental = higher HLM
Clint �ve value] and plotting all the results for a group of matched
pairs as a distribution and conducting matched pair analysis
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Scheme 1. Illustrated matched pair searches performed. A1 was the rest of the
compound structure matching across transform.
(Student t-test—p-values reported). In this manner the distributions
were checked for normality and then compared by the mean, stan-
dard deviation (SD) and standard error (SE). The dynamic range of
the HLM assay data was 2.5 Log units (2.0–600 ll/min/mg), and
12% of the dataset were results where the value was out-of-range
of the assay condition, that is, either below limit of detection to ob-
serve any change in parent compound (very stable) or completely
consumed before the first time point measured (highly unstable).
Both analyses of the results were conducted including and exclud-
ing the out-of-range values, with little change in means or SD, for
large groups of matched pairs. The information recorded in out-of-
range results was useful when scoring the dataset for frequency
(likelihood) or probability of making a significant change in HLM
stability. We chose to set a ‘cut-off’ of 0.5 Log10 unit change in sta-
bility and recorded the frequency [F(0.5)] above and below
[F(�0.5)] this in Table 1 for each transform (see Section 5). Hence
the statistical results tabulated in Table 1 are for the distribution
of results excluding the out-of-range values, but the probability
scores are including the out-of-range results.

The MDDR3D database of known drugs was sub-structure
searched for substituted aromatic rings.13 At the time, the database
contained 1820 drug structures that had reached the market, and
1027 of these had an embedded phenyl ring structure. Of these
277 had a pendant phenyl ring, and of the remaining, 390 had a
single point of attachment to ‘the rest of the drug molecule’ or scaf-
fold. The remaining phenyls were polysubstituted or bicyclic. The
exact search of the group transform (e.g., 4-fluoro-phenyl) was
performed and those hits checked by eye. The functional group
was then tested in any possible substituent pattern, and then any
possible type of aromatic ring. Thus of the 70 groups/transforms
(excluding isosteres) studied these accounted for 286 of the 390
compounds identified above. Sheridan looked for known drugs of
the same biological activity to form pairs of compounds searching
for bio-isosteres replacement groups.14 In this case we have looked
for only the occurrence of the small groups under study here, in the
hope that the frequency bears some relationship to those that
score well in our analysis, and ensure our designs set ‘capture’
them.

Overall the matched pairs plotted together as a single distribu-
tion D Log10 HLM Clint showed that, for the majority of time, the
change in substituent did not affect a large change in metabolic
stability, that is, more than a Log unit change (Fig. 2). The mean
of the distribution was very close to zero with a SD of 0.45 (whole
dataset). In fact only 138 matched pairs were shown to have a Log
unit or more improvement in HLM stability (2.6% of the 5321
matched pair set), and equally 124 matched pairs had a detrimen-
tal effect on stability (2.3%). This clearly provides our first conclu-
sion, that the chance of increasing metabolic stability for a lead
series by more than a Log unit is fairly low, but not impossible,
with the simple groups or isosteres studies here. This also re-en-
forces the need for metabolite identification in the cases where
turnover is high to pin-point the site to be modified, but this is
far from guaranteed. It is noteworthy to point out that the majority
of the HLM data for the above 262 matched pairs at the extremes of
the distribution were n = 1 results, and as such some maybe erro-
neous. Given the above analysis, cumulative probabilities for each
substituent transform achieving greater than 0.5 Log unit change
(3.2-fold) in HLM stability were calculated as this was greater than
one standard deviation, and higher than the HLM assay protocol
error. In the lead optimisation phase of discover a 0.5 Log unit
change maybe all that is required for optimal stability of a new
candidate. Despite this lower threshold, F(0.5) = 0.079 (i.e., 7.9%)
and F(�0.5) = 0.059 , we again see a low probability of increasing
stability with small substituent such those examined here.

Table 1 details all of the data for each of the transforms studied.
Lewis et al. have published the probabilities based on Pfizer global



Table 1

No. Groupa Topb Hc Cd Ue Kf Kn (any)g Nh Ti Meanj SDk SEl S2m D Log Dn Log D devo F (0.5)p S3q F(�0.5)r S4s

1 2-CH3 1 * 7 48(127) 99 0.738 �0.12 0.43 0.04 ** �0.05 0.51 0.060 0.138 ***

2 3-CH3 1 * 5 80 0.736 �0.28 0.40 0.04 *** �0.27 0.44 0.000 ** 0.186 ***

3 4-CH3 1 * 17 181 0.716 �0.24 0.45 0.03 *** �0.41 0.52 0.029 ** 0.239 ***

4 4-CH2CH3 1 2 3(10) 19 0.695 �0.39 0.60 0.14 * �0.46 0.66 0.050 0.450 ***

5 4-CH(CH3)2 1 0 5(13) 19 0.649 �0.47 0.76 0.18 * �0.97 0.67 0.143 0.524 ***

6 4-C(CH3)3 1 4 6(10) 23 0.709 �0.19 0.50 0.10 * �1.25 0.86 0.240 ***

7 3,4-(CH3)2 1 ** * 0 27(10) 11 0.688 0.03 0.30 0.09 �0.01 1.22 0.000 0.077
8 4-Cyclopropyl 1 ** 0 0(8) 20 0.674 0.08 0.67 0.15 �0.93 0.37 0.182 0.152 *

9 3-CF3 1 1 ** 6 25 94 0.699 �0.13 0.52 0.05 * �0.90 0.46 0.087 0.204 ***

10 4-CF3 1 *** 3 109 0.694 0.04 0.56 0.05 �0.79 0.56 0.176 ** 0.137 ***

11 2-CN * 0 8(10) 58 0.688 �0.18 0.44 0.06 * �0.01 1.14 0.048 0.222 ***

12 3-CN * 0 100 0.704 �0.01 0.46 0.05 0.16 0.63 0.125 0.134 ***

13 4-CN 1 ** 3 168 0.687 0.25 0.49 0.04 *** 0.28 0.52 0.193 *** 0.004
14 4-C(O)CH3 1 * 1 3(4) 16 0.709 �0.18 0.32 0.08 * 0.42 0.36 0.000 0.100
15 3-C(O)NH2

* 0 4(12) 14 0.670 0.09 0.59 0.16 1.29 0.59 0.267 0.200 **

16 4-C(O)NH2 1 ** 0 17 0.702 0.49 0.39 0.10 *** 0.57 0.95 0.556 *** 0.000
17 4-CO2H * 5 26(33) 27 0.688 0.77 0.51 0.10 *** 2.64 0.83 0.655 *** 0.000
18 2-F 1 * 8 74 169 0.699 �0.10 0.32 0.02 *** �0.12 0.44 0.020 ** 0.083 **

19 3-F * 1 234 0.682 �0.04 0.38 0.02 �0.19 0.43 0.049 0.052
20 4-F 1 *** * 35 497 0.695 0.06 0.36 0.02 *** �0.18 0.44 0.086 0.035
21 2-Cl 1 1 ** * 15 147 122 0.705 �0.19 0.49 0.04 *** �0.25 0.51 0.063 0.197 ***

22 3-Cl 1 ** * 4 168 0.712 �0.14 0.45 0.03 *** �0.53 0.60 0.073 0.136 ***

23 4-Cl 1 *** * 45 337 0.705 0.01 0.46 0.02 �0.57 0.51 0.079 0.097 ***

24 2-Br 1 1 18 13 0.702 �0.12 0.60 0.17 �0.21 0.34 0.067 0.133 *

25 3-Br 1 ** * 0 28 0.677 �0.28 0.30 0.06 *** �0.52 0.41 0.000 0.226 ***

26 4-Br 1 *** 3 41 0.714 0.02 0.50 0.08 �0.84 0.40 0.152 0.196 ***

27 3-I 1 0 18 4 0.673 �0.26 0.56 0.28 �1.26 0.000 0.500 ***

28 4-I 1 0 9 0.697 �0.02 0.74 0.25 �1.19 0.34 0.222 0.222 **

29 2-Cl,4-Cl 1 1 ** 15 36 42 0.689 �0.14 0.59 0.09 �1.43 0.24 0.037 0.185 ***

30 3-Cl,4-Cl 1 * 1 104 0.698 �0.20 0.42 0.04 *** �1.21 0.74 0.035 0.181 ***

31 2-Cl,4-F 0 18 0.639 �0.08 0.53 0.13 �0.98 0.42 0.130 0.261 ***

32 3-Cl,5-Cl * 0 27 0.701 0.09 0.62 0.12 �0.54 1.34 0.200 * 0.167 **

33 2-Cl,6-Cl 9 11 0.707 �0.28 0.52 0.16 �0.89 0.62 0.077 0.308 ***

35 2-F,3-F * 0 17 44 0.664 �0.11 0.41 0.06 * �0.20 0.40 0.089 0.133 **

36 3-F,4-F * 0 119 0.683 �0.01 0.39 0.04 �0.39 0.67 0.113 0.038
37 3-F,5-F * 0 48 0.660 �0.04 0.31 0.04 �0.15 0.78 0.020 0.061
38 2-F,6-F * 1 29 0.672 �0.14 0.35 0.06 * �0.03 0.44 0.003 0.094
39 3-CF3,4-Cl 1 ** 1 — 6 0.649 0.37 0.85 0.35 �1.60 0.49 0.250 0.125
40 2-OCH3 1 1 ** * 9 75 151 0.688 �0.16 0.38 0.03 *** 0.18 0.49 0.041 0.111 ***

41 3-OCH3
* 2 183 0.687 �0.23 0.38 0.03 *** 0.03 0.38 0.010 ** 0.185 ***

42 4-OCH3 1 ** * 9 299 0.694 �0.10 0.47 0.03 *** �0.03 0.46 0.073 0.132 ***

43 2,3-(OCH3)2 1 ** 0 43 14 0.646 0.05 0.64 0.17 0.22 0.23 0.250 * 0.125
44 2,4-(OCH3)2

* 0 27 0.650 0.21 0.61 0.12 * 0.07 0.42 0.330 *** 0.185 ***

45 3,4-(OCH3)2
* 12 59 0.688 0.09 0.55 0.07 0.60 0.36 0.143 0.110 **

46 2-OCF3 1 * 0 1 14 0.617 �0.22 0.40 0.11 * 2.00 . 0.000 0.200 **

47 3-OCF3
* 0 20 0.621 �0.20 0.47 0.10 * �0.79 0.54 0.000 0.227 ***

48 4-OCF3
** 0 40 0.655 0.16 0.57 0.09 * �0.76 1.30 0.244 ** 0.111 *

49 2-NH2
* 0 27 (88) 4 0.680 �0.02 0.42 0.21 0.50 0.000 0.200 *

50 3-NH2
* 0 11 0.678 0.44 0.70 0.21 * 0.90 0.08 0.364 ** 0.091

51 4-NH2 1 ** 11 10 0.713 0.17 0.48 0.15 0.96 0.40 0.273 * 0.091
52 2-N(CH3)2 1 0 5 2 0.774 �0.69 0.75 0.53 �0.38 0.20 0.000 0.500 **

53 3-N(CH3)2 1 ** 0 10 0.653 �0.28 0.45 0.14 * �0.35 0.25 0.000 0.200 **

54 4-N(CH3)2 1 4 30 0.679 �0.14 0.64 0.12 �0.01 0.35 0.133 0.267 ***

55 3-NHSO2CH3
* 0 6 9 0.551 0.42 0.97 0.32 0.73 0.21 0.300 * 0.100

56 4-NHSO2CH3
* 3 9 0.586 0.68 0.58 0.19 * 1.06 0.18 0.556 *** 0.000

57 2-NO2 3 35 13 0.674 �0.31 0.48 0.13 * �0.03 0.62 0.071 0.357 ***

58 3-NO2 1 ** 11 11 0.647 0.10 0.73 0.22 0.10 0.38 0.077 0.015 *

59 4-NO2 1 ** 2 27 0.668 0.12 0.51 0.10 0.04 0.47 0.121 0.061
60 2-SCH3 1 0 1 5 0.591 �0.72 0.30 0.13 * �0.19 0.51 0.000 0.600 ***

61 3-SCH3 0 9 0.690 �0.55 0.24 0.08 *** �0.55 0.80 0.000 0.556 ***

62 4-SCH3 1 17 0.691 �0.36 0.55 0.13 * �0.76 0.13 0.056 0.389 ***

63 3-SO2CH3 1 ** * 0 3 32 0.644 0.04 0.38 0.07 1.18 0.77 0.061 0.152 **

64 4-SO2CH3 1 *** 2 77 0.643 0.30 0.59 0.07 *** 1.12 0.60 0.329 *** 0.071
65 3-SO2NH2 1 ** 0 27 2 0.652 0.56 1.03 0.73 1.09 0.14 0.333 0.000
66 4-SO2NH2 1 *** 2 18 0.658 0.41 0.45 0.11 ** 1.56 0.36 0.579 *** 0.000
67 4-Ph 1 ** 4 N/A 23 0.707 0.35 0.72 0.15 * �1.46 0.79 0.280 ** 0.125 *

68 2-Morpholine 1 0 5 8 0.625 �0.60 0.51 0.18 * �0.33 0.56 0.000 0.556 ***

69 3-Morpholine 0 17 0.547 �0.23 0.53 0.13 * 0.24 0.17 0.059 0.235 ***

70 4-Morpholine ** 0 22 0.609 0.05 0.61 0.13 ** 0.33 0.39 0.273 ** 0.136 *

(continued on next page)

A. G. Dossetter / Bioorg. Med. Chem. 18 (2010) 4405–4414 4407



H

H
H

A1

H
H

F

H
H

A1

H
H

H

H
H

A2

H
H

H
H

A2

H
H N

Matched pairs A

n=497, mean 0.06
std err 0.02

Matched pairs B

n=168, mean 0.25
std err 0.04

Matched pairs C
n=82, mean 0.17
std err 0.04

 

Scheme 2. Illustration of how the matched pair analysis was performed for the
paper. For matched pairs A: A1 = A1 and matched pairs B A2 = A2, however A1 and
A2 may overlap for some pairs. For matched pairs C A1 = A2.

Table 1 (continued)

No. Groupa Topb Hc Cd Ue Kf Kn (any)g Nh Ti Meanj SDk SEl S2m D Log Dn Log D devo F (0.5)p S3q F(�0.5)r S4s

71 2-Pyridine * 18 205 0.666 �0.05 0.45 0.03 0.78 0.62 0.107 0.068 *

72 3-Pyridine * 17 200 0.687 �0.01 0.49 0.03 0.90 0.58 0.135 * 0.098 **

73 4-Pyridine 5 145 0.685 �0.08 0.60 0.05 0.79 0.75 0.185 ** 0.142 ***

a Modification from (5H)-phenyl.
b Member of the top 32 modifications described by Topliss—matched pairs were not found for 4-NO3–3-CH3 and 3-CH3, 4-(N(CH3)2 groupings.
c Identified by Hajduk and Sauer as a positive group for increasing binding affinity.
d Combined rating = ***within Topliss set, identified by Hajduk and Sauer and a positive or neutral effect on HLM stability; ** two out of three of the criteria; * positive effect

on HLM stability only.
e U—unlikely to change HLM stability, set—selected by mean between �0.20 and 0.06, SD 6 0.45.
f Number of known drugs in MDDR3 db with this exact matching group on a phenyl ring.
g Number of known drugs with that functional group and any other substitution on a phenyl ring (no. of known drugs with this functional group on any aromatic ring).
h Number of matched pairs found with HLM data.
i Average Tanimoto distance across each set of matched pairs where distance = 0 was an exact match.
j Mean (D(Log10_mean clints for sub_phenyl)).
k SD = Std Dev(D(Log10_mean clints for sub_phenyl)).
l SE = Std Err(D(Log10_mean clints for sub_phenyl)).

m p-Value significance *** <0.001, ** <0.01, * <0.5.
n Mean(D(Measured_Log D_pH7.4)).
o SD(D(Measured_Log D_pH7.4)).
p Cumulative frequency of achieving at least a 0.5 Log unit improvement in HLM stability.
q Significance rating p-value for 2 � 2 contingency testing against the 4-fluoro dataset for F(0.5).
r Cumulative frequency of at least a 0.5 Log unit decrease in HLM stability.
s Significance rating p-value for 2 � 2 contingency testing against the 4-fluoro dataset for F(�0.5).
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data for several of the transforms here using a cut-off of >2-fold
change in stability (however without statistical data). For the most
part we have found similar frequencies of changing stability by
0.5 Log unit [F(0.5)] for many transforms. For example the common
method of increasing stability of a phenyl compound by the trans-
form 4-fluoro was found to have 497 matched pairs (entry 20) with
a mean of 0.06, SD 0.36, SE 0.02 (p <0.001).15,16 The frequencies or
tails of the distribution [F(0.5) = 0.086, F(�0.5) = 0.035], were sur-
prisingly modest. Compare this to the transform 4-cyano (entry
13) with a positive shifted mean change of 0.25 (SD 0.49, SE 0.04,
p <0.001), and F(0.5) = 0.193. It is clear from this 4-cyano provides
a better prospect for increasing stability than 4-fluoro. However it
was surprising that the means from these distributions was so
close to zero. It could be incorrect to directly compare these two
distributions as they do not necessarily contain the same core
structures (Scheme 2—A1 may not equal A2). However from within
the dataset we extracted matched pairs for the transform (4-F-Ph
to 4-CN-Ph) and found n = 82, and a mean of 0.17 D Log10 HLM
(SE 0.04, p <0.001), thus confirming that within SE the comparison
can be made between these transform matched pairs.

With caution we can go further and consider the position and
number of fluorine atoms on the phenyl ring by comparison of
-2 -1 0 1 2

ΔLog10 HLM Clint

Figure 2. Distribution of the entire dataset of matched pairs (n = 5321). Mean
D Log10 HLM Clint = �0.03, SD 0.48, SE 0.006.
their distribution (Fig. 3). Comparing 4-fluoro substitution with 2
and 3, we can see distinct differences in the substitution pattern
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(confirmed using the Tukey and Kramer53 method of comparing
means), and as expected the 4-fluoro transform tended to increase
stability to a larger extent. Di-fluoro substitution appeared no bet-
ter than 4-fluoro having lower means and no higher frequency of
matched pairs with an increase in stability (compare entry 20 with
35–38). We might have expected that two fluorine atoms would
further reduce the electron density on a phenyl ring, and thus
would be considered as less susceptible to oxidation. Without de-
tailed metabolite identification we cannot determine if the site of
primary metabolism on phenyl has indeed been blocked, or may
have moved to another position within the molecule, as with any
of the transforms studied here. This illustrates the difficulty of ana-
lysing these in vitro data, even though it is more useful and closer
to the real clinical situation. The mechanisms for P450 ion haem
oxidation have been extensively studied and reviewed elsewhere,
and in light of this attempt to offer a practical route to compound
optimisation, will not be discussed further.17–25

Analysis of all the transforms with data for 2, 3 and 4 positions
found the same pattern with a higher likelihood of stability by sub-
stitution at the 4-position (Br, Cl, CN, N(CH3)2, OCF3, NO2 and SCH3)
with one notable and statistically tested exception, 2-CH3 (entry 1
compared to 2 and 3). Whilst overall the 2-CH3 group had a negative
mean (�0.12, SD 0.40), compared to the other methyl substitutions,
the distribution was shifted in favour of stability. It was unclear why
similar sized groups (Cl and CN) do not have this effect.

For visual interpretations, the data for mean D Log10 HLM Clint
has been plotted against SE (Chart 1) and SD (Chart 2) respectively.
This was merely undertaken to spread the data out with the ordi-
nate representing positive or negative effects, and the abscissa rep-
resenting the degree of reliability by width of the distribution. This
illustrates that many of the transforms studied have means close to
zero with some degree of reliability. Thus this cohort of simple
transforms is the most powerful knowledge we can derive from
this analysis in that they will probably not affect the HLM stability.
These 28 groups are highlighted (single *) in Table 1 under column
U, and were selected with a mean between �0.20 and 0.06,
SD 6 0.45 [three of the transforms had low matched pair numbers
but high diversity, so were included (3,4-(CH3)2; 2-Cl,4-F; 2-NH2].
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We see that many of these transforms (CH3, F, Cl, OCH3, di-substi-
tution) occur frequently in known drugs (qualitatively) so we can
conclude that the scaffold or core of the compound is probably
the governing factor, and these groups were probably added for
binding affinity and/or selectivity.

Examining entries 3 through 7 (Table 1) we can see the effects
of 4-substituted alkyl groups (these have been highlighted in
Charts 1 and 2). As expected, instability rose (distributions shifted
negatively) with the change from 4-CH3, 4-CH2CH3 to 4-CH(CH3)2

which was consistent with an oxidation mechanism on the carbon
attached to the phenyl ring, and increased ability to stabilise a
reactive intermediate.26 However it was interesting to note that
there was little difference between 4-C(CH3)3 and 4-CH3, and the
former has been cited as a group prone to higher turnover.27 Of
particular note was 3,4-(CH3)2 (entry 7, mean 0.03, SD 0.27), where
perhaps the presence of two methyl groups provided a ‘co-steric
block’ to each other. In comparison 4-cyclopropyl (entry 8) was
similar in neutral effect, which was again consistent with reduced
ability to stabilise a reactive intermediate during the oxidative
event.28,29 In contrast the 4-CF3 group was more robust with
slightly positive mean but higher F(0.5) of 0.176. It would therefore
be prudent for lean design covering lipophilic substitution to pro-
ceed straight to 3,4-(CH3)2, 4-cyclopropyl and 4-CF3.

Comparing the distributions for 4-OCH3 (entry 42) versus
4-OCF3 (entry 48) we can see that 4-OCH3 had a tendency to de-
crease stability, but 4-OCF3 by contrast was statistically biased to-
wards increasing stability (mean 0.16, SD 0.57, F(0.5) = 0.24).
Whilst the discussion above has focussed on protection of the phe-
nyl ring, in this case addition of a methoxy presents the opportu-
nity for de-methylation, which it can be argued that OCF3 does
not, and was consistent with an example from the literature.30

The largest and most significantly shifted distribution was for the
4-CO2H transform with a mean D Log10 HLM Clint 0.70 (SD 0.53,
n = 29). This was not surprising given that the group would be ion-
ised within the assay conditions, and thus may have strong repul-
sion within the P450 enzyme, as an end point of oxidation. We
suggest it is treated separately from other transforms within this
table as the medicinal chemist must consider the implications of
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making the compound acidic depending on other functionality
within the molecule. Morpholine and 4-phenyl matched pairs were
added to the dataset to represent large volume groups. 4-Morpho-
line (entry 70) transform gave a mean around zero and broader dis-
tribution (SD 0.61) such that F(0.5) was found to be 0.27, with
n = 22 matched pairs. More dramatically the 4-Ph transform (entry
67) had a large positive mean (0.35) and broad distribution such
that F(0.5) = 0.28. Clearly these two large groups have bigger im-
pact and lend weight to the argument that overall molecular recog-
nition is key.

The transforms to either 2-SCH3, 3-SCH3 and 4-SCH3 groups had
large negative means and SD (entries 60–62), clearly showing they
are reliably detrimental (F(�0.5) 0.60, 0.55 and 0.38, respectively),
presumably due to their own oxidation or electronic activation of
the phenyl ring. However the data must be treated with care as there
were less than 30 matched pairs in all cases even though the conclu-
sion is reasonable. In total contrast the 4-SO2CH3 group (entry 64)
had a good population of matched pairs (n = 85), positive mean
(0.30, p <0.0001) and F(0.5) = 0.329. We can conclude that the
4-SO2CH3 increases stability with a reasonable degree of probability,
which can be explained by either the large size of the group, electron
withdrawing nature or simply by reducing the overall lipophilicity of
the compound. Finally, as a comparison to all of the functional group
transforms which add heavy atoms, the isomers of pyridine were
considered as substitutes to phenyl (entries 71–73).31 The pyridine
isosteres distributions were all close to a mean of zero with SD sim-
ilar to the global distribution, with no significance found by matched
pair analysis. Pyridines are known to undergo N-oxidation by both
flavin-containing mono-oxygenase (FMO) and Cyp450 enzymes,32

so like the SCH3 groups discussed above, we may expect a detrimen-
tal effect, perhaps more so for the 3 and 4-pyridines where is nitro-
gen was unhindered (i.e., 2-pyridine would be different). On the
opposite hand a reduction in the overall lipophilicity of the com-
pounds may be expected to result in an increase in stability, such
that the two effects may have off-set each other. Given these data
it is hard to predict more firmly a benefit from these isosteres, but
the 2 and 3 isomers did meet the criteria for inclusion in the ‘Unlikely
to change HLM stability’ set.

For each of these transforms we know the change in volume, elec-
tronic donation and withdrawing effects from the literature.33,34 To
our disappointment, only rough trends rather than meaningful
correlations with either of these individual properties were found.
For example, increased volume (A2) of the 2-position groups tended
to lead to a decrease in stability. Similarly no strong correlation was
found for D Log D7.4 for groups at the 2 and 3 positions. However a
rough trend exists in the dataset for all the 4-position transforms
examined (Chart 3), with some outliers. The spread of data was evi-
dent, with groups like 4-CH(CH3)2, 4-C(CH3)3 and 4-phenyl having a
similar change in lipophilicity but different mean changes in stabil-
ity. Various models and work have been conducted and published to
build QSAR models for individual isoforms,35–37 and single point
mutations for 3A4 for example,38 and other P450 enzymes.39–44

An attempt has been made to provide a pragmatic way of com-
bining the above sets of information using a consensus score (col-
umn C—Table 1) to yield improved sets of transforms for use in
‘lean design’. The functional transform scores three stars if it had
a clear positive effect on increasing HLM stability and appears in
both the Topliss set, and Hajduk and Sauer’s sets of 24 compounds;
two stars for appearing in two of the sets; and one star if the group
had only a positive effect on stability. Using the consensus scoring
we found six transforms that score 3 stars (4-SO2CH3, 4-CF3, 4-F, 4-
Cl, 4-Br, 4-SO2NH2) and a further 22 that scored two out of three.
These cover both EW and EDG, a range of lipophilicity and volume
changes and provide a smaller set of transforms for SAR and DMPK
optimisation which we have named the Consensus set. At this point
we examined the data from substructure searching of the MDDR3D
databases to qualitatively corroborate our findings. For example,
and only semi-quantitatively, we can say the 4-chlorophenyl oc-
curs frequently in known drugs (45 known drugs out of 390 phenyl
bearing drugs), whereas 4-cyano occurs less frequently (5 drugs);
but both tend to increase stability. 16 of the 73 groups were found
in 6 or more known drugs in the database, and account for 228 of
the 390 drugs found. Of these groups, 10 were ‘captured’ in the
consensus set, and 5 in the ‘Unlikely to change HLM stability’ set,
thus in a simple qualitative sense these findings support our over-
all analysis. However the consensus set has only 2 transforms to
represent 2-substitution (2-Cl entry 21, and 2-OCH3 entry 40). This
was not surprising given the scoring mechanism was weighted to
an increase in HLM stability. We noted above 2-CH3 was unusual
compared to 3 and 4-CH3, and given the paucity of 2-substituents
we propose to the medicinal chemistry community that it is
included in the consensus set (Table 4). The exceptions from the
known drug searching were 3,4-dimethoxyphenyl (12 known
drugs), which has a mean of 0.09 but matched pair analysis
p >0.05, and 2,6-dichlorophenyl (9 known drugs), which appeared
reliably detrimental but low matched pair numbers, so was not in-
cluded in any set (mean�0.28, SD 0.16). All other attempts to draw
any firmer relationship between these substructure searches of
known drugs and our statistical analysis were unsuccessful.

At the time of manuscript preparation a publication by Gleeson,
Bravi, Modi and Lowe examined small group matched pairs for
P450 inhibition, hERG, solubility and permeability.45 Their overall
conclusion was ‘there are no perfect substituents, that is, groups
that lead to a significant benefit across all ADMET parameters’,
and scientists should give ‘priority to different scaffolds’. However
within their tables of data several groups clearly emerged as ben-
eficial a good proportion of the time [e.g., C(O)NH2, SO2CH3,
C(O)CH3, N(CH3), F, CN, OCH3, OH, CH2OH].

3. Drug hunting examples

Within the above dataset were a group of fluorine compounds
from a CCR5 antagonism project, which illustrate some dramatic



Table 2
Further matched pairs of CCR5 antagonists

N

N

N N
O

S
O O

R3

R2

Compound R2 group R3 group HLM Clint (ll/min/kg)

3 3-Pyridyl H >150
4 3-Pyridyl F 5.0
5 2-Quinolyl H >150
6 2-Quinolyl F 3.0

Table 3
HLM in vitro stability of CCR5 antagonists

N
N N
O

Compound R1 group(s) HLM Clint (ll/min/kg)

7 4-H <4.0 (n = 2)
8 4-F 105 (n = 1)
9 3-F 86 (n = 1)

10 2-F 74 (n = 1)
11 2,5-F2 <4.0 (n = 1)
12 3,5-F2 <3.0 (n = 1)
13 2,6-F2 6.0 (n = 1)
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examples of changes in HLM stability.46–48 The matched pair of
compounds 3, 4 and 5, 6 (Table 2) clearly show the 4-fluoro trans-
form yielding a large increase in stability. This type of example was
included in the F(0.5) calculations even though values are out-of-
range, because clearly the increase in stability was greater than
half a Log unit with confidence (Table 2). Note the 4-SO2CH3 group
on the right hand phenyl ring.

However chemically similar compound 7, bearing three un-
substituted phenyl rings had a low HLM Clint (Table 3). In these
matched pairs addition of a single fluorine at either the 4, 2 or 3
Table 4
Recommended groups of transforms for use in lean design

Design set Groups

Consensus 2-CH3; 3,4-(CH3)2; 4-cyclopropyl; 3-CF3; 4-CF
4-C(O)NH2; 4-F; 2-Cl; 3-Cl; 4-Cl; 3-Br; 4-Br;
3-CF3-4-Cl; 2-OCH3; 4-OCH3; 2,3-(OCH3)2; 4-
4-NH2; 3-N(CH3)2; 3-NO2; 4-NO2; 3-SO2CH3;
3-SO2NH2; 4-SO2NH2; 4-Ph; 4-morpholine

Unlikely to change HLM stability 2-CH3; 3,4-(CH3)2; 3-CH3-4-CH3; 2-CN; 3-CN
4-C(O)CH3; 2-F; 3-F; 4-F; 3-Cl; 4-Cl; 3-Br; 3,4
2-Cl-4-F; 2,3-(F)2; 3,4-(F)2; 3,5-(F)2; 2,6-(F)2;
4-OCH3; 2-OCF3; 3-OCF3; 2-NH2; 3-SO2CH3; 2
(isostere); 3-pyridine (isostere)

Increase HLM stability 3,4-(CH3)2; 4-cyclopropyl; 4-CF3; 4-CN; 3-C(O
4-C(O)NH2; 4-CO2H; 4-F; 4-Cl; 4-Br; 3,5-(Cl)2

2-OCH3; 4-OCH3; 2,3-(OCH3)2; 2,4-(OCH3)2; 3
4-OCF3; 4-NH2; 3-NHSO2CH3; 4-NHSO2CH3; 3
3-SO2CH3; 4-SO2CH3; 3-SO2NH2; 4-SO2NH2; 4
positions (8, 9, 10) decreased stability, but further substitution
(11, 12, 13) by a second fluorine increased stability back to the ori-
ginal level of compound 7. This series of compounds raises an
interesting problem when interpreting this type of global matched
pair data. Were these changes in oxidative metabolism due to
blocking or activation of a site, or due to changing the molecular
recognition of the compound(s) to certain P450s? Examining com-
pound pairs of 3, 4 and 5, 6 it would be easy to conclude that the 4-
position of the phenyl was the site of metabolism, and this was
blocked. Metabolite identification may even corroborate this, how-
ever the compound pairs 7, 8; 7, 9 and 7, 10 suggest either another
site of metabolism or that there was a whole compound recogni-
tion event as the structure of 7 was devoid of any substitution.
The addition of a fluorine on the right hand ring reduces the elec-
tron density and could have increased affinity for a single specific
P450, such that an oxidation event could have occurred anywhere
on the compound. Indeed compounds 3 and 5 bearing a 4-SO2CH3,
a more powerful EWG but large and polar, could have increased
this recognition. However addition of two fluorines (11, 12, 13)
which again decreased electron donation, stopped the high turn-
over. This appears inconsistent with this argument, but again had
the site of metabolism moved to the left hand phenyl ring? What-
ever the case, this illustrates that this type of statistical analysis
was clouded by the presence of multiple P450 enzymes and/or
binding modes; and while it is possible to use metabolite identifi-
cation to find the sites, and attempts to block them, it is no guar-
antee of success.

Compound 14, a cyclin-dependant kinase 2 (CDK2) inhibitor
bearing a phenyl side chain was found to have a moderate/high
HLM Clint of 63.5 ll/min/kg. A fair portion of the transforms repre-
sented in the consensus set were synthesised in the project
(Scheme 3) and Chart 4 illustrates the changes in stability ob-
served. In line with the results above 4-morpholine and 4-SO2CH3

gave a clear improvement, and typical of the bulk of results ob-
served in this analysis, most of the transforms did not change
in vitro stability by much.49

The enzyme, 11-beta hydroxysteroid dehydrogenase type II
(11-b-HSD), catalyses the deactivation of glucocorticoids to
11-dehydro metabolites, and compound 16 was a simple ketone
inhibitor, with a moderate HLM Clint of 23.0 ll/min/kg.50 Within
the analysis 12 compounds had HLM Clint values, but parallel syn-
thesis was used to make several hundred within the project
(Scheme 4—17), thereby serving as a test group for the proposed
design sets in Table 4. Testing of 48 compounds was completed,
and the analysis shown in Charts 5–7 (y-axis D Log10 HLM Clint).
The consensus set (Chart 5) yielded 13 out of 25 transforms that
r para DC Log P (P) DVol/A2

3; 4-CN;
2,4-(Cl)2;
OCF3;
4-SO2CH3;

�0.16 to 0.71 �1.59 to 1.82 14.4 to 79.3

;
-(Cl)2;
2-OCH3; 3-OCH3;
-pyridine

�0.16 to 0.60 �1.63 to 1.42 0 to 60.4

)NH2;
; 3-CF3-4-Cl;
,4-(OCH3)2;
-NO2; 4-NO2;
-Ph; 4-morpholine

�0.16 to 0.71 �1.82 to 1.96 14.4 to 79.3
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design set for 11-b-HSD compounds (17). 12 of 19 transforms increase stability
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increased HLM stability by more than half a Log unit to the limit of
the assay. The transforms 4-F, 4-Ph, 4-NO2, 4-Cl and 4-Br all main-
tained affinity for the enzyme with concomitant increase in stabil-
ity. A lower portion of the transforms within the unlikely to change
HLM stability set increased stability as expected, although 3 trans-
forms had stability past the limit of the assay (Chart 6). Of these 2-
OCH3 and 3-SO2CH3 are within the consensus set so potentially the
transform 3,4-(F)2 could have been overlooked using only the con-
sensus design set. Lastly the increase HLM stability set yielded strong
results with 12 out of 19 increasing stability by greater than half a
Log unit (Chart 7).
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4. Conclusions

The analysis of in vitro human liver microsomal turnover, com-
bined with substituents on known drugs, has revealed a group of
simple functional transforms that can be added to phenyl rings with
a high probability of having little effect on oxidative metabolic liabil-
ity. This information is of highest utility when the medicinal chemist
wishes to alter other compound properties without detriment (Table
4). The global dataset also revealed that changes in stability of
>1.0 Log unit are possible, but unlikely for most small group addi-
tions, and many of these changes are equally likely to have a detri-
mental effect. In this scenario a medicinal chemist faced with a
series of compounds, all with high metabolic turnover, is unlikely
to overcome this issue; and if combined with several issues may
wish to work in alternative areas. We have used a lower cut-off of
0.5 Log unit to provide a pragmatic way forward and meaningful
frequencies of likelihood to increase or decrease stability for use in
molecular design, as a threefold increase in stability when scaled
in vivo may make all the difference in optimisation of a lead into can-
didate drug. Given the nature that molecular recognition plays in
in vitro metabolism, and the mixture of cytochrome P450 enzymes
in microsomal extracts, it must be acknowledged that the effects
of substituent properties has been ‘diluted out’ within the spread
of data, hence a rough correlation with lipophilicity was observed.
Nonetheless the data re-enforced some of the perceptions of medic-
inal chemists and those substituent effects already known in the lit-
erature. For example these data show that iso-propyl and sulfide
groups have high turnover, and most importantly highlight again
those groups (4-F, 4-CN, 4-SO2CH3) which are known to increase
stability. Surprisingly, these groups are not highly represented in
known drugs, but the simple groups such as methyl, chloro, fluoro
and methoxy, tended to dominate and were captured in the design
sets. Added to this the fact that 277 known drugs have a pendant
phenyl suggests that the overall size, shape and properties of the
compound will dominate its stability in the end (the same conclu-
sion was reached by Gleeson et al. for other DMPK properties).42

Whilst imperfect, by using a consensus scoring we propose 29 trans-
forms that are more likely to increase HLM stability (summarised in
Table 4), increase affinity to target receptor and cover diverse prop-
erty space. We propose two further sets of transforms where
maintaining HLM stability is desirable and where increase in stabil-
ity alone is desired. The wider dataset in Table 1 presented here
should help the medicinal chemist in selecting transforms to aid
pragmatic lean design, especially where chemical synthesis is diffi-
cult and only a limited number of compounds can be made. Overall
given these data, previous work from the literature, known drugs
and ‘Topliss thinking’ it should now be possible to synthesise fewer
compounds to yield improvements, or, ever more importantly, rapid
stop decisions.
5. Computational procedures and matched pair analysis

Matched pairs for a given transform were found from the global
in vitro HLM dataset by using in-house proprietary software
(‘ThricePairs’), to yield a total of 6051 matched pairs. Out-of-range
values were removed for statistical evaluation yielding 5321
matched pairs. Compound diversity was examined by considering
the mean Tanimoto distance across each group, which was deter-
mined by in-house program ‘alfi’ and the Tanimoto distances
calculated using the program ‘snailflush’.51–53 Only four matched
pair groups were found to have a mean Tanimoto below 0.6 (where
0.0 maybe an exact match and 1.0 highly diverse) and all data have
been included in Table 1 as there may still be useful information to
interpret from them. The searches conducted here for specific groups
at specific positions on a phenyl ring have resulted in low numbers of
matched pairs for some transforms (35 of the 73 transforms have <30
matched pairs). However the majority of these have high chemical
diversity as indicated from the mean Tanimoto distance, so have
been included in Table 1 and in all further analysis (on plots these
are marked crosses). Matched pair analysis was performed using
SAS JMP version 6.0 and p-values reported in Table 1. These corre-
sponded with the mean D Log10 HLM Clint greater than 2 � SE for
the distribution. There are several methods available for comparing
distribution data; Dunnet54,55 method involves selecting a distribu-
tion as a point of reference and comparing the overlap of the rest to
it; Tukey and Kramer56 method performs all of the combinations as
comparisons and was used to compare all the fluorine substitutions.
All of the methods produced the same results as matched pair anal-
ysis within each transform. As described above the total dataset of
6051 matched pairs was used to find frequency greater than or equal
to 0.5 D Log10 HLM Clint increase in stability [F(0.50)] and less than
�0.5 D Log10 HLM Clint (i.e., decrease in stability) [F(�0.50)]. The
subtraction of Log terms in this fashion (Log10 (Ph) � Log10 (Sub-
Ph)) was performed such that an increase in stability was a positive
value to aid clarity for the reader. After examining several ‘cut-offs’,
and considering the proposals and probabilities published by Lewis
et al. using a >2-fold level, we proposed that 0.5 Log10 unit of change
in HLM level was reasonable (i.e., 3.2-fold), and in many cases had
sufficient populations to be studied by 2 � 2 contingency testing to
yield low p-values.57 It is important to point out this was a mathe-
matical testing of population relative to the 4-fluoro transform
distribution, and made the assumption that this set was robust
and had minimised errors. In other words how likely are tails of
the distribution real for the given transform compared to 4-fluoro?
In Table 1 we have published the frequency data and 2 � 2 testing
p-values, noting the assumptions above. In the same manner that
the transform 4-F-Ph to 4-CN-Ph was studied (matched pair C,
Scheme 2) to examine the comparability of transform distributions
the following were also tested: [4-F-Ph to 4-CH3SO2-Ph, n = 28, mean
0.28, SE 0.09, p = 0.002]; [4-F-Ph to 4-CH3-Ph, n = 85, mean�0.30, SE
0.06, p <0.0001]; [4-F-Ph to 3-pyridine, n = 54, mean�0.07, SE 0.06,
p >0.05], indicating that the data here were comparable between
transforms from phenyl.
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