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Comparisons of the calculated physicochemical properties of oral drugs launched prior to 1983
(864 drugs) and between 1983 and 2002 (329 drugs) show that mean values of lipophilicity,
percent polar surface area and H-bond donor count are the same, suggesting that these are
the most important oral druglike physical properties. In contrast, mean values of molecular
weight and the numbers of O + N atoms, H-bond acceptors, and rotatable bonds and rings
have increased in 1983-2002 drugs (by 13-29%). Analysis of the 1983-2002 oral drugs by
therapy area shows that antiinfectives and nervous system drugs have the most extreme
physical property profiles. Cardiovascular drugs show increasing molecular weight with year
of publication, primarily a consequence of focusing on clinically proven mechanisms, with limited
chemical diversity. Drug classes other than antiinfectives show comparable distributions of
lipophilicity, suggesting that this property in oral drugs is important irrespective of the drug’s
target. The results suggest that the balance between polar and nonpolar drug properties is an
important, unchanging feature of oral drug molecules.

Introduction

Despite increased expenditure in research and devel-
opment activities, the output of launched drugs has
declined in recent years.1 Only 11% of drugs entering
clinical development reach the market place, being
withdrawn for reasons associated with efficacy (25%),
toxicology (24%), clinical safety (12%), drug metabolism
and pharmacokinetics (DMPK, 8%), formulation (1%),
and portfolio and other reasons (30%).2 Thus, of 70% of
failures caused by specific effects, 45% can be ascribed
to DMPK, safety, and formulation properties related to
the physicochemical nature, or druglikeness, of the drug
candidate itself. The proportion may even be higher,
since some reported “efficacy” failures might be due to
poor DMPK.

While there have been numerous attempts to predict
druglikeness,3 currently no generally applicable means
of differentiating drugs from nondrugs exists. Many of
the methods proposed require complex computational
analyses, leading some authors to suggest simpler
alternatives based on chemical intuition and ease of
synthesis.4 The most widely quoted method, the Lipinski
“rule of five”, is also the simplest. This states that poor
drug absorption and permeation are likely to occur if
the molecular weight is >500, cLogP (or calculated
lipophilicity, the logarithm of the 1-octanol/water parti-
tion coefficient) is >5, the sum of O and N atoms is >10,
and the sum of OH and NH groups is >5.5 The rule of
five was designed to provide chemists with a simple
means of predicting potential problems with solubility
and permeability, factors strongly influencing drug
absorption.6 It has been adopted, probably inappropri-
ately, as a rule of thumb for druglike properties in the

broadest sense; however, drugs also have to be effica-
cious, potent, selective, manufacturable, and safe. The
rule of five was derived from drug candidates that
reached phase II (receiving a U.S. adopted name), so
many of these compounds will have eventually failed
to progress to the market. Consequently recent studies7,8

of druglike physical properties have focused solely on
the smaller number of marketed oral drugs, which have
successfully passed DMPK, formulation, manufacturing,
toxicological, and clinical hurdles in the drug develop-
ment process.

The studies of Wenlock and co-workers7 (594 com-
pounds from the Physicians Desk Reference 1999 (PDR))
and Vieth and co-workers8 (1193 compounds approved
by the U.S. Food and Drug Administration up to 2002)
reached essentially identical conclusions, showing that
limited distributions of molecular weight, lipophilicity,
and hydrogen bonding are found in oral drugs. It was
shown in both studies that oral drug physical properties
are in general consistent with the rule of five but with
greater stringency for H-bonding properties. Thus, for
90% of oral drugs it was found that molecular weight
was <475, cLogP was <5.2-5.5, the sum of O and N
atoms was <8-9, and the sum of OH and NH groups
was <3.7,8 In addition, overall physical properties of oral
drugs are reduced compared with topical, injectable, and
absorbent drugs and early research compounds.8 The
observations are essentially consistent with the estab-
lished dependencies of solubility, permeability, absorp-
tion, chemical and metabolic stability, and toxicity on
the bulk and hydrogen-bonding properties of com-
pounds.9,10

Vieth8 showed that among oral drugs launched in the
U.S. between 1982 and 2002, no meaningful correlations
between year of launch and molecular weight, lipophi-
licity, or target class were observed, suggesting that
there is an important and unchanging need to maintain
physical properties within a particular range to allow
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sufficient permeability. Wenlock7 analyzed drugs in
various phases of clinical development and showed that
the mean molecular weight of compounds in earlier
development phases was significantly higher than those
in later development phases and marketed drugs.
Similar trends were found for the numbers of hydrogen-
bond acceptors and rotatable bonds, and in addition, it
was shown that the more lipophilic compounds tend to
be discontinued prior to phase III. These observations,
supported by other studies,11 suggest that there may
be pressures during drug development to select smaller
and less lipophilic compounds. Alternatively, it has been
noted that they could simply be a consequence of larger
and more lipophilic candidate drugs entering develop-
ment.12

Can the observed limitations7,8 to the physical proper-
ties of historical drugs be challenged? One recent
study,13 based on GlaxoSmithKline compounds, sug-
gests that the key factors controlling bioavailability are
polar surface area and molecular flexibility (number of
rotatable bonds), and it was suggested, perhaps contro-
versially,10 that drug molecular weight might be in-
creased if these properties are kept under control.

In this paper we ask which are the most important
physical properties of oral drugs and attempt to answer
the question by comparing the physical properties of
newer (1983-2002) and older (pre-1983) oral drugs. We
propose that drug physical properties, which are not
significantly different between these two groups, are
those to which the greatest attention should be paid in
the design process and in candidate drug selection;
conversely those that are different are potentially less
significant and may be open to wider manipulation. It
has been recognized that physical properties of drugs
can be influenced by the targeted therapeutic area,14

and here, we compare the profiles of recent drugs,
launched from 1983 to 2002, in five major therapy areas.

Data Sources

Although Vieth8 found there was no significant year-
on-year change in oral drug molecular weight between
1982 and 2002, close examination of the published data
(reproduced in Figure 1) shows that those oral drugs

approved in the U.S. for each of the years from 1983 to
2002 have higher median molecular weights than 1982
and pre-1982 drugs. In contrast, little or no change in
lipophilicity among these drugs is apparent from the
corresponding lipophilicity vs year of launch correla-
tion.8 To test the significance of these observations, we
used the list of oral drugs and their physical properties
from the supplementary data kindly provided by Vieth8

(1193 compounds). On the basis of the data in Figure
1, we decided to choose the year 1983 as the cutoff point
for “older” drugs. Those drugs which first reached the
market from 1983 to 2002 were readily identified from
the valuable resource compiled by the ACS publication
Annual Reports in Medicinal Chemistry.15 This provided
both the year of first marketing anywhere in the world,
rather than just the U.S. approval date as used in ref
8, and the therapeutic indication. This resulted in two
sets of oral drugs: those first launched prior to 1983
(864 compounds) and those first launched from 1983 to
2002 (329 compounds). Physical properties examined
were molecular weight, lipophilicity (estimated loga-
rithm of the 1-octanol/water partition coefficient, cLogP),
percent polar surface area ([(polar surface area)/(total
surface area)] × 100, values based on a 3D method8),
sum of OH + NH groups (H-bond donors), sum of O +
N atoms, number of H-bond acceptors, number of
rotatable bonds, and number of rings.

Results and Discussion

Physical Property Comparisons of Older (Pre-
1983) and Newer (1983-2002) Oral Drugs. Mean
and median values of molecular weight, sum of O + N
atoms, H-bond acceptors, rotatable bonds, and number
of rings are significantly increased in 1983-2002 vs pre-
1983 oral drugs by 13-29% (Table 1, shown graphically
in Figure 2). In contrast, mean values of lipophilicity
(cLogP), percent polar surface area, and the sum of OH
+ NH groups are not different, suggesting that these
properties are of more fundamental importance in oral
drugs. The choice of 1983 as the cutoff does not appear
to greatly influence these findings. A later cutoff year
could have been used because there are no meaningful
correlations between any physical property and year of

Figure 1. Molecular weight versus year of launch in the U.S. for oral drugs. The median molecular weights of drugs launched
in each year from 1983 to 2002 are higher than those of the drugs launched prior to 1983. Adapted with permission from J. Med.
Chem. 2004, 47, 224-232.8
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launch among the 1983-2002 oral drugs.8 In addition,
comparisons of oral drugs launched in the decades
1983-1992 and 1993-2002 show that while there are
upward trends in most properties with time, none reach
statistical significance (Table 2). Comparing the data
in Tables 1 and 2 suggests that oral drugs launched
most recently (1993-2002) have contributed to the
increases in mean cLogP (though not significant) and
number of rings seen in the 1983-2002 vs pre-1983
comparisons.

Drugs launched from 1983 to 2003 are on average 46
Da larger than pre-1983 drugs, a mean increase of 14%.
The distributions in Figure 3 show that violations of the
Lipinski rule of molecular weight (>500) comprise 11.3%
of 1983-2002 drugs and 6.7% of pre-1983 drugs. In-
creased molecular weight is accompanied by no change
in mean lipophilicity (Figure 4), so there must be an
increase in polarity or H-bonding in 1983-2002 drugs.
This seems to be confined to O + N atoms (and H-bond
acceptors) rather than H-bond donors (Figure 5) or
percent polar surface area (Figure 6). Consistent with
increased molecular weight in 1983-2002 drugs is
increased structural complexity, as adjudged by in-
creased numbers of rotatable bonds and rings (Figure
7). There has been a 29% increase in mean number of
rotatable bonds (Table 1) in 1983-2002 drugs, and
moreover, the property distribution is not normal, with
higher frequencies of >9 increased relative to pre-1983
drugs (Figure 7). These observations contrast with
recent studies showing that lowered bioavailability is
linked to increased number of rotatable bonds.13 This
study used a proprietary set of GlaxoSmithKline com-
pounds, and so the extent to which the specific struc-
tural properties and chemical diversity of these com-
pounds influenced the published analysis cannot be
ascertained. While bioavailability among a subset of
established drugs could also be categorized on the basis
of rotatable bonds and polar surface area,13 further
studies exploring the correlation between bioavailability
and rotatable bonds are warranted.

The physical properties used in Table 1 are simple to
calculate, and their use has gained widespread ac-

ceptance, but it has been known for some time that the
bulk physical properties of molecules are correlated.16

Hence, one of the issues in using the physical properties
in Table 1 is potential redundancy. This is illustrated
simply among the full set of oral drugs, where the four
“Lipinski parameters” are clearly linked:

All the variables are highly statistically significant
in eq 1, which is a very simplified version of more
sophisticated regression analyses for exploring the
underlying molecular properties influencing solution-
phase partition, where molar volume, H-bonding basic-
ity and acidity, and polarizability were shown to be
important.17 Since molecular weight and O + N count
have increased in 1983-2002 drugs and cLogP has not,
eq 1 seems to suggest that the single most important
invariant molecular property of oral drugs is the number
of H-bond donors. However, the distributions of cLogP
and percent polar surface area values show that the
balance of polar versus nonpolar properties is critical.

The increases in molecular size and structural com-
plexity in newer drugs are clearly acceptable, but
compounds reported in phase I (mean molecular weight
of 4247) or in the research phase (mean molecular
weight of 4478) remain notably larger than 1993-2002
drugs (mean molecular weight 382, Table 2). Higher
molecular weight compounds, with a greater number
of pharmacophoric groups, will have additional potential
for metabolic transformations to other biologically active
and/or chemically reactive molecules. Increased solute
molecular weight also reduces rates of diffusion,18 and
because molecular weight is positively correlated with
the other physical properties of oral drugs,8 increasing
it will tend to increase other properties also. In addition,
high molecular weight (>550) is associated with hepatic
clearance via biliary or metabolic excretion.18 For these
reasons it is improbable that molecular weight can
continue to increase indefinitely in new oral drug
molecules.

The cumulative fraction plot in Figure 4 reveals that
there has been a small increase in lipophilicity but only
in the lower 50% of compounds, resulting in a slightly
narrower range in the 1983-2002 drug molecules.
Although the lipophilicity distributions of newer and
older drugs are the same, the range of allowable cLogP
values is large, the 10-90 percentile values from Figure
4 are the following: 1983-2002 drugs, -0.65 - 5.36;
pre-1983 drugs, -0.84 - 5.18. However, the lipophilicity
requirements within a particular chemical class are
likely to be much narrower, being determined by specific
structure-activity, selectivity, and metabolic and phar-
macokinetic properties. The essentially unchanging
overall lipophilicity distribution in oral drugs reflects
the widely accepted importance of this property in
binding to protein targets and in drug transport, usually
resulting in a need for optimal values of lipophilicity
for in vivo activity.19,20 There are ∼1700 published
quantitative structure-activity relationships on a large
range of biological effects from binding affinity to

Table 1. Mean (Median) Physical Properties of Oral Drugs
Launched Pre-1983 and 1983-2002a

oral drugs
pre-1983b

n ) 864

oral drugs
1983-2002c

n ) 329

p
pre-1983 vs
1983-2002d

difference in
mean (median)

values

Mol Wt 331 (310) 377 (357) 5.82 × 10-7 14% (15%)
cLogP 2.27 (2.31) 2.50 (2.36) 0.17 10% (2%)
%PSA 21.1 (18.5)e 21.0 (19.4) 0.90 0% (5%)
OH + NH 1.81 (1) 1.77 (1) 0.35 -2% (0%)
O + N 5.14 (4) 6.33 (6) 5.65 × 10-8 23% (50%)
HBA 2.95 (2) 3.74 (3) 1.34 × 10-7 27% (50%)
RotB 4.97 (4) 6.42 (6) 2.20 × 10-8 29% (50%)
Rings 2.56 (3) 2.88 (3) 1.18 × 10-4 13% (0%)

a Mol Wt ) molecular weight; cLogP ) calculated 1-octanol/
water partition coefficient (Daylight method); %PSA ) calculated
[(polar surface area)/(total surface area)] × 100; OH + NH ) sum
of OH + NH groups (H-bond donors); O + N ) sum of O + N
atoms; HBA ) sum of H-bond acceptors; RotB ) number of freely
rotating bonds; Rings ) number of rings in structure. All physical
property values are taken from ref 8. b U.S. drugs (FDA approved
to 2002) from Supporting Information in ref 8, excluding 83-02
NCEs. c Identified from oral drugs in Supporting Information in
ref 8, using the 1983-2002 NCE list in ref 15. d Two-tailed, from
two-sample t-test assuming unequal variances. e n ) 860 (four
compounds have missing values in ref 8).

cLogP ) 0.018(Mol Wt) - 0.64(O + N) -
0.40(OH + NH) + 0.19 (1)

n ) 1193; r ) 0.79; tMol Wt ) 39.4; tO+N ) 28.6;
tOH+NH ) 12.0

6340 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 25 Leeson and Davis



toxicity, showing that increasing lipophilicity (either
cLogP of the whole molecule or π values of a substituent)
increases biological activity.19 As lipophilicity (cLogP)
increases, there is an increased probability of binding
to hydrophobic protein targets other than the desired
one, and therefore, there is more potential for toxicity.
For example, the active sites for undesirable cytochrome
P450 inhibition21 and the hERG channel22 are hydro-
phobic and bind lipophilic substrates. Increasing lipo-
philicity will also tend to reduce aqueous solubility,
reduce the free fraction of drugs by increased binding
to plasma proteins, and increase metabolic liability.9,10

The lack of differences in mean values of H-bond
donors and percent polar surface area between newer
and older oral drugs may be related to an underlying
need for effective membrane permeability. The results
suggest that hydrogen-bond donors may be more im-
portant than acceptors in this respect, an interpretation
that deserves comment in the context of current models
of membrane permeability. Membrane permeability
requires both desolvation of associated hydrogen-bonded
water molecules as well as lipid solubility, and it is
known that cell penetration and absorption are highly
dependent on hydrogen bonding as well as size and
lipophilicity.23,24 1-Octanol/water partition coefficients
(ie log P values) alone appear insufficient to model
membrane permeation. Work reported by Abraham and

co-workers suggests that 1-octanol as a hydrophobic
solvent is a poor model of the hydrophobic core of the
membrane phospholipid bilayer. Water is a much stron-
ger hydrogen-bond acid than 1-octanol, but both have
similar hydrogen-bond basicities. This indicates that
partitioning into 1-octanol underestimates the energy
required to desolvate solute hydrogen-bond donors25 for
partition into a biological membrane. Thus, optimization
of drug molecules using n-octanol/water partition coef-
ficients requires additional consideration of hydrogen-
bond donor properties.

Although mean and median values do not differ, it is
notable that the distribution of percent polar surface
area in 1983-2002 drugs is significantly narrower than
pre-1983 drugs (see Figure 6). The 10-90 percentile
values of percent polar surface area, 4.5-39.5% for pre-
1983 drugs and 9.9-35.9% for 1983-2002 drugs, show
that the distribution has narrowed by 25% in 1983-
2002 drugs. Similar distributions were found using
percent O + N atoms instead of percent polar surface
area (data not shown: O + N atom count and polar
surface area are highly correlated8). The reasons for the
narrower distributions of percent polar surface area and
percent O + N atoms may be related to the increased
size and structural complexity of the 1983-2002 drugs,
necessitating a more restricted, better-balanced polar/
nonpolar profile. It could also result from the deliberate
optimization of compound physical properties during
synthesis-testing cycles, which will have been employed
more rigorously in recent drug discovery.

Most of the oral drugs approved from 1983 to 2002
would have been discovered from the mid-1970s to the
1990s. Drug discovery projects during this time (and
today) in general used in vitro screens as a primary test,
a change from much earlier approaches, which often
depended on in vivo animal studies to a greater extent
in initial evaluation. In addition, newer drug discovery
programs in general undertake more intensive and
faster biological evaluation of compounds, facilitated by
using rapid synthesis and testing techniques. The
increases in molecular weight and other properties seen
in the comparison of pre-1983 and post-1983 drugs are
most probably a result of focusing on enhancing the
affinity of lead compounds for the biological target in
vitro, which is often achieved by adding interactive
H-bonding or hydrophobic groups. Furthermore, com-
monly used strategies to improve solubility, for example,

Figure 2. Mean and median differences in physical properties between pre-1983 and 1983-2002 drugs (data from Table 1): Mol
Wt ) molecular weight; cLogP ) calculated 1-octanol/water partition coefficient (Daylight method); %PSA ) calculated [(polar
surface area)/(total surface area)] ×100; OH + NH ) sum of OH + NH groups (H-bond donors); O + N ) sum of O + N atoms;
HBA ) sum of H-bond acceptors; RotB ) number of freely rotating bonds; Rings ) number of rings in structure.

Table 2. Mean (Median) Physical Properties of Oral Drugs
Launched 1983-1992 and 1993-2002a

oral drugs
1983-1992b

n ) 175

oral drugs
1993-2002b

n ) 154

p
1983-1992 vs
1993-2002c

difference in
mean

(median)
values

Mol Wt 374 (359) 382 (357) 0.62 2.1% (-0.6%)
cLogP 2.39 (2.36) 2.61 (2.38) 0.41 9.2% (0.8%)
%PSA 20.9 (19.0) 21.2 (19.7) 0.81 1.4% (3.7%)
OH + NH 1.75 (1) 1.80 (1.5) 0.76 2.9% (50%)
O + N 6.33 (6) 6.32 (6) 0.97 0.2% (0%)
HBA 3.66 (3) 3.82 (4) 0.51 4.4% (33%)
RotB 6.29 (6) 6.58 (6) 0.51 4.6% (0%)
Rings 2.77 (3) 3.02 (3) 0.071 9.0% (0%)

a Mol Wt ) molecular weight; cLogP ) calculated 1-octanol/
water partition coefficient (Daylight method); %PSA ) calculated
[(polar surface area)/(total surface area)] × 100; OH + NH ) sum
of OH + NH groups (H-bond donors); O + N ) sum of O + N
atoms; HBA ) sum of H-bond acceptors; RotB ) number of freely
rotating bonds; Rings ) number of rings in structure. All physical
property values are taken from ref 8. b Compounds from 1983 to
2002 drugs (Table 1). c Two-tailed, from two-sample t-test assum-
ing unequal variances.
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by adding ionizable functionality, and selectivity for the
desired target, by adding groups to block unwanted
activity, can result in increased molecular weight. It has
been suggested26 that the process of optimization of lead
compounds in general results in increased molecular
weight and other physical properties. This phenomenon
is becoming more widely recognized,27-29 supporting the
proposal that optimization should ideally begin with

identifying small, low molecular weight or “lead-like”26

compounds.
Other reasons underlying the increases in some

physical properties in newer drug candidates may be
associated with medicinal strategies used to identify
lead compounds. In a large number of Pfizer early drug
candidates, molecular weight and lipophilicity increased
with time but O + N atom counts did not.30 In contrast,

Figure 3. Distribution of molecular weight in pre-1983 (n ) 864) and 1983-2002 (n ) 329) oral drugs: (left) frequency; (right)
cumulative fraction.

Figure 4. Distribution of lipophilicity (Daylight cLogP) in pre-1983 (n ) 864) and 1983-2002 (n ) 329) oral drugs: (left) frequency;
(right) cumulative fraction. The differences in the lower 50% mean values are significant: pre-1983, 0.26; 1983-2002, 0.67; p )
0.0055 (two tailed, from two-sample t-test assuming unequal variances).

Figure 5. Frequency distributions of O + N atoms (left) and OH + NH groups (right) in pre-1983 (n ) 864) and 1983-2002 (n
) 329) oral drugs.
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Merck MK-numbered development candidates, consid-
ered to be more advanced in development than the
Pfizer candidates,30 had increased molecular weight and
O + N atom count with time but no change in mean
lipophilicity. These differences were suggested to be a
result of differing approaches to lead generation: struc-
ture-based and rational discovery for Merck and high-
throughput screening with combinatorial chemistry
(providing higher molecular weight and more lipophilic
lead compounds) for Pfizer. Comparing these findings
with the oral drug profiles at different development
stages7 suggests that the stage of development reached
may be an additional factor. Lower mean lipophilicity
is evident in the more advanced Merck candidates
(cLogP ≈ 2.2) compared with the earlier Pfizer candi-
dates (cLogP ) 2-3), where development attrition will
not have occurred to the same extent.

Influence of Therapeutic Area on 1983-2002
Oral Drug Physical Properties. Drug physical prop-
erties can be influenced by the targeted therapeutic
area, for example, drugs aimed at the central nervous
system tend to be smaller and have lower polar surface
area than other classes.14,17,31 On the basis of the
literature classification,15 the therapy areas of 315 of
the 329 oral drugs launched from 1983 to 2002 were

grouped into six categories (Table 3). Mean and median
values of the eight physical properties are shown in
Table 4, and the relative mean values are plotted in
Figure 8 for the five major therapeutic categories. The
results of pairwise comparisons, checking for statisti-
cally meaningful differences, are summarized in Table
5 for the five largest therapeutic categories.

The variance in physical property profile across
therapeutic areas is significant (Figure 8) with a total
of 49 of the 80 possible pairwise comparisons between
classes being different at a 95% confidence level (p <
0.05, Table 5). This is probably a consequence of the
relatively small numbers of drugs, and especially limited
structural diversity, found in each therapeutic category.
Comparing the therapeutic class properties at higher
statistical confidence levels shows that a total of 21 of
the 22 differences observed at a confidence level of
>99.9% (p < 0.001; these properties are in bold in Table
5) are associated with either antiinfective or nervous
system drug properties. Similarly, 10 of the 14 differ-
ences, significant at the 99-99.9% confidence level (p
) 0.001-0.01; these properties are in italic in Table 5),
are also associated with the antiinfectives and nervous
system drugs, which clearly show the greatest overall
differences in physical properties from the other classes.

Figure 6. Distribution of percent polar surface area in pre-1983 (n ) 860) and 1983-2002 (n ) 329) oral drugs: (left) frequency;
(right) cumulative fraction. The mean values of the lower and upper 50% of compounds are the following: pre-1983, 10.2% and
32.0%; 1983-2002, 13.5% and 28%. The differences are significant: p(lower 50%) ) 4.1 × 10-14, p(upper 50%) ) 3.3 × 10-4 (two
tailed, from two-sample t-test assuming unequal variances).

Figure 7. Frequency distributions of numbers of freely rotatable bonds (left) and rings (right) in pre-1983 (n ) 864) and 1983-
2002 (n ) 329) oral drugs.
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Antiinfective drugs have the highest mean molecular
weight and lowest mean lipophilicity, the highest O +
N and H-bond acceptor count, and the largest number
of rings. In addition, the distributions of molecular
weight and lipophilicity among antiinfectives show
different trends from the other drug classes as seen from
the cumulative fraction plots (Figure 9). These observa-
tions with antiinfective agents are probably related to
the need for activity in a nonhuman system, coupled
with cell wall penetration requirements among antibi-
otic drugs. Nervous system drugs have significantly
reduced molecular weight, polar properties (O + N,
H-bond acceptors), and rotatable bonds relative to other
classes. Most of these compounds are centrally acting,
and their physical properties are consistent with the
established importance of limited polar surface area and
molecular size for blood-brain barrier penetration.31

Apart from antiinfectives, the other main therapy area
classes show similar distributions of lipophilicity values
(Figure 9), reinforcing the overall importance of this
property irrespective of therapy area or target mecha-
nistic class. Respiratory and inflammation, and gas-
trointestinal and metabolism drugs have similar mo-
lecular weight profiles, but the distributions of cardio-
vascular and nervous system drugs show trends toward

respectively increased and decreased molecular weight
relative to all other classes (Figure 9). The reduced

Table 3. Major Therapy Areas of Oral Drugs Launched 1983-2002a

therapy area
no. of
drugs indications listed in Annu. Rep. Med. Chem.

cardiovascular 79 antiarrythmic, anticholesterolemic, antihypertensive, antilipidemic,
antithrombotic, calcium regulator, cardiostimulant, cerebral vasodilator, coronary
vasodilator, diuretic, dyslipidemia, heart failure, hypertensive,
hypocholeserolemic, hypolipidemic, platelet agg. inhib.

nervous system 74 Alzheimer’s disease, analgesic, anti-Alzheimer, anticonvulsant, antidepressant,
antiemetic, antiepileptic, antimigraine, antinauseant, antiobesity,
anti-Parkinson, antiprolactin, antipsychotic, antispasmodic, antitussive,
anxiolytic, cognition enhancer, convulsant, hypnotic, idiopathic hypersomnia,
muscle relaxant, narcotic antagonist, neuroleptic, neuroprotective, nootropic

infection 64 antibiotic, antifungal, antimalarial, antiparasitic, antiviral

respiratory and inflammation 46 antiallergic, antiallergic/antiasthmatic, antiarthritic, antiasthma, antihistamine,
antiinflammatory, antirheumatic, antisporiatic, bronchodilator,
immunostimulant, immunosuppressant, organ rejection, antixerostomia,
expectorant

gastrointestinal and metabolism 38 anabolic, antidiabetic, antiobesity, antiulcer, gastric antisecretory,
antityrosinemia, gastroprokinetic, irritable bowel syndrome, ulcerative colitis,
hyperprolactinemia, osteoporosis, Paget’s disease

cancer 14 anticancer, antineoplastic

others 14 5R reductase inhib, abortifacient, antiglaucoma, antiprostatic hypertrophy,
chelator, hypoammonuric, iron chelator, male sexual dysfunction, progestogen,
urolithiasis, urologic, vit D prohormone

a Allocated from indications given in Annual Reports in Medicinal Chemistry.15

Table 4. Mean (Median) Physical Properties by Therapy Area of Oral Drugs, Launched 1983-2002a

cardiovascular
n ) 79

nervous system
n ) 74

gastrointestinal
and metabolism

n ) 38
infection
n ) 64

respiratory and
inflammation

n ) 46
cancer
n ) 14

others
n ) 14

Mol Wt 389 (396) 310 (307) 378 (357) 456 (389) 396 (353) 313 (299) 309 (348)
cLogP 3.05 (3.00) 2.50 (2.55) 1.90 (2.28) 1.56 (0.94) 3.34 (2.90) 3.02 (3.01) 1.93 (2.22)
%PSA 19.8(18.6) 16.3 (14.3) 26.7(20.7) 24.6 (21.5) 20.5 (19.3) 20.8 (18.3) 22.9 (20.2)
OH + NH 1.46 (1) 1.50 (1) 2.71 (2) 2.41 (2) 1.37 (1) 1.00 (1) 1.64 (2)
O + N 6.73 (7) 4.32 (4) 6.84 (6) 8.78 (7) 6.17 (5) 4.5 (4.5) 4.29 (4)
HBA 3.77 (4) 2.12 (2) 4.34 (4) 5.28 (5) 4.24 (4) 2.86 (2.5) 2.64 (2)
RotB 8.23 (8) 4.70 (4.5) 7.63 (7) 6.83 (5) 5.52 (4.5) 5.00 (3.5) 4.57 (4.5)
Rings 2.84 (3) 2.85 (3) 2.32 (2.5) 3.45 (3) 3.02 (3) 2.36 (2) 2.36 (2.5)

a Mol Wt ) molecular weight; cLogP ) calculated 1-octanol/water partition coefficient (Daylight method); %PSA ) calculated [(polar
surface area)/(total surface area)] × 100; OH + NH ) sum of OH + NH groups (H-bond donors); O + N ) sum of O + N atoms; HBA )
sum of H-bond acceptors; RotB ) number of freely rotating bonds; Rings ) number of rings in structure. Therapy areas were allocated
according to Table 3. All physical property values are taken from ref 8.

Figure 8. Relative physical property profiles of 1983-2002
oral drugs by therapeutic category.
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variability of lipophilicity versus molecular weight
distributions by therapy class is consistent with the
overall profiles for older and newer drugs in Figures 3
and 4. Together these data support the view that
lipophilicity appears to be a more stringent druglike
property than molecular weight.

In each therapeutic area, except cardiovascular drugs,
there has been no significant change in molecular
weight with year of launch from 1983 to 2002 (Figure
10). Cardiovascular drugs have shown an increase in
molecular weight over the same period (see Figure 10).
A closer analysis of the cardiovascular drug group shows
that 1983-2002 drugs have been dominated by only six
different mechanisms: R and â adrenergic blockers,
dihydropyridine-type calcium channel blockers, angio-
tensin converting enzyme (ACE) inhibitors, angiotensin
II (AII) receptor antagonists, and hypolipidemic statin
drugs. These clinically proven mechanisms account for

54 of the 79 drugs, and within each subclass there is
clearly limited chemical diversity, since the drug mol-
ecules employ identical or very similar core pharma-
cophoric structures. There is a clear trend among these
subclasses (expect R blockers, with only five drugs),
showing an increased molecular weight with the year
of first literature publication (see Figure 11), which
helps to account for the overall increase in molecular
weight with year of launch in cardiovascular drugs. This
observation is not confined to cardiovascular drugs;
among the 14 quinolone antibiotics introduced from
1983 to 2002 there is a 96 Da increase in molecular
weight with time (data not shown). In this “derivative”
approach to drug discovery, exploitation of the first
breakthrough structure tends to result in increased size
and structural complexity within each chemical class.
These observations are consistent with other data
showing that molecular weight increases during lead

Table 5. Physical Properties Differing Significantly between the Five Principal Therapeutic Classes of 1983-2002 Oral Drugsa

cardiovascular
n ) 79

nervous system
n ) 74

gastrointestinal
and metabolism

n ) 38
infection
n ) 64

nervous system n ) 74 Mol Wt
%PSA
O + N
HBA
RotB

gastrointestinal and metabolism n ) 38 cLogP Mol Wt
%PSA %PSA
OH + NH OH + NH
Rings O + N

HBA
RotB
Rings

infection n ) 64 Mol Wt Mol Wt Mol Wt
cLogP cLogP O + N
%PSA %PSA Rings
OH + NH OH + NH
O + N O + N
HBA HBA
Rings RotB

Rings
respiratory and inflammation n ) 46 RotB Mol Wt cLogP cLogP

%PSA %PSA %PSA
O + N OH + NH OH + NH
HBA RotB O + N

Rings HBA
a Two-tailed p values were obtained from two-sample t-tests, assuming unequal variances. Properties in bold differ between the two

therapeutic classes with p < 0.001, those in italic differ with p ) 0.001-0.01, and other entries differ with p ) 0.01-0.05.

Figure 9. Cumulative fraction distributions of molecular weight (left) and lipophilicity (Daylight cLogP, right) in 1983-2002
oral drugs, according to therapeutic category.
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optimization26-28 and with the finding that a significant
proportion of drugs approved in the year 2000 are
derived from earlier drugs, a process that can lead to
increases in physical properties in similar chemical
classes.32

Conclusions

Mean values of lipophilicity, H-bond donors, and
percent polar surface area are not changing between
older (pre-1983) and newer (1983-2002) oral drugs. We
propose that these are the most important oral druglike
physical properties and should be carefully monitored
and controlled in oral drug discovery programs. In
contrast there has been a statistically significant in-
crease in mean molecular weight, H-bond acceptors,
rotatable bonds, and number of rings in newer drugs.
Recent (1983-2002) oral drugs display a narrower
range of allowable percent polar surface area, suggest-
ing limitations may exist to increasing molecular size
and structural complexity. The results suggest that the
balance between polar and nonpolar drug properties is
an important, unchanging feature of oral drug mol-
ecules. Although it is unclear how much the other
physical properties (molecular weight, H-bond acceptors,
rotatable bonds, and number of rings) can continue to
be increased in future drug candidates, the data pre-

sented here on 1983-2002 drugs show that well-
delineated ranges for these properties exist; therefore,
their control should not be ignored. A comparison of
physical properties by therapy area in drugs launched
from 1983 to 2002 shows that antiinfective agents have
a differing profile, being both larger and less lipophilic
than other classes. Consistent with previous observa-
tions, nervous system drugs have reduced molecular
weight compared with other therapy areas. The increase
in molecular weight seen in 1983-2002 cardiovascular
drugs is a consequence of capitalizing on several well-
established and clinically proven mechanisms, employ-
ing limited chemical diversity. With the exception of
antiinfective drugs, the need for an optimal drug lipo-
philicity profile appears to be independent of therapy
area.

The data in this report show that the physical
properties of oral drugs approved from 1983 to 2002
have increased by an average of 14% relative to pre-
1983 drugs. A caveat of this retrospective analysis,
reflecting drug discovery activities of around a decade
ago at the latest, is that it does not necessarily provide
a clear guide to future trends.33 Approaches to address
future drug “developability” have been emphasized
strongly in the discovery phase over the past decade,
including optimization of DMPK, physical form, and

Figure 10. Plot of molecular weight versus year of first launch worldwide for 1983-2002 oral drugs, according to therapy area.
Only cardiovascular drugs show a significant increase in molecular weight in this period (n ) 79, r2 ) 0.309, F ) 34.4, p ) 1.05
× 10-7). All drugs show a nonsignificant upward trend of 1.2 Da per annum.

Figure 11. Plot of molecular weights of mechanistic classes of cardiovascular drugs introduced from 1983 to 2002 versus year
of first literature publication.
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safety properties in parallel with the desired biological
effects. It is anticipated that these more stringent early
selection procedures will result in reduced overall
attrition rates in drug development. Since achieving
these improved profiles will in general require more
intensive lead optimization than in the past, with
associated risks of further increases in molecular size
and structural complexity, the control of physical prop-
erties within the druglike domain will remain a major
challenge to drug design.

The structure of the chemical lead compound selected
for optimization plays a pivotal part in determining the
physical properties of the eventual candidate drug
molecule. Consequently we suggest that lead generation
efforts aimed at orally active drugs should be directed
toward discovering a selection of diverse lower molec-
ular weight leadlike26,34 or fragmentlike35 molecules as
chemical starting points. These should ideally possess
high binding efficiency for the desired target (expressed
as binding energy per dalton36) and have the potential
to achieve, following optimization, the best possible oral
druglike profile. The selection of oral candidate drugs
having optimal, rather than extreme, druglike physi-
cochemical properties will provide additional confidence
for successful drug development outcomes.
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