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The evolution of synthetic oral drug properties
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Abstract—An analysis of the properties of 1791 synthetic, oral drugs approved and/or marketed since 1937 demonstrates that the
median molecular weight of oral drugs has increased substantially over the past 60 years. Fewer than 5% of approved/marketed oral
drugs have more than 4-H bond donors and just 2% have MW > 500 and >3 H-bond donors.
� 2004 Elsevier Ltd. All rights reserved.
Table 1. Comparative statistics for different datasets

Parameter This set Lipinskia Viethb Wenlockc

# oral drugs 1791 2245 1193 594

Mean MW 333 344 337

90th percentile 469 500 475 473

Mean LogP 2.5 2.3 2.5

90th percentile 4.8 5 5.2 5.5

Mean H donor 1.5 1.8 2.1

90th percentile 3 5 3 4

Mean H acceptor 5.1 5.5 4.9

90th percentile 9 10 9 7

a See Ref. 1.
b See Ref. 2a.
c See Ref. 2b.
Since the formulation of the Lipinski �rule of five� which
relates drug molecular weight (MW), LogP, and num-
ber of H-bond donors and H-bond acceptors to the po-
tential for oral bioavailability,1 a variety of insightful
analyses of drug structure/property relationships has ap-
peared.2 One potentially interesting extension of these
studies, which has been touched upon but not systemat-
ically examined, is the analysis of how these drug prop-
erties have evolved over time.3 For example, Lipinski
demonstrated an upward trend in MW for Merck and
Pfizer clinical candidates over the period 1960–20004

while Vieth et al. showed that the mean MW and
CLogP of oral drugs had not changed in the period
1982–2002.2a The first analysis is limited by the small
sample size and focus on two drug discovery organiza-
tions: the second is limited by the narrow timeframe
and by the use of FDA approval date to track changes
with time. To develop such an analysis in a comprehen-
sive manner it seemed worthwhile to expand on these
studies as described below.

A list of approved or marketed drugs was generated by
inspection of a variety of sources.5 Two of these refer-
ences5g,h were particularly useful in identifying drugs
used only outside the USA and subsequently withdrawn
or abandoned. The primary list derived from these
sources contains the names of some 2900 substances.
Refs. 5b, c and e also provided information on the route
of administration.

With this information in hand, additional data was gath-
ered and processed as follows. Patent priority date6 or
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date of first literature disclosure was chosen to locate each
drug and its properties in relation to time. The intention is
to match, as closely as possible, each drug to its discovery
date during the period covered, 1937–1997. Unmodified
natural products were excluded from this analysis since
these materials are generally not the product of drug de-
sign. Only drugs administered orally are included. Diag-
nostic agents andmetal-containing drugs are excluded, as
are enantiomers of drugs previously marketed as race-
mates. The final dataset contains 1791 oral approved or
marketed drugs. Drug properties were calculated7 on un-
charged (except for quaternary ammonium and tertiary
sulfonium) structures8 stripped of counterions and sol-
vates. Table 1 provides comparative statistics for this
dataset and other recent similar datasets.
Figures 1 and 2 display plots of MW, ALogP,9 H-bond
donors and N + O count (the original surrogate for H-
bond acceptor ability1) versus Year (disclosure date).
For the MW and ALogP plots datapoints for all 1791
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drugs are displayed along with the median, mean, maxi-
mum and minimum values connected by year.10 For the
H donor and N + O count plots, the number of records
associated with each datapoint is shown. In each plot,
the Lipinski rule value is highlighted in orange. At the
right hand side of each plot the number of drugs falling
within Y-axis property range or having that Y-axis
Figure 1. Drug properties versus time.
property value is displayed, along with the percentage
falling outside the particular Lipinski rule.

The plot of MW over time (Fig. 1, top) shows mean and
median MW increasing from generally below 300 in
the period 1937–1950 to higher values often above 400
from 1980 onwards. Given the lengthy timeframe from



Figure 2. N + O count versus time.
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discovery to approval, datasets for 1990 and beyond are
incomplete and subject to future update, but the trend is
upwards. For all the records, 7% have MW > 500 com-
pared to 11% in Lipinski�s dataset.1 The plot of A logP
over time (Fig. 1, centre) shows no upward or down-
ward trend. 8.5% of records have A logP > 5 compared
to 10% with CLogP > 5 in Lipinski�s dataset. Only 5.2%
of the drugs have ALogP < �1.

The H-bond donor plot provided the biggest surprise,
not because of a significant upward trend over time
but because of the small number (1.1%) of structures
violating the 5 H-bond donor rule. Since different com-
putational tools calculate H-bond donors in different
ways, we evaluated this property using additional proto-
cols as shown in Table 2. Calculation of the H-bond do-
nors at pH 7.4, to provide a more physiologically
relevant count, gave essentially the same result (albeit
with individual molecules distributed differently). Cer-
Table 2. Number of H donors from different protocols

H donors Scitegic Scitegic @pH 7.4 Cerius2

0 461 382 461

1 589 732 510

2 440 431 384

3 176 146 213

4 74 57 139

5 31 22 44

6 7 8 19

7 3 2 7

8 3 5 7

9 2 1 1

10 2 3 3

11 1

12 1 1

13

14 1 1

15

16 1 1

17

18 1

>3 7.0% 5.6% 12.5%

>4 2.8% 2.4% 4.7%

>5 1.1% 1.2% 2.2%
ius2 returned a larger number of molecules with >5 H-
bond donors, but still only 2.2% of the total. Given that
the improvement of physical properties, most frequently
solubility, is an ongoing challenge in most lead optimi-
zation programs it is enlightening to note that the indis-
criminate appendage of multiple H-bond donors is not a
likely path to success. Additionally, Oprea has com-
mented that H bond donors are frequently involved in
phase 2 metabolism and a low H donor count may be
desirable for both absorption and adequate exposure.11

For H-bond acceptors (Fig. 2, N + O count) an upward
trend is apparent from the mid-1970s onward with more
substantial increases in the 1990s. However, as noted
above, the dataset for this later time period is necessarily
incomplete. 4.8% of records have N + O count >10 com-
pared to 12% in the Lipinski dataset.

Finally, we looked at the distribution of molecules
violating more than one Lipinski rule. Figures 3 and 4
Figure 3.



Figure 4.
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depict the distribution of H-bond donors and (binned)
A logP relative to MW binned in 100 amu increments.

Lipinski noted that 4% of his dataset violated MW and
H-bond donor rules. Only 0.6% of this dataset of oral
marketed drugs have MW > 500 and H-bond do-
nors > 5 and just 2% have MW > 500 and H-bond do-
nors > 3. Of these structures, 2% have MW > 500 and
A logP > 5 comparable to the 1% violating both the
MW and C logP rules.

During the period 1937–1997 the most notable change in
drug properties has been a steady increase in mean and
median MW. Only seven marketed drugs with
MW > 500 were designed in the 15 year period 1937–
1951. The comparable period 1983–1997 has so far given
thirty two. Mean and median lipophilicity have not
changed in the 60 year period examined. Fewer than
5% of oral marketed drugs have more than 4 H-bond
donors and an almost insignificant number exceed both
the MW and H-bond donor rules.
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