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Methods that rapidly evaluate molecular complexity and synthetic feasibility are becoming increasingly
important for in silico chemistry. We propose a new metric based on relative atomic electronegativities and
bond parameters that evaluate both synthetic and molecular complexity (SMCM) starting from chemical
structures. Against molecular weight, SMCM has the lowest fraction of adjusted variance (R2)0.535) on a
series of 261 048 diverse compounds, when compared to the complexity metric of Baron and Chanon
(R2)0.777;J. Chem. Inf. Comput. Sci. 2001, 41, 269-272) and Ru¨cker (R2)0.895 for log complexity values;
J. Chem. Inf. Comput. Sci. 2004, 44, 378-386), respectively. These metrics are in general agreement when
the metabolic synthesis of cholesterol from S-3-hydroxy-3-methyl-glutaryl coenzyme A is monitored,
indicating that SMCM can be useful in discerning increases in complexity. Because the presence of
substructure patterns can be directly incorporated into this scheme, SMCM is relatively straightforward and
can be easily tailored to rapidly evaluate virtual (combinatorial) libraries and high throughput screening
hits.

INTRODUCTION

As in silico chemistry is gaining importance in drug
discovery, so is the rapid evaluation of virtual chemistry.
Synthetic feasibility, or the world of ‘could-be-made’, as
opposed to ‘difficult-to-make’ or ‘impossible’ chemicals,
needs rapid computer-based evaluation tools that can poten-
tially be time- and resource-saving for the end user. Efforts
for computer-assisted organic synthesis (CAOS)1,2 and evalu-
ation of chemical feasibility have reached a mature stage in,
e.g., LHASA (logic and heuristics applied to synthetic
analysis),3,4 WODCA,5,6 and CAESA (computer assisted
estimation of synthetic accessibility).7 Designed for detailed
organic chemistry evaluation, these schemes may not be
easily converted for massive in silico efforts such as virtual
screening or library design and enumeration. General models
to evaluate molecular complexity2,8 are needed for both in
silico chemistry9 as well as for structure-activity relation-
ships.10 A recent evaluation of LHASA’s3 ‘strategic bonds’11

in view of the mathematical rigor of topological molecular
complexity12 indicates a good degree of correspondence
between heuristic rules (LHASA) and mathematical models.12

In the absence of tools for rigorous evaluation of molecular
complexity, molecular weight (MW) is often used as a rapid,
albeit crude indicator for complexity. This is an oversimpli-
fied measure, since molecules with heavy atoms such as
bromine and iodine might still be simple, yet would have a
significantly higher MW compared to their, e.g., hydrogen
or fluoro substituted analogues.

We propose a simple, empirical Synthetic and Molecular
Complexity Metric (SMCM) that departs from MW in a
consistent and reproducible manner and is intended as an

intuitive ‘plug-in’ for rapid chemical feasibility and com-
plexity evaluation. Starting from the number of different atom
types and bonds, SMCM takes into account a hybridization
state at the simple ‘aliphatic’ or ‘aromatic’ level and other
structural features such as the number of (vicinal) chiral
centers, geminal substitutions, and the number of rings and
spiro carbons as well as the type of (fused) ring systems per
molecule. We also present unique features as an illustration
of how particular chemotypes can be empirically added into
SMCM and how certain functional groups and repeating
structures can yield a lower (perceived) SMCM value for a
molecule.

Using information theory, Bertz proposed a rigorous
mathematical approach for calculating the complexity of
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Table 1. Atoms and Their Respective Sanderson Electronegativity
Relative to Carbon15

atom electronegativity atom electronegativity

B 0.851 P 1.086
C 1.000 S 1.235
N 1.149 Cl 1.384
O 1.297 Br 1.244
F 1.446 I 1.103

Table 2. Bond Parameters15 Computed with Atomic Number

atom atom single double triple aromatic

C C 1.000 0.500 0.333 0.667
C N 0.857 0.429 0.286 0.571
C O 0.750 0.375
C F 0.667
C P 0.400
C S 0.375 0.188 0.250
C Cl 0.353
C Br 0.171
C I 0.113
N N 0.735 0.367 0.490
N O 0.643 0.321 0.423
O S 0.281 0.141
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Table 3. Examples of SMARTS Patterns for Chemical Substructures Captured in the Final SMCM Score

SMARTS description

[$([C!D1]-@C()O)-@[N!a])] peptides, cyclic
[$([C!D1]-!@C()O)-!@[N!a])] peptides, acyclic
[$([#6]),:[*R!C!c] ),:[#6R]∼@[*R!C!c])] C attached to Hetero in ring
[$([A!C!H](-!@[#6])-!@[#6])] hetero attached to 2 carbons not in ring
[$([#7])[C!$(*a)]-!@[N!H0])] amidine,guanidine
[$([#8])[#6H0]-!@[N!H2])!$(NC[!#6])] nonterminal amide
[#8])[#6](-!@[NH1,NH0])-!@[N!H2] nonterminal urea
[$(O)[CD3]([#6])[#6])!$([!#6])CC)O)] ketone, not diketo
[$([#16X2v2]([#6])[#6])] thio ether
[$([#8X2H0][#6])[#8D1])!$(O∼C(∼O)∼O)] carboxyl ester, not carbonate
[$([#8X2v2]([#6])[#6])] ether oxygen
C1:c-@C-@N-@C-@C-@O-@C-@c:c-1 SMARTS from ICCB’s Diversity-Oriented
[N,O,C]C()O)C1)C[C@H](*)C[C@H](O)O1 Synthesis approach19

C[C@H]1O[C@H]∼3O[C@H]∼C∼2∼C∼C[C@H]([C@@H]∼1)[C@@H]∼23
C[C@@H]1O[C@@H]∼2O[C@H][C@@H][C@@H]∼3∼C∼C∼C∼1[C@@H]∼23
C[C@H]2C[C@]14∼C∼C∼C∼C[C@H]1Oc3cccc(CN2)c34
[#6][C@H]1C[C@@H]([#6])O[C@@H](-a)O1
C2)CC[C@@H]1C()O)∼*∼*∼C()O)[C@@H]1[C@@H]2-a
C2)CC[C@@H]1C()O)∼*∼C()O)[C@@H]1[C@@H]2-a
a-[CH,CH2;R0;0*] from ref 17
[R;0*]-[CH2R0,NHR0,OR0;0*]-[R]
*-[CD3H,ND2;R0;0*](-a)-a
[a]-&!@[a]
[NR;0*]-[CD3R0;0*]()O)-[R]
[NR;0*]-[CD2R0;0*]-[R]
[NR;0*]-[CD2R0;0*]-[CD2,CD3,OD2,ND2,ND3,aD2,aD3]
a-[NHR0]-[CR0;0*]()O)-[OR0,NR0,0*]
[CR,NR])[CR]-&!@[a]
[$([#6](-!@[#7])-!@[#7!H0])] NHCN not in ring
[$([#6](@[#7])@[#7!H0])] NHCN in ring
[$([A!C!H](-@[#6])-@[#6])] hetero attached to 2 carbons in ring
[$([#6]()[#8])-[#6])[!#6])] diketo, keto-Ryl
[$([#16X3v4,#16X4v6]([#6])[A])] hypervalent sulfur
[$(C(∼O)(∼O)∼O)] carbonate

Figure 1. SMCM versus MW;R2 ) 0.535,N ) 261 048.
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chemical structures.8 Whitlock’s intuitive approach sums 4
times the number of rings, 2 times the number of nonaromatic
unsaturations, 1 times the number of heteroatoms, and 2 times
the number of chiral centers.13 Barone and Chanon14

ameliorated this scheme by considering only the connectivity
of an atom in a molecule and the size of the rings; all other
atoms other than carbon contribute equally to the complexity
value. Neither the total walk count (TWC) from Ru¨cker12

nor Barone and Chanon’s complexity14 (BC) consider fused
rings, chiral centers, and chemical substructures or functional
groups whose presence could alter the synthetic feasibility
of a molecule. SMCM attempts to account for such features,
e.g., fused ring systems and substructures that reduce the
complexity of a molecule: For example, most chemists
consider that vicinal (1-2) chiral centers are simpler to
introduce compared to 1-3 chiral centers. Empirically,
SMCM does not score non-carbon atoms equally, as the
presence of each element (and hybridization state), based
on different electronegativity15 and reactivity, has a different
influence on the synthetic feasibility of a molecule.

By definition electronegativity is the ability of an atom
or a molecule to attract shared electrons to itself. This is an
important property in chemical reactions. By using elec-
tronegativity of the atoms for the base SMCM calculations
we are trying to remove subjective assignment of scores as
in the other complexity measures discussed above. Although
the main goal of this method is to depart correlation with
MW, it should be noted that SMCM takes into consideration

the chemical nature and properties of the atoms. The other
parameters used for calculating SMCM as shown in the
method section are assigned based on previous medicinal
chemistry experience and are pure integer values depicting
the difficulty of synthesis when these are present. This is
not a definitive solution to the problem, but it is designed to
be fast and is used to estimate synthetic accessibility of large
libraries of real or virtual compounds.

METHOD

Intuitive and empirical, SMCM is designed with simplicity
and speed in mind. Table 1 shows all the atoms and their
relative electronegativity (EN) values.15 We scan for these
atoms in the molecule which are in the SMILES16 format
and multiply the number of atoms found with their EN value.
Table 2 represents all the bond parameters computed with
the atomic number.15 We scan for these bonds in our
molecule and multiply the number of occurrences of these
with the values given in the table. We also consider chiral
centers and add two times the total number of chiral centers
and one time the number of adjacent chiral centers to the
resulting SMCM value. We also consider rings and ring
systems: As rings of size 3, 4, 7, 8, and 9 are relatively
harder to synthesize compared to rings of size 5 and 6 (A.
T. Balaban, personal communication) this is taken into
account by assigning them a relative score of 2 and 1,
respectively. Rings of size 10 or higher are also given a score
of 1. Each ring system is given a score of 1, fused rings get

Figure 2. BC versus MW: R2 ) 0.777,N ) 261 048.
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a score of 2, spiro carbon gets a score of 3, and bridged
atoms get a score of 4. All the above features contribute to
the positive score of the SMCM value. As some moieties in
molecules may be peptides, ketones, carbonate, ether oxygen,
etc., as shown in Table 3, their presence is likely to reduce
the complexity of the molecule. Therefore, we subtract two
times the number of occurrences of these features from
SMCM. This is a key element of SMCM scoring as these
features play an important role in deciding which molecules
are easier to synthesize even though they are of similar
molecular weight (MW). This makes SMCM very useful for
chemists as it does not correlate much to molecular weight.

For the sake of illustration, we include scaffolds used in
the diversity-oriented synthesis (DOS) approach18 from the
Chembank database19 (Table 3). All the SMARTS shown
in Table 3 are assigned negative values in the total SMCM
score, as they are expected to improve the chemical acces-
sibility of a molecule. While the presence of all these features
in a molecule is expected to make its synthesis easier, one
cannot determine exactly by what degree the complexity is
reduced, as it will surely not drop to zero. Without additional
information, we consider these features to be additive, i.e.,
each feature that is included with the final SMCM score has
the same weight.

APPLICATION

Lead discovery requires an increasingly large number of
virtual libraries and high throughput screening (HTS) hits

to be evaluated in silico. Besides biological activities (in
HTS), the parameters used to prioritize compounds for
reevaluation or synthesis are reagent availability, the cost
of starting materials, the possibility of identifying few-steps,
high-yield products, purity, and chemical space neighbor-
hood. Since molecular similarity/diversity metrics have been
used to evaluate virtual libraries and HTS hits, we propose
this metric for the rapid evaluation of both molecular
complexity and synthetic accessibility. The need to judge
which molecules are easier to synthesize has been discussed
since the early days of combinatorial chemistry. Alone or in
combination with the octanol/water partition coefficient
(logP)20 or polarizability21,22molecular weight has been used
by most chemists for this task. SMCM is designed to reduce
the dependence on MW, while taking into consideration
simple substructural features of molecules. Randic et al.23

considered simple molecular graphs which are not weighted
(graphs whose edges or vertices have the same properties)
as their complexity measure. The main disadvantage of this
method is having a complexity metric that ignores heteroa-
toms or other chemical features. SMCM does not depend
on the molecular graph; it is based on chemical features and
the properties of certain atom types and their electronega-
tivity.15

We wrote programs that calculated BC complexity, TWC,
and SMCM based on their respective algorithms. We applied
the SMCM score on 261 048 small molecules (MW<700)
from Chemical Diversity Labs (CDL).24 Figure 1 shows a

Figure 3. TWC (log10 values) versus MW:R2 ) 0.895,N ) 261 048.
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plot between the SMCM values and MW (<700) for these
261 048 CDL molecules (R2 ) 0.535). The spread of the
graph indicates some molecules with equal MW have rather
different SMCM score values. While theR2 value is
significant, SMCM is less dependent on MW compared to
BC complexity (Figure 2) (R2 ) 0.777). The total
walk count12 (TWC) proposed by Ru¨cker as a general index
for complexity yields a rather low correlation,R2 ) 0.05
for the same data set. A high TWC does not necessarily
mean that a compound is difficult to synthesize, nor does

a low TWC say that a compound is easy to synthesize
(C. Rücker, personal communication). However, we found
that TWC correlates with MW if one plots log values of
TWC against MW (Figure 3) (R2 ) 0.895). The data on
which the calculations are carried out are present at http://
pimento.health.unm.edu/complexity/smcm.data.tab.

Our own effort to depart from MW based on a simple,
empirical scheme is countered by the natural trend of higher
MW molecules to have an increasingly higher number of
atoms, which is paralleled by higher complexity values. We
note that the DOS-related SMARTS patterns included in
Table 3 do not match the current data set, nor did we
explicitly include CDL-related SMARTS patterns into the
final SMCM score, as their presence would have biased our
own scoring scheme. We anticipate that including such
patterns would further decrease the correlation between
SMCM and MW.

Several examples (Table 4) illustrate why moving away
from MW can be useful: Five pairs of molecules chosen
from the extremes of the Figure 1 graph have almost equal
MW and significantly different SMCM scores. These ex-
amples are best evaluated by visual inspection, as more
complex molecules appear to be less amenable to easy
synthesis. Examining these structures, one can conclude that,
while MW may be a crude measure for complexity, it is far
from informative with respect to complexity and synthetic
feasibility. Therefore, the effort to rapidly evaluate both
properties while reducing the correlation with MW appears
to be justifiedsin particular for massive evaluation of in
silico libraries (e.g., over 105 compounds).

One possible advantage of SMCM over general complexity
measures is shown in Table 5: Examining structures 1 and
2, it becomes apparent that structure2 can be easily
synthesized due to its symmetry, compared to structure1.
Considering structures3-6, we find that TWC scores differ
based on the aromatic substitution position of the halogen.
When heteroatoms are present, TWC places a value at
position (i, i)swhere i is the atom (node) number in the
molecular graph). The value given for heteroatoms in the
adjacency matrix, as implemented in the original work,12

assigns 2 for nitrogen and 1 for oxygen. We implemented a
value of 1 for all other atoms. Thus, a change in the
substituent position yields different TWC scores. We note
that both SMCM and BC values do not differ for molecules
3-6.

Table 4. Pairwise Examples Illustrating Molecules with the Same
MW but Different Complexity Values

Table 5. Examples Illustrating Different Values of Molecular
Complexity
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Table 6 shows the SMCM, BC, and log (TWC) values
for the pathway from S-3-hydroxy-3-methyl-glutaryl-CoA
to cholesterol. Looking at the SMCM and other complexity
values we observe that there is general agreement and that
SMCM paralells the increase in complexity, as computed
by BC and TWC (given in log form) during the biochemical
synthesis of cholesterol (Table 6). All three methods agree
that (S)-squalene-2,3-epoxide is simpler compared to lanos-
terol, although they have the same MW, and that lanosterol
has the highest complexity value. However, TWC attributes
higher complexity to farnesyl pyrophosphate, compared to
squalene, in contrast to SMCM and BC. In turn, SMCM
outputs the same value (64.047) for 4 steroids:∆-8,24-
cholestadien-3â-ol, lathosterol, 7-dehydro-cholesterol, and
cholesterol. Minor differences are noted in the other two
metrics, BC and TWC. These four molecules differ mostly
by the presence of double bonds, e.g., at the B-ring in
7-dehydro-cholesterol, or at C24 in the side-chain, e.g., in
∆-8,24-cholestadien-3â-ol. Such subtle variations are obvi-
ously not picked up by SMCM. Therefore, for fine-tuning
of complexity values, multiple metrics are recommended.

CONCLUSION

The issue of evaluating molecular complexity while
incorporating synthetic feasibility is not easily tractable:
Most chemists are familiar with certain reactions, but even
within a given pair of reagents, e.g., aliphatic monoamines
and monocarboxylates, some will yield amides easier than
others. In this work, we proposed a simple and flexible metric
to calculate molecular complexity, which is aimed at
lowering the correlation with molecular weight. Results based
on over 260 000 molecules indicate that the SMCM score is
the least correlated to MW, when compared to two other
known complexity measures. This metric, by means of
SMARTS pattern recognition, incorporates chemical tracta-
bility in a user-defined manner. The increase in complexity
durign metabolic synthesis of cholesterol indicates that
SMCM is in general agreement with two other methods but
is less likely to discern relatively small differences in the
chemical structure. However, SMCM can become useful
when evaluating large sets of virtual (combinatorial) libraries,
as encoded SMARTS particular to the product(s) of the
(virtual) chemical reactions can be incorporated into the
complexity metric evaluation scheme. We recommend the
use of SMCM in prioritizing virtual screening results, HTS
hits, and compound libraries for synthesis. However, for in-
depth analysis of complexity, the use of multiple metrics is
advised.
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