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An examination of the relationship between
molecular dipole moment and blood-gas
partition for common anaesthetic gases¥
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The solubility of inhalational anaesthetics in the bloodstream is related to the minimum alveolar concen-
tration (MAC), which is an indicator of anaesthetic gas potency. The blood-gas partition coefficient (Kyg) is a
measure of how much anaesthetics bind to plasma proteins in the blood compared to air. Just like the
octanol-water partition coefficient, the K4 may be related to the molecular dipole moment (), which can
be modulated by the molecular conformation. Our quantum-chemical calculations demonstrated that
subtle stereoelectronic interactions, namely those responsible for the anomeric and gauche effects, control
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the conformational equilibrium of some widely used volatile fluorinated anaesthetics and, consequently, of
their molecular dipole moments. Since a remarkable correlation between empirical Kigq and calculated p
was found for these anaesthetics, the average molecular dipole moments may be used to predict the
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Introduction

The anaesthetic potency of inhalational anaesthetics appears
to be dictated by the affinity of these compounds to plasma
proteins in the blood, although their mechanism of action is
not completely known and it may be a physical rather than a
chemical bonding process." To access these plasma proteins,
the volatile anaesthetics should be reasonably soluble in the
bloodstream and, therefore, the Ostwald coefficient for blood-
gas, or simply the blood-gas partition coefficient (Kyp,), can be
a valuable descriptor for the prediction of the anaesthetic
potency. The anaesthetic gas potency may be described by the
minimum alveolar concentration (MAC), which is correlated to
Kypg according to Fig. 1 for six last-generation fluorinated inha-
lational drugs.>® However, the experimental measurement of
Kyg may not be an easy task and, therefore, a straightforward
method to obtain a parameter related to Kpg would be valuable
for drug-likeness prediction purposes.

Linclau et al.® and then O’Hagan & Young® have recently
found an interesting relationship between stereoelectronic
effects and the lipophilicity of various fluorine-containing
molecules, described as the octanol-water partition coefficient
(log P). These studies demonstrated that the lipophilicity of a
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anaesthetic gas potency and other properties, such as lipid solubility, of inhalational anaesthetic analogs.

molecule is related to its polarity, which is in turn governed by
the molecular dipole moment (x) balanced by the molecule’s
conformational populations. Since the conformational prefer-
ences of polar fluorocarbons are consistently driven by stereo-
electronic effects, such as the fluorine gauche effect,® the
authors concluded that lipophilicity informs on subtle stereo-
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Fig. 1 Correlation between MAC (%) and blood-gas partition coeffi-
cients (Ky) for six fluorinated inhalational anaesthetics (MAC = 1.958 x
Kp2:9%1, R? = 0.923).
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electronic effects in fluorine chemistry. Indeed, the calculated
average molecular dipole moments of a series of organofluor-
ine herbicides have been properly correlated with the corres-
ponding experimental log P; such correlation was even better
than that obtained from calculated log P values instead of u.”
Therefore, a similar approach may be used to analyze the
relationship between polarity and the K of key fluorinated
inhalational anaesthetics.

The conformational behavior and experimental Ky, values
for the six last-generation volatile anaesthetics of Fig. 1 are
well-known.>**> Since most of them possesses oxygen elec-
tron lone pairs (no), electron-donating bonds (for example, C-
H and C-C), and low-lying energy antibonding orbitals (for C-
X, X = O, F, and Cl), some stereoelectronic interactions may
appear to stabilize the conformations with geometric require-
ments for orbital overlapping, such as the gauche effect (e.g.
due t0 6¢_u/c-c — 0¢_p hyperconjugation) and the anomeric
effect (e.g. due to no — asz/Cfm electron delocalization)."?
Organofluorine compounds are remarkable in stereochemistry
for exhibiting the fluorine gauche effect, whose benchmark is
the 1,2-difluoroethane moiety. The surprising stability of its
gauche conformer over the anti conformer is due especially to
the antiperiplanar interactions between good electron-donat-
ing orbitals (6cy) and low-lying energy electron-accepting
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orbitals (6,_p)."* In turn, the generalized anomeric effect that
takes place in the O-C-X fragment-containing molecules (X =
electronegative atom or group) is also importantly stabilizing if
a no — o_y electron delocalization is allowed."” These non-
Lewis-type interactions counterbalance the Lewis-type contri-
butions stemming from steric and electrostatic interactions,
thus yielding the conformational energy differences."®

Therefore, the average molecular dipole moments for each
fluorinated inhalational anaesthetic of Fig. 1 were obtained
using ab initio calculations, rationalized in terms of the stereo-
electronic interactions governing the conformational equili-
bria, and then correlated with Ky, The outcomes may be
useful for the modeling and prediction of new organofluorine
compounds with anaesthetic properties.

Results and discussion

Whereas halothane (H) does not exhibit conformational iso-
merism, the remaining five fluorinated anaesthetics of Fig. 1
(D, S, E, I, and M) undergo rotation around the dihedral
angles ¢, (H-C;-0-C,), ¢, (C;-0-C,-C3), and ¢; (O-C,-C;3-H,
for E and M). The conformational Gibbs free energies for the
main conformers of each compound are given in Table 1, and

Table 1 Conformational Gibbs free energies (in kcal mol™) and population (%, in parenthesis), molecular dipole moments (4, in Db), bond lengths
(in A), and dihedral angles (degrees) obtained for the main conformers of the studied fluorinated anaesthetic compounds (C)?

=
Corpahs Gre (%) H 0-Cy C,—-0 Ci—F, C-R? @y @, s

H — (100) 1.49 — — — — — — 58.29
Esag 0.0 (21) 1.26 1.39 1.36 1.34 1.36 17.26 176.77 56.14
Es'a'g 0.1 (19) 0.45 1.39 1.37 1.34 1.35 340.46 185.33 57.62
Esag’ 0.2 (14) 1.06 1.39 1.37 1.34 1.35 20.12 176.57 300.55
Es'a'g’ 0.2 (14) 1.81 1.39 1.37 1.34 1.35 342.37 184.84 301.67
Esaa 0.3 (13) 2.37 1.39 1.36 1.34 1.36 340.40 182.66 180.03
Esaa 0.3 (13) 2.51 1.39 1.36 1.34 1.36 19.33 174.25 178.90
Es'g'g’ 1.6 (2) 1.48 1.39 1.38 1.34 1.35 353.25 282.10 302.91
Eg'gg 1.6 (1) 1.78 1.39 1.38 1.35 1.35 327.29 107.34 55.14
Esga 1.8(1) 2.52 1.39 1.37 1.34 1.36 17.39 69.43 175.99
Eg'g'g 2.0 (1) 2.06 1.38 1.38 1.36 1.36 306.15 276.46 62.44
Egg'a 2.0 (1) 2.97 1.39 1.37 1.35 1.35 31.72 255.70 180.00
lag 0.0 (61) 1.72 1.37 1.40 1.35 1.77 177.22 136.85 58.40
Iga 0.4 (31) 2.11 1.38 1.39 1.36 1.78 60.05 169.45 59.41
Ig'a 1.3 (7) 2.91 1.38 1.39 1.35 1.77 322.35 154.39 59.46
Is'g’ 2.5(1) 1.84 1.39 1.39 1.35 1.78 335.79 295.71 68.55
Dag 0.0 (76) 1.89 1.37 1.39 1.35 1.36 174.93 143.71 56.48
Dga 0.9 (18) 2.02 1.38 1.38 1.36 1.37 57.98 170.26 57.35
Dg'a 1.5 (5) 3.13 1.38 1.38 1.35 1.36 318.43 157.60 57.24
Ds'g’ 2.9(1) 1.59 1.39 1.38 1.35 1.37 336.92 296.68 67.23
Sgg 0.0 (100) 2.56 1.39 1.41 1.38 1.53 51.09 133.73 54.89
Mgaa 0.0 (58) 1.62 1.44 1.34 — 1.37 61.22 180.00 180.00
Mgag 0.2 (42) 2.62 1.44 1.35 — 1.36 59.25 179.07 57.60

“ Conformers for compounds C are named according to the dihedral angles ¢,, ¢,, and ¢s, which can be either anti (a and a’, from 150° to 210°),
syn (s and §', from 330° to 30°), or gauche (g and g'). The C,-F, stands for the bond length involving the fluorine at anomeric orientation. The C-
F, C-Cl, and C-Br bond lengths for halothane are 1.34, 1.76, and 1.91 A, respectively.
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the optimized geometries for the whole series of compounds
and respective conformers are shown in the ESL.{ The overall
molecular dipole moment of a molecule is the summation
of the individual dipole moment vectors originated from the
polar bonds. If this molecule experiences conformational iso-
merism, the resulting molecular dipole moment corresponds
to an average value of the conformations. Considering that
stereoelectronic effects rule the conformational preferences
of compounds in the gas phase, thus the observed molecular
dipole moments are also influenced by the stereoelectronic
interactions operating in the system. It is worth mentioning
that solvent effects on the conformational preferences
are in general small for at least most of the studied
compounds,® ' and, considering that implicit solvation cal-
culations do not account properly for specific solute-solvent
interactions (e.g. hydrogen bonding), only the molecular
dipole moments obtained for the gas phase conformers will
be considered.

Whereas compounds E and M have the requirements to
experience the fluorine gauche effect, the compounds D, S,
I, E, and M may present the anomeric effect. To gain
insight into how these non-Lewis-type interactions contrib-
ute to the conformational electronic energies (Eg,;) of the
studied compounds, the wavefunctions were localized with
all natural bond orbitals (NBO) doubly occupied, and the
resulting energy (E;) was subtracted from Eg, to give the
electron delocalization energy Enp, according to eqn (1)
(Table 2).
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Ent, = Eqan — Ey (1)

E and M are capable of turning on the fluorine gauche
effect through the 6c_y — o_; hyperconjugation along the ¢;
dihedral angle. However, since oc_c; is a good electron-donat-
ing orbital but worse than oy, and of_, is a good electron-
accepting orbital but worse than ¢(,_g, some competing inter-
actions contribute to the rotation around the O-C,-C;-H di-
hedral angle in E and M. Considering that electron delocaliza-
tions from 6cy and to of_, are only slightly more favoring
than that from o and to o_, (see ESIt), the small differ-
ences in the rotational preferences for ¢; are well explained by
these stereoelectronic interactions. On the other hand, the
anomeric effect appears in most of the studied systems
(Table 2). The no — o_y anomeric interactions are expected
to shorten the C—O distance and lengthen the C—X bond. For
instance, more stabilizing no — UE_F interactions in some con-
formers of E cause an increase in the respective C—F bonds of
ca. 0.01 to 0.02 A in a comparison with the conformers that
experience weaker interactions. The effect of these interactions
on the dihedral angles is also remarkable, once the bonds
rotate to maximize the overlap between the orbitals involved in
the anomeric interactions. Therefore, the stereoelectronic
effects operating in these systems strongly affect the molecular
geometries, conformer stabilities, and, consequently, the
overall molecular dipole moment.

Compound M experiences both gauche and anomeric
effects, but the overall contribution from the latter is weaker

Table 2 Lewis (L) and non-Lewis (NL) contributions to the full conformational electronic energies, and anomeric interactions for the rotationally

flexible fluorinated anaesthetic compounds (C) studied herein (kcal mol™)?

Ch1023 Egan EnL Ey, no — O'El,pa no — O'Ercps no — ”*CZ*Fa no — O'chl
Esag 0.03 —-2.27 2.30 13.31 — 32.44 —
Es'a'g 0.00 -1.96 1.96 13.67 — 32.38 —
Esag’ 0.17 —2.05 2.22 13.73 — 31.78 —
Es'a'g’ 0.22 —2.48 2.70 13.52 — 31.83 —
Es'a'a 0.18 —-3.58 3.76 13.62 — 33.56 —
Esaa 0.19 -3.79 3.98 13.73 — 33.52 —
Es'g'g’ 1.18 —0.86 2.04 11.83 — 20.36 —
Eg'gg 1.33 —2.05 3.38 15.92 — 20.12 —
Esga 1.24 —2.78 4.02 13.86 — 22.03 —
Eg'g's 1.65 0.00 1.65 15.48 — 18.92 —
Egg'a 1.67 -3.44 5.11 15.94 — 20.71 —
lag 0.00 0.00 0.00 13.07 — — 13.09
Iga 0.21 -0.75 0.96 12.55 — — 16.28
Ig'a 1.93 —6.10 8.03 16.17 — — 16.15
Is'g’ 1.92 —6.04 7.96 15.38 — — 15.66
Dag 0.00 -1.79 1.79 13.70 — 16.20 —
Dga 0.90 0.00 0.90 13.48 — 17.21 —
Dg'a 1.90 —-8.97 10.87 16.57 — 18.41 —
Ds'g’ 2.34 —6.75 9.09 15.34 — 15.67 —
Sgg 0.00 0.00 0.00 15.78 8.84 — —
Mgaa 0.00 -1.91 1.91 — — 39.18 —
Mgag 0.29 0.00 0.29 — — 37.15 —

“The no — o, _y, interaction corresponds to the contribution involving the fluorine at anomeric orientation; 1o — o, ¢, corresponds only to
the antiperiplanar interaction; no — o¢,_¢p corresponds to the sum of these interaction energies for the two C—F bonds when possible (for E

and M).
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than in E because C-1 is not attached to any fluorine. On the
other hand, the two fluorine atoms at C-2 allow for an effective
gauche effect. These two factors lead M to a preferential confor-
mational behaviour in which all bonds are staggered. For the
remaining molecules D, S, and I, there is a competition
between the no — o, 5, (leading to a syn ¢;) and no — o¢, g,
interactions (leading to a gauche ¢,). Compound S bears a
worse R’>-containing electron-accepting orbital (of, p;) com-
pared to D and 1, leading to less stabilizing no — o, , inter-
actions in S than in D and I. Even though, compound S pre-
sents a single stable conformer in the gas phase, whereas the
conformers with a gauche ¢, dominate the conformational
equilibrium in D (Dag) and I (Iag). According to the energy
decomposition analysis of Table 2, this behaviour is due to a
balance of Lewis and non-Lewis-type interactions; whereas the
single stable conformer of S is substantially more favoured
than its metastable conformers due to a large Ey;, — E;, energy
difference, both Dag and lag are little destabilized by steric
effects but also only slightly stabilized by electron delocaliza-
tion, leading to a non-monotonic conformational equilibrium.
The six geometries corresponding to the most stable confor-
mer in the gas phase for each compound, which are consistent
with the literature,®** are shown in Fig. 2.

Considering that the molecular polarity of organofluorine
compounds is related to their octanol-water partition
coefficient,”>”'” as well as that blood is mostly constituted by
water,"® the solubility of fluorinated anaesthetics in the blood-
stream, described in terms of the blood-gas partition coeffi-
cient, may be correlated to the average molecular dipole
moment. At first glance, compound M demonstrates an outlier
behaviour due to its exceedingly high Ky, of 12 for an average
u of 2.04 Db (see discussion on vapour pressure further in this
discussion). Nevertheless, it is worth mentioning that other
factors than binding to plasma proteins may appear to set
anaesthetic molecules in the blood, such as the affinity to red
blood cells.’® Accordingly, the average dipole moments for the
remaining five fluorinated anaesthetics were plotted against
the respective Kp, values (Fig. 3), yielding a determination
coefficient R* of 0.65, which is acceptable for quantitative
structure-activity relationship purposes.”’ Yet, considering
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Fig. 2 Most stable conformer for each halogenated anaesthetic.
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Fig. 3 Linear correlation plots of average dipole moments (u) versus
blood-gas partition coefficients (Kyg) for H, E, S, and | (blue line) and
also including D (red line). Kpq = —1.4417u + 4.2907 (blue line); Kpgq =
—1.5463u + 4.2811 (red line).

that D appears to abnormally influence the regression line, the
resulting plot obtained after exclusion of this compound gives
an impressive correlation with R* = 0.93. Although the origin
of this outlier behaviour is not clear, it is worth considering an
effect of the vapour pressure, which is considerably higher for
D (667.6 mmHg)*! in a comparison with S (157.5 mmHg),>* 1
(240.0 mmHg),>* E (174.5 mmHg),>* M (22.5 mmHg),*® and H
(243.0 mmHg)*® at 20 °C.

Computational methods

The geometries corresponding to all possible staggered confor-
mations depicted in Fig. 4 were fully optimized and the
absence of imaginary frequencies was checked to guarantee
that the located conformers were real energy minima. These
procedures were performed at the ab initio MP2/aug-cc-pVTZ
level of theory>”>° using the Gaussian 09 program.®' The cal-
culations were carried out using the default integration grid of
G09: FineGrid, with 75 radial shells and 302 angular points
per shell. The geometries for the main conformers (i.e. those
with Gibbs population of at least 1% in the gas phase) were
consistent with the structures available in the literature®
and, therefore, the molecular dipole moments considered to
build a correlation with the experimental blood-gas partition
coefficients®® were weighted by these populations. The MP2-
derived dipole moments have been demonstrated to be reliable
and accurate.”” The electron delocalization and Lewis-type con-
tributions to the conformational energies were obtained
through second-order perturbation analysis of donor-acceptor
interactions in the natural bond orbitals (NBO).'® The Lewis-
type energy (E) results from the perfectly localized NBOs and
nearly represents the steric energy between doubly occupied
orbitals, which is higher than the original energy (Eg,;). The
non-Lewis type energy (Exp) corresponds to the stabilizing
effect of delocalizing contributions. The NBO calculations
were performed using density functional theory at the B3LYP/

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Staggered conformations for each dihedral angle of the six fluorinated anaesthetics studied herein.

aug-cc-pVTZ level of theory,*>**

persion corrections proposed by Grimme and co-workers.

including the empirical dis-
35,36

Conclusions

The conformational equilibrium of five fluorinated anaes-
thetics was discussed in terms of electron delocalization and
Lewis-type interactions. Although the classical steric and
electrostatic interactions contribute to the conformational
balance, the stereoelectronic interactions that rule the anome-
ric and gauche effects appeared to stabilize some conformers
with specific geometries more than others. Because each con-
former has a given dipole moment, the overall molecular
dipole moment x is a combination of the individual dipole
moments balanced by the respective conformer populations.
We found a linear dependence of K, with these average dipole
moments for H, E, I, S, and D, which greatly improves if D is
removed from the regression. This demonstrates the impor-
tance of this parameter for rational drug design. Although the
Ky, of M and D may be affected by other physical or chemical
mechanisms than the solubility of the anaesthetic in the
bloodstream and their interaction with the blood plasma pro-
teins, our findings open the possibility to describe crucial

This journal is © The Royal Society of Chemistry 2021

pharmacokinetic data by an easily accessible quantum-chemi-
cal parameter.
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