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SUMMARY

LOEW, (11L1)A TRUDELL, JAMES, AND MOTULSKY, HARVEY : Quantum chemical studies
of the metabolism of a series of chlorinated ethane anesthetics. Mol. Pharmacol. 9,
132-162 (1973).

Using a working molecular orbital program based on an iterative extended H#{252}ckelmethod,
we have calculated the conformational and electronic properties of a series of nine chloro-

ethane anesthetics. The object of this study was to determine the molecular factors which
correlated with the observed specificity of the extent of dechlorination in vitro of these
compounds, all believed to be substrates of the same liver microsomal enzyme system. The
results of our energy conformation studies reveal that all these compounds have a common
minimum energy conformer, characterized by adjacent chlorine atoms as far apart as

possible. Chemically, our calculations point to a unique and striking correlation between the

extent of dechlorination and the extent of electron deficiency in the most electron-deficient

carbon valence atomic orbital in each compound. No such correlation was found with other
calculated molecular properties such as C-Cl or C-H bond strengths, or the net charge
on the carbon, hydrogen, or chlorine atoms in this series of compounds. Our calculation also
show that the electron-deficient carbon atom orbital is used in bonding to a chlorine atom
in each compound. Our results are most consistent with a mechanism of dechlorination in

which the rate-determining step involves an anionic attack on the electron-deficient carbon
atomic orbital. Other calculated molecular characteristics reinforce this conclusion, and
allow the further inference that such an anionic attack is accompanied by a chlorine dis-
placement, perhaps aided by a proton on a nearby acidic residue in the metabolizing enzyme.

INTRODUCTION

Until recently, almost all volatile an-

esthetics were considered to be inert sub-
stances eliminated from the body without
alteration. This concept is no longer ac-

ceptable, and evidence is now accumulating

to indicate that the most commonly used
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anesthetics do metabolize appreciably. Thus
biodegradation of the volatile anesthetics
has become an area of concern to both the

anesthesiologist and the clinical pharm-
acologist. One of the most significant ques-
tions to be answered is the possible toxic

effects produced by anesthetic metabolites
on vital organs such as the liver and kidney.
To help answer this question the metabolic

pathways of a number of widely used an-

esthetics, such as halothane (1, 2) and
methoxyflurane (3, 4), are being extensively
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High control value.

studied. Progress in this field has recently

been reviewed (5-7).
In addition to experimental studies, the-

oretical calculations which could link molec-

ular properties to observed metabolic be-
havior would be useful in the design of future
safe anesthetics. With this goal in mind we
have attempted to correlate properties cal-

culated by molecular orbital theory with
the observed extent of dechlorination (8) of

the entire series of chlorinated ethanes by
an enzyme system located in rat hepatic

microsomes. The main aim of these studies
was to determine systematically the effect

of the number and distribution of the chlo-
rine atoms on the extent of metabolism, and

also to gain some insight into possible met-
abolic pathways involving dehalogenation.

In the experimental work reported (8), the

extent of enzymatic dechlorination was
found to be highly substitution-dependent
within this series of compounds. These re-

sults are summarized in Table 1. The ex-
tent of metabolism given in Table 1 was

determined after a fixed period by assay
in vitro of the percentage of 36Cl enzymat-
ically removed, compared to control systems

without the NADPH needed for enzyme

action. The enzyme system used in these

studies was known to cleave carbon-halogen

bonds (9, 10) in the presence of NADPH
and oxygen, and was thought to be similar
in function to a mixed-function oxidase sys-

tem. The first two rows of Table 1, with

one subunit constant as CH3- or CH2C1-,
clearly indicate that the rate of dechlorina-
tion within a methy subunit follows the

order-CHC12 > -CCI, > -CH2C1. From

TABLE 1

Enzymnatic dechlorination of chioroethanes
The percentage of ‘6C1 enzymaticahly removed

was determined by assay in vitro (8).

Substituent 1.
-CH,

2.
-CH2C1

3.
-CHCI,

4. -CCI,

C.
/0

C!
/0

C!
/o

Cl
/0

CH,- <0.5 13.5 <0.5
CH,Cl- <0.5 <0.5 9.8 0.8
CHCI2- 13.5 9.8 6.0 1.7
CC!,- <0.5 0.8 1.7 39a

colunm 3 we also note that the rate of de-
chlorination of the CHC12 group decreases

as the number of chlorine atoms on the adja-
cent carbon increases.

Based partly on the results of this study
and other existing studies, some possible

metabolic pathways involving dehalogena-

tion of volatile anesthetics are tentatively

proposed. One scheme involves the initial
radical or anionic displacement of a hydrogen

atom by a hydroxyl group. A second involves

the insertion of an active oxygen atom, pos-

sibly bound to an enzyme such as a per-

oxidase, between the carbon and hydrogen

atoms of a C-H bond. In both these mech-
anisms the initial reaction would lead to
formation of an active HO-C--Cl group,
which would rapidly lose HC1 to form an
aldehyde. A third scheme involves the
homolytic (radical) cleavage of either a

C-H or C-Cl bond, with the aid of a

radical form of the enzyme created by its

interaction with both NADP and a peroxide

radical. The radical substrate fragment

thus formed is then depicted as adding
another peroxide radical to form a hvdro-
peroxide, which would rapidly decompose.

A fourth mechanism involves the replace-
ment of chlorine atom by a hydroxyl group.
All four mechanisms could lead to oxidative

products such as alcohols, aldehydes, and

acids, which are suspected metabolites. All

schemes admittedly would require a great
deal more experimental verification, such

as isolation of metabolites and further ki-

netic studies.
In this paper we report quantum chemical

studies of the series of chlorinated ethanes

listed in Table 1. The aim of this study was
to determine both conformational and elec-

tronic properties which would correlate
with and explain the observed specificity of

this series of compounds as substrates of the
dechiorinating enzyme system used in the

experimental study in vitro. Using a working

molecular orbital program called iterative
extended H#{252}ckel theory, we have calculated

the energy of each molecule as a function of

rotation about the C-C bond. For each

conformerwe have also obtained the distribu-

tion of electrons in the molecule, from which

we have calculated bond densities, net atomic
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charges, number of electrons in each valence
atomic orbital, nature of the bonding, and
number and nature of nonbonding electrons.
These calculations have led to identification
of some of the molecular factors responsible
for the observed specificity, and have pointed

to a plausible mechanism involving de-
chlorination consistent with the observed
behavior. Our results indicate which of the
four proposed mechanisms seems most
reasonable on a molecular level.

METHOD OF CALCULATION

To obtain a fundamental description of a

molecule in terms of its energy and electron
distribution, we solve in some approximation

the molecular Schroedinger equation,

=

In this equation 3C is the Hamiltonian op-

erator and represents the kinetic and po-
tential energy of interaction of all the nuclei

and electrons in the molecule. E1 is the
minimum electronic energy, corresponding
to the optimum spatial distribution of all

electrons given by the wave function for a
specified molecular geometry. The semi-
empirical method used to solve this equation
is embodied in a working computer program
based on the iterative extended HUckel
theory method. This method, in a form simi-

lar to the one we use, has been described

eLsewhere (11, 12) and we shall not give
details here. It is characterized by the use of
a semiempirical, independent electron, mo-
lecular Hamiltonian which allows evaluation

of 1-electron energy matrix elements from
input values of atomic ionization potentials.
All valence atomic orbitaLs and electrons are

allowed to interact in the chosen nuclear
geometry. A single Slater type orbital func-
tion (2s, 2p, etc.) is used to describe each

orbital, and all overlaps between atomic
orbitals are calculated. In addition, we use
a charge iteration scheme developed by
Zerner and Gouterman (11) to solve the
Schroedinger equation successively until in-

put and output values of net atomic charges
agree to a stipulated consistency. The self-

consistent charge aspect of the model per-
mits inclusion of some electron interactions
in this essentially independent electron

model. It leads to a better description of the

electron distributions in the molecule than
results from the simpler, noniterative ex-
tended HUckel theory method. This is cvi-
denced, for example, by the calculation of
much more reasonable dipole moments. The

iterative extended HUckel theory method
has now been used extensively by ourselves
(13-18) and others (19-21) to study a variety
of molecules of biological interest. We have

also analyzed its strengths and weaknesses
with respect to the most accurate calcula-
tions ab initio (13). Taking into account its
limitations, the iterative extended HUckel
theory method has been a useful tool in un-
derstanding a large number of physical and

chemical properties of molecules in a con-
sistent framework.

The iterative extended HUckel theory
method cannot be used to calculate accurate

total molecular energies. However, molecu-
lar energies thus calculated can be used with
some confidence to determine the relative

stability and minimum energy conformer of
a series of different conformations of the

same molecule (13, 22, 23). This is the use
we have made of the calculated energies in
the present study.

From these calculations we have also ob-
tained the spatial distribution of all the
valence electrons in the molecule, expressed

as a set of molecular orbitals which are linear
combinations of the original valence atomic
orbitals that have interacted in molecule

formation. Each molecular orbital can de-
scribe the spatial distribution of 2 electrons
with opposite spins, which can be occupied

by 1 unpaired or 2 spin-paired electrons.
The specification of the occupancy of each

orbital describes a total electron configura-
tion of the molecule.

From the calculated electron distribution,

utilizing a Mulliken population analysis (24)
of filled molecular orbitals, the net charge on

each atom, the electron density in each
valence atomic orbital, and the electron
density between adjacent bonding atoms in
the molecule were calculated. Finally, a de-

scription of the bonding and of the nature

and number of nonbonding electrons was ob-

tained from a detailed analysis of the nature

of each filled molecular orbital.
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RESULTS

Cotiformational Characteristics of Series of

Chlorinated Ethanes

Using the iterative extended H#{252}ckel

theory program, we have calculated the

energy of each molecule as a function of ro-
tation about the C-C bond. The results of

these calculations yield energy conforma-
tion behavior of the isolated molecules. This
behavior could be related to their conforma-

tion as substrates at the site of action of a
given enzyme in several possible ways. It is

possible that the same minimum energy con-
former obtains in the biophase as in the iso-
lated molecule. It is also possible that
another conformer, which is an excited one
in the isolated molecule, becomes the pre-

ferred one at the site of action. Third, it is
possible that the molecule acts as a sub-
strate in an excited but energetically acces-

sible conformation, i.e., requiring � 6 kcal/
mole. Given these alternatives, it is still of

considerable interest to delineate the energy
conformation behavior of the isolated mole-
cule, just as it is to determine its conforma-
tion in a crystal by X-ray analysis and in
solution by various techniques. The com-
bination of findings of these kinds can only
shed light on the conformational properties
of the molecule as a substrate. From the

theoretical calculations one obtains very im-
portant information about the flexibility of
the molecule, i.e., a mapping of the energy
conformation behavior which permits iden-

tification of the minimum energy and low-
lying conformer that would be biologically
accessible, on the one hand, and could obtain
in solution, on the other.

In this particular investigation the aim of
our conformational studies was simply to
determine whether any obvious differences
exist in the energy conformation behavior

within the series of compounds which could
immediately account for the observed dif-

ferences in extent of dechlorination by the
enzyme system used in the experimental
study. We find that for each molecule a
staggered conformation, with the chlorine

atoms as far apart as possible, is the lowest
energy conformer.

For each of the six molecules which have
a symmetrical CH, or CC1, group, there is

only one staggered form and one eclipsed
form ; that is, rotation by 60 degrees about

the C-C bond defines all the unique con-
formations. Experimentally, it has been in-
ferred that the three molecules with a CC1,
group have a staggered ground state confor-
mation (25) , in agreement with our results.
For the three molecules with a CH, group, it
also appears from dipole moment measure-
ments in the gas phase (26) that the stag-

gered form has the lower energy, in agree-

ment with our calculations. For the remain-
ing three molecules in the series (which can
have two staggered forms, called trans and

gauche), we calculate that the trans form,
with maximum separation of adjacent chlo-

rine atoms, is the more stable of the two, and
that the eclipsed forms have a still higher

energy. Again, from dipole moment measure-
ments in the gas phase (25, 27), the trans

form has been established as the lowest
energy form for each molecule.

Based on these comparisons with experi-
ment, we conclude that our calculations have

correctly selected the trans and staggered
forms, respectively, as the correct minimum
energy conformers for these two types of
compounds.

Recently, using a completely empirical
method of calculating the charge distribu-

tion and energy of a group of atoms as a
function of their geometry, the dipole mo-
ments of all the chloroethanes have been
calculated (28). For the three compounds
which can have a trans and a gauche form,

the energy barrier to internal rotation was
also determined (28). The results are in

qualitative agreement with ours and further
substantiate the conclusions we draw based
on conformation. In this instance it is grati-
fying to obtain agreement with a more em-
pirical method.

Since all the molecules have similar ground
state conformations and similar energy-

ordered conformers, with all conformers

within the biologically accessible energy

range, it is clear from conformational con-

siderations alone that all these molecules

could be substrates of the same enzyme sys-

tem. It then would appear that it is their

electronic rather than conformational prop-

erties which are primarily responsible for the
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observed specificity to the dechlorinating

enzyme system used in the experimental
study. The chemical properties presented

and discussed in subsequent sections are
those of the minimum energy conformer.
However, these properties were determined
for all conformers and found to be quite in-

sensitive to rotations about the C-C bond.
Thus the entire subsequent discussion is ap-
plicable regardless of the molecular con-

former which is the actual substrate at the

site of action.

Bond Densities

The C-C, C-Cl, and C-H bond densi-

ties, calculated from filled molecular orbitals
for all 10 molecules, are given in Table 2A-C.
Table 2A shows that �-C bond strength in-

creases as the number of chlorine atoms on

either carbon increases. From each column
of Table 2B we see that the C-Cl bond
strength increases in the order CH2C1 <
CHC12 < CC1,. Additionally, from each row

it may be noted that the C-Cl bond
strength is relatively insensitive to the nature
of the adjacent carbon group. From Table
2C, the C-H bond density is in the order

TABLE 2

Calculated bond densities of chioroethanes

A. C-C bonds

Group -CH, -CH,Cl -CHC1, -CC1,

CH,-
CH2C1-
CHC12-

CCI,-

0.330
0.355
0.377

0.388

0.355 0.377

0.373 0.395
0.395 0.408

0.402 0.421

0.397

0.402
0.421

0.430

B. C-Cl bonds

Group CH, CH,Cl CHC1, Ccl,

CH,CI
CHCI,
CCI,

0.292

0.314
0.335

0.294 0.294

0.316 0.319

0.335 0.332

0.295

0.313
0.331

C. C-H bonds

Group -CH, -CH,CI -CHC12 -CC1,

CH,-

CH,CI-
CHC!,-

0.420

0.424

0.427

0.416 0.411

0.420 0.414

0.422 0.416

0.407

0.412

0.412

Group -CH3 -CH,C! -CHCh -CCI,

CH,
CH,Cl

CHCI,

0.04
0.08

0.11

0.05
0.09

0.12

0.06
0.10

0.14

0.07
0.11

0.14

B. Cl charge

Group -CH, -CH,Cl -CHCh -CCI,

CH,C1
CHCI,
CC!,

0.20

0.15
0.11

0.18

0.13

0.10

0.17

0.13

0.09

0.17

0.12

0.09

C. C charge

Group -CH, -CH,Cl -CHC1, -CCI,

CH,-

CH,CI-

CHC!,

CHC1,

-0.11

-0.01

0.09

0.18

-0.10

0.01

0.11

0.20

-0.08

0.02

0.12

0.20

-0.09

0.03

0.14

0.23

CHC12 > CH2C1 > CH,, but is more af-

fected by the nature of the neighboring car-

bon atom group.

Net Atomic Charges

We have calculated the net charges on the
carbon, hydrogen, and chlorine atoms in the
10 molecules studied. The results are given
in Table 3. As might be expected, the charge

on the hydrogen atom, given in Table 3A,
becomes more positive as the number of
chlorine atoms on its carbon atom, or on the
adjacent carbon atom, increases. As seen
from each column of Table 3B, the net nega-

tive charge on the chlorine atom decreases
with the number of chlorine atoms on the
same carbon. Finally, in Table 3C we see
that the carbon atom becomes more positive
as the number of chlorine atoms on it or its
neighbor increases. The most positive car-

bon is in CC1,CC1,, with a net charge of

+0.25, while in ethane the carbon atoms are
somewhat negative, with a charge of -0.12
electron unit, indicating the reverse polari-
ties of the Ce-H vs. C-*Cl bonds.

The small fractional charges on all the
atoms listed in Table 3 are typical of the
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TABLE 4

Elect ron distribution in carbon valence atomic orbitals

Values indicate number of electrons in orbital.

Bond Ca C�

2s 2p5 2p� 2p� 2s 2p� 2p5 2p�

C�H,-C�H, 1.04 0.96 1.05 1.05 1.05 0.76 1.05 1.05

CH,-CH,Cl 1.04 1.06 1.06 0.94 1.10 0.88 1.03 0.99
CH,-CHC!, 1.03 1.07 1.07 0.92 1.14 0.76 0.99 1.01
CH,-CCI, 1.00 0.93 1.08 1.08 1.15 1.03 0.82 0.82

CH2C1-CILC1 1.09 0.97 0.89 1.04 1.09 0.97 0.89 1.04

CI-I�Cl-CHCl, 1.07 0.96 0.90 1.05 1.12 1.00 0.77 1.00
CHC1-CC1, 1.06 0.94 0.91 1.06 1.14 1.00 0.83 0.82

CHCh-CHCl� 1.11 0.98 0.78 1.00 1.11 0.98 0.78 1.01

CHC1,-C, 1.10 0.97 0.79 1.01 1.12 0.99 0.83 0.83

CC1,-CC1, 1.11 0.98 0.84 0.84 1.11 0.98 0.84 0.84

extent of charge build-up on atoms in mole-
cules, which rarely exceeds 0. 25 electron

unit. Thus there are in fact no integral
charges associated with these atoms, as is
usually depicted in chemical pictures of

functional groups in molecules.

J\Tatui.e of Bonding and Electron Distribution

in Valence Atomic Orbitals

Bonding of carbon atoms. The net electron
density in each of the carbon valence atomic

orbitals, obtained from a Mulliken popula-

tion analysis of the molecular orbitals, is
given for all molecules in Table 4. Because
of molecule formation there are nonintegral

values of electrons in each atomic orbital.
The most striking feature in this table is
that for each molecule there is one carbon

orbital with substantial electron deficiency.
Furthermore, an inspection of the filled mo-
lecular orbitals of each molecule reveals that
in every molecule this electron-deficient

carbon orbital is involved exclusively in
bonding to a chlorine atom.

We have further characterized the way in
which the carbon valence electrons and

orbitals are used in bonding, as illustrated
in Table 5 for carbon atom bonding in

CHC12-CHC12. The carbon bond to hydro-
gen (obtained from summing contributions
found mainly in molecular orbitals 5, 6, and
7) has 80% p character and 0.93 carbon

valence electron. The C-C bond (from

Bond Molecular
orbitals�

Hvbridizationb Totalb pc

C.
/0

C-H

C-C

C-Cl

5, 6, 7

1-5, 7

1-5, 8-11

O.2Os-O.73p

0. 45s-0. 79p

O.ISs-O.62p

0.93

1 .24

1.07

80

66

60

a Molecular orbitals which make contribution

to the specified bond.
b Number of 5 and p electrons in each bond.

C p character of carbon bond orbital.

molecular orbitals 1-5 and 7) has 66 % p

character and 1.24 carbon valence electrons.
The C-Cl bond (from contributions in mo-

lecular orbitals 1-5 and 8-i 1) has 60 % p
character and 1.07 valence electrons from
the carbon atom. The carbon atom does not
then form three equivalent sp� bonds, each

with 1 electron, with its three neighbors.
Instead the percentage of p character and

the number of electrons it uses depend on
the atom to which it bonds. While the actual
hybridization and number of carbon elec-
trons in each bond vary from molecule to
molecule, the effect of hybridization on the
“electronegativity” of the carbon orbitals
illustrated for 1,1 , 2, 2-tetrachioroethane is
typical. The percentage of p character in the

bond is in the order C-H > C-C >



xi

Molecule 3s

Th’ NB

3p�

NB r�x�B

3p5

NB r.y”B

CII ,CHC1.
ClT!Cl-CHC1I
CHCh-CHCI2
CC1,-CHCI2
CH,Cl-CC1,
CH,-CC!,
CH2CI-CH,Cl
CII ,-CH,Cl
CCI ,-CCI,

1.13

1.33
1.36

1.64
1.58

1.82

1.22

1.85

1.22

0.70

0.49

0.47

0.18

0.24

0

0.62

0

0.60

0.98

0.27

0.21

0.10

0.35

0.97

0.40

1.03

0.15

0.57

1.65
1.66

1.63
1.57

0.5#{128}
1.53

0.54
1 .76

1.45

0.58
0.58
0.58
0.58
1.45
0.58
1.45
0.57

3p,

B NB rz�’

0.26 1.66 0.59

0.42 1.42 0.84

0.44140 0.84

0.40 1.44 0.84

1.11027 1.7

0.29 1.63 0.60

0501.35 0.84

0.32 1.61 0.58

0.41 1.41 0.84

0.42

0.89

0.88

0.89

0.30

0.53
0.97

0.48
1.00

1.42

0.66

0.65
0.65

1.67

1.29

0.59
1.37

0.53

0.84

1.45

1.45

1.45

0

0.84

1.45
0.84
1.45

Total bonding
electrons

sp�c 1.13-1.86
5�y 1.531.58
5�y 1.361.47

5�y 1.641.39

sp, 1.581.76

573i 1.82-1.79

5�y 1.221.87

SPx 1.851.83
S�y 1.22-1.56

Total
non-

bonding
electrons

yz’ 4.25

xz 4.22

xz 4.18
xz 4.00

xy 3.75
yz 3.48

xz 4.09

yz 3.52
zx 4.30

a B = number of bonding electrons; NB = number of nonbonding electrons.

Projection of the interatomic C-Cl distance of r = 17.7 nm on each coordinate axis.
C Main atomic orbital components of bonding electrons.

‘Main atomic orbital components of nonbonding electrons; yz = PyPz , etc.
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C-Cl, and the number of carbon electrons

in the bond in the order C-C > C-Cl >

C>H.
Bonding of chlorine atoms. It is of particu-

lar interest in the interpretation of our re-
sults to describe the nature of the chlorine

atom to which the electron-deficient carbon
atom orbital is bound. As we have just indi-
cated, the carbon is bound to the chlorine

atom with an sp orbital of approximately
60 % p character. This carbon orbital is
shown in Fig. 1 as an (Spr) orbital along the
C-Cl bond direction (r).

C C�

FIG. 1. Prototype carbon-chlorine bond in chlo-

rinated ethanes involving an electron -deficient carbon

atom p orbital

The four valence atomic orbitals of the

chlorine atom participate in both bonding

and nonbonding molecular orbitals. Thus
the electron density in each chlorine orbital
can be divided into a bonding and a non-

bonding fraction. These electron densities
are given in Table 6 for each molecule in the
series studied. For all molecules, most of the
chlorine 3s atomic orbital is involved in

bonding. Also given in Table 6 is the pro-
jection of the C-Cl bond direction (r) on
the x, y, and z coordinate axes. For all mole-

cules the p orbital that has the largest pro-

jection along the internuclear line also con-
tains the most bonding electrons. Conversely,
the two p orbitaLs with only small projec-

tions along the internuclear line have mainly
nonbonding character. The number of s- and

p-bonding electrons, as well as the character
of the main p-orbital contributor, is given in

the column labeled “Bonding.” In the last
column is given the total number of non-
bonding electrons found mainly in two p

orbitals perpendicular to the bond direction.

The description of the chlorine atom bond-

ing which emerges from Table 6 is shown

schematically in Fig. 1. Two hybrid sp or-

bitals directed along the internuclear line (r),

i.e., two � (Spr) orbitals, are shown, each

somewhat involved in bonding. The num-

ber of electrons in these two orbitals, given

TABLE 6

Bonding and nonbonding chlorine valence elect rons in chloroethanes



Bond strength Electron density

2. 3. 4.

C-Cl C-C C-H

Molecule

CII ,-CIICI,
Cl1,Cl-CHC1,
CIICI,-CHCI,
CCI ,-CHCI,

CH,Cl-CC1,
CH ,-CC1,
CH ,-CH,Cl
CH2C1-CH,Cl
(CCI ,�CCl,)’

1. Dechlor-
ination

C.

�0

13.5

9.8

6.0

1.7

0.8

<0.5
<0.5
<0.5

(3.9)

0.314

0.316
0.315
0.313
0.335

0.333

0.292

0.294

0.331

5. Cl

-0.15
-0.14

-0.13

-0.12

-0.10

-0.11

-0.20

-0.18

-0.08

0.377

0.395
0.408

0.420

0.402

0.388

0.355

0.373

0.431

6. H

+0.11

+0.12

+0.13

+0.14

+0.08

+0.09

0.427

0.422

0.416

0.412

0.424

0.420

7. C

+0.09

+0.11

+0.12

+0.13

+0.20

+0.18

0.00

+0.01

+0.24

9. No. of
nonbonding
Cl electrons

4.25

4.22

4.18

4.00

3.75

3.48

4.09

3.52

4.30

8.1+0

0.76

0.77

0.78

0.79

0.82

0.82

0.88

0.90
0.84

a Fraction of electron in most electron-deficient carbon p orbital.

Percentage of dechlorination value may be in error.
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in Table 6 under the column “Bonding,”

varies from 2.91 to 3.68. Also depicted are
two essentially nonbonding orbitals, Pn and

Pn’, mutually perpendicular to the inter-
nuclear line, i.e., �r- and �r’-orbitals with a
small amount of s character. The number of

nonbonding electrons in these orbitals, given
in the last column of Table 6, varies from
4.30 to 3.48 in the series of molecules studied.

SIGNIFICANCE OF RESULTS TO

METABOLIC BEHAVIOR

Having obtained a detailed description of

the halogenated ethanes from our molecular
orbital calculations, we now attempt to

establish the link between their calculated
molecular properties and their metabolic be-
havior.

In Table 7 the compounds are listed in de-

creasing order of extent of enzymatic de-
chlorination (given in column 1), except for

the dubious value for hexachloroethane ob-
tained because of high control values (8).
Also given in Table 7 is a summary of the
calculated molecular factors which might
be relevant to their enzymatic dechlorina-
tion. Bond strengths, listed in columns 2-4,

are taken from Table 2; atomic charges
(columns 5-7), from Table 3; electron den-

sities (f+) of the most electron-deficient

carbon atom orbital (colunrn 8), from Table
4; and the number of nonbonding electrons

on the chlorine atom bound to the electron-
deficient carbon orbital, (column 9), from
Table 6.

The most obvious correlation that one
might expect is between the strength of the

C-Cl bond in a given group and its extent

of dechlorination. Xo such correlation is ob-
tained. As we have shown in Table 3 and

again in column 2 of Table 7, the calculated
C-Cl bond strength is in the order CCI, >
CHC1, > CH2C1 while the extent of de-

chlorination is in the order CHC1, > CCl�
> CH,Cl. Thus the group which has the
weakest C-Cl bond dechlorinates least and

the one with intermediate bond strength de-

chlorinates most. Clearly, then, the C-Cl

bond strength is not a principal determining
factor in the extent of dechlorination. From
this result it can be inferred that the enzy-

matic breaking of the C-Cl bond alone,
either homolytically (radical) or hetero-
lytically (ionic), is not the initial rate-de-

termining step in dechlorination. This con-
clusion is reinforced by the lack of correla-
tion with the net charge on the carbon and
chlorine atoms. As seen from column 5 of
Table 7, the negative charge on the chlorine

atom increases in the order CC1, < CHC1,
<CH2C1. This is also the order of decreasing

positive charge on the carbon atom and of
C-Cl bond strength.

Turning now to the possibility that a

TABLE 7

Correlation of calculated molecular properties with percentage of dechlorination
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C-H bond cleavage is the initial step in de-

chlorination, one would expect that the
weaker the C-H bond, the more the de-

chlorination. Yet the molecule with the
strongest C-H bond, CH,CHC1,, dechlori-
nates most. Moreover, as seen in column 4
4 (Table 7), in the series of -CHCL,-con-

taming molecules, the weaker the C-H
bond, the less the dechlorination. Finally,
comparing the six compounds with either a
CHCI, or CH,C1 group in Table 7, there is no

correlation between relative C-H bond
strength and extent of dechlorination. The
same lack of correlation is seen (from col-

umns 6 and 7) with the variation in net
charge on either the hydrogen or carbon
atom in these six molecules. Hence radical

or anionic cleavage of the C-H bond does
not seem to be the rate-determining initial
step in enzymatic dechlorination.

For the reaction in which an oxygen is in-
serted between the carbon and hydrogen
atoms, one could also suppose that the C-H
bond strength would be an important factor
in the rate of this reaction. As we have just

discussed, we obtain no such correlation.
In the postulated mechanism involving

homolytic bond cleavages, it has been sug-

gested that C-H bond cleavage occurs in
the CHC1, group while C-Cl bond cleavage
occurs in the CC1, group. If such homolytic
bond cleavages w-ere involved, since, as seen
in Table 7, the C-H bond strength in the
CHC1, group molecules is uniformly greater

than the C-Cl bond strength in the CC1,
group, our results would predict an order of

reactivity CCI, > CHC1,, which is the op-
posite of that observed.

In contrast to the lack of correlation of

bond strengths and net atomic charges with
extent and specificity of dechlorination, there
is a striking correlation of the observed be-
havior with the degree of electron deficiency
in the most electron-deficient carbon valence

orbital. From Table 5 it is seen that (a) for
all four molecules with a -CHC1, group,
the carbon atom of that group has the most
electron-deficient orbital; (b) for the re-

maining three molecules with a CC1, group,

that group always has the most electron-

deficient orbital; and (c) the CH,Cl group

has the carbon atom with the least electron-

deficient orbital, except for the carbon in a

methyl group.
Thus the electron deficiency of the carbon

atom valence orbital decreases in the order
-CHC1, > -CC1, > -CH,Cl > -CH,,
and this order is preserved independent of
the nature of the adjacent group. This is
exactly the same order as the decrease in
extent of dechlorination of a specific 1-
carbon unit, as shown in Table 1. Neither

variation is monotonic with the number of
chlorine atoms, and both vary in the same
way. Hence the correlation is all the more

striking.
Not only do we obtain an explanation for

group sensitivity to dechlorination on this

basis, but, as seen in Table 7, we find that
the degree of dechlorination generally de-

creases with the degree of electron deficiency
of the most electron-deficient carbon orbital

of each molecule. Despite the similarity of
the extent of electron deficiency for tw-o
components, 1,1,1,2-tetra- and 1,1,1-
trichloroethane, the trend is definite and
indicates rather large sensitivity of the per-

centage of dechlorination to the degree of

electron deficiency. The hexachloroethane is
the only true exception to this trend. Re-
markably, it is the one for which the experi-

mental results are dubious. It is heartening
indeed that the theoretical calculation rein-
forces the possibility of an experimental
error. Thus the correlation appears to be
real.

The correlation of the extent of dechlorina-

tion with the degree of electron deficiency
of the most electron-deficient carbon orbital
in the molecule strongly indicates that the
initial rate-determining step is a nucleophilic
attack at that carbon atom orbital. Further
support for this hypothesis is obtained from
the fact that, for each molecule, the lowest-
lying empty molecular orbital has an ap-

preciable contribution from the electron-
deficient atomic orbital. This low-est-lying

empty orbital would be the natural initial
receptor of additional electrons and, by so
doing, would alleviate the most electron-

deficient orbital.

Other calculated molecular properties in-

dicate that the initial nucleophilic attack is

part of an SN, displacement reaction in-
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volving cleavages of the C-Cl bond rather
than either C-H cleavage or insertion. One
strong indication of the chlorine displace-

meat is that the electron-deficient p orbital,
which we have postulated as the site of nu-

cleophilic attack, is involved exclusively in
bonding to a chlorine atom in each molecule.
Thus, as an anion such as OH- approaches

and begins to mix with the electron-deficient

carbon orbital, weakening of the C-Cl bond
would automatically result. Moreover, from
the last column of Table 7, there appears to
be good correlation between the number of
nonbonding electrons of the particular chlo-
rine atom bonding to the electron-deficient
carbon orbital and the extent of dechlorina-
tion. This correlation is particularly good for

the four molecules which dechlorinate ap-
preciably by the same reaction pathway.
The smaller number of nonbonding electrons
might help to explain the decreasing extent

of dechlorination of this series. It is possible
that the breaking of the C-Cl bond is helped
by a well-placed proton on an amino acid
residue in the enzyme. Such a proton could

attract the chlorine atom away by interact-
ing with its nonbonding electrons. This
mechanism is consistent with the observed
pH dependence (8) of the extent of dechlori-

nation of 1,1, 2-trichloroethane, w-hich peaks
at a pH of 8.4. This indicates that OH- ion
is needed to initiate the reaction but that in
a more basic environment the leaving of the
C1 ion would be hindered.

In order to test this mechanism further w-e

have begun studies depicting a nucleophilic

attack on the carbon atom by an OH- ion
and the leaving of a C1 ion, using the itera-

tive extended HUckel theory program to

characterize the reacting system along chosen
points in the reaction pathw-ay. Preliminary
results thus far indicate that the initial

bonding overlap interaction of the approach-
ing 0H ion is indeed with the electron-

deficient carbon orbital. Furthermore, the
C-Cl bond strength is rapidly and pref-

erentially weakened. Thus our theoretical in-
vestigations consistently point to a chlorine

displacement reaction initiated by an anionic

attack as a key step in dechlorination of this

series of chlorinated ethanes.

Upon completion of this manuscript, a

recent study in vivo of the metabolism of
1, 1, 1, 2-tetrachloroethane in the mouse was
brought to our attention (29). In this careful

study the conclusion tentatively reached was

that the “initial metabolic reaction is a
hydrolytic fission of a carbon-chlorine bond
with the formation of trichlorethanol.” a
precursor of trichloracetic acid. These results

and conclusions are an excellent experimental

corroboration of the dechlorinating mecha-
nism which our calculated results most

clearly implicate.
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