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charged molecules due to the w amino groups in 
lgsinc rcsiducs and with lipophilic chains through 
the side chains of leucine residues should lead to the 
conclusion that this protein has not only different 
binding capacities for different compounds, but also 
different mechanisms by which it binds. If bac- 
terial proteins rather than lipids are the compounds 
with which phenolic disiiifectarits associate, it 
should be possible to demonstrate as much binding 
of the latter to bacterial protcins as to whole cells 
as was shown by Weinbach and Garbus (10, 11) 
with mitochondria and mitochondria1 protein it1 
their studies with uncoupling halophenois. Thesc 
possibilities arc currently being tested by examining 
reaction mixtures containing seruni proteins or bac- 
terial proteins and phenol derivatives for complexes 
using Sephadex chromatography, clcctrophoresis, 
density gradient ultracentrifugatioii, difference 
spectrophotometry, and reduction in bactericidal 
and bacteriostatic effects. It is felt that an inti- 
mate kuowledge of the reaction between phenol 
derivatives and organic matter such as serum pro- 
teins would be useful in the design of disinfectants, 
the activity of which would not be affected by 
organic matter. An uitirnate goal in these studies is 
a complete knowledge of thc site(s) of action of 
phenolic germicides in bacterial cells. 
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Molecular Orbital Calculations of the Electronic 
Structure of the Sydnones 

By LEMONT B. KIER and EDWARD B. ROCHE* 

The electronic structure of the sydnone ring has been calculated from an w-HMO 
technique. Several new parameters for the calculation have been derived, in con- 
junction with previously used parameters. Charge densities derived have yielded 
accurate calculations of dipole moments. Energy levels have yielded values which 
correlate well with observed U.V. maxima. A general discussion of the calculated 

structures is presented. 

UR INTEREST in the medicinal chemical as- 0 pects of the mesoionic compounds known as 
the sydnones has reqiiired a further understand- 
ing of the chemistry of these aromatic hetero- 
cycles (1-6). Recent reviews of these coni- 
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pounds have summarized their chemical and phys- 
ical properties (7-10) but have not added much 
basic information concerning their electronic 
structure and the electronic changes involved in 
their reactions. This information is essential if 
the relationships between their structure and 
pharmacological activity is to he evaluated. 

A classical resonance theory or valence hond 
approach to the electronic picture of the sydnones 
is not illuminating since, embodied within the 
definition of a mesoionic compound is the require- 
ment that no covalent structure can be drawn for 
thesystem (11). Furthermore, ithasbeenshown 
that at least 20 polar structures can be drawn for 
phenylsydnone (12). The total number of such 
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TABLE 1.-PARAMETERS 

Atom h 
N (pyrrole type) 1 . 5  
HB (conjugated mcthyl) - 0 . 5  
-C- (conjugated methyl) -0.1 

TABLE 11.-DIPOLE MOMENTS 

Calcd. Exptl. 
Compd. P ( D )  P ( D )  Ref. 

Pyrrole 1.85 1.80 (25, 26) 
N-Methylpyrrole 2.16 1.92 (44) 
Toluene 0.38 0.39 (45) 
Furazan 3.10 3.38 (46) 
Isoxazole 2.79 2.76 (47, 48) 
N-Methylpyrazole 2.34 2 .28  (49) 
N-Phenylpyrazole 2.30 2.0  (49) 
3-Phenylsydnone 6.47 6 .48  (50) 
3-Methylsydnone 7.06 7 .  3lU . . .  

a This value was determined by the authors employing 
the method described by Smyth (51). Dielectric constants 
*ere determined on a General Radio Co-type No. 1610-A 
capacitance bridge 

structures arhich must be considered in a valence 
bond approach is many more, and the real prob- 
lem arises in weighting each structure in the over- 
all equation for the wave function of the  molecule. 
Thus, the valence bond or classical resonance 
theory approach to the electronic structure of 
sydnones presents immense difficulties. 

A more reasonable approach t o  the solution of 
the wave equation of the system is the LCAO- 
N O  (linear combination of atomic orbitals- 
molecular orbital) method. 

The approximations involved and the various 
techniques employed for solution of electronic 
structures have been adequately described (13- 
15). A number of studies of this type have been 
done on the sydnones, using simple Hiickel pro- 
cedures (16-18). The  results of these calcula- 
tions failed to  reproduce physical experience, 
such as dipole moment. This failure un- 
doubtedly was partly a result of a poor selection 
of heteroatom parameters, certainly unrefined at 
the time these calculations were made, and the 
failure of the simple Hiickel method to  consider 
electron correlation. 

In previous calculations performed in  this lab- 
oratory, the authors have empirically treated the 
the effect of electron correlation within the frame- 
work of the Huckel method (19, 20). This 
has been done by employing a disposable param- 
eter which serves to  alter the Coulomb integrals 
of the atoms as a function of the calculated 
charge densities, q, of the respective atoms (21). 
The procedure, known as the “w-technique,” 
produces new values of the Coulomb integral, 

Bond k 
C-R (pyrrole type) 0 . 8  
fi-0 0 .5  
fi-N 0 . 9  
Hs=C- (conjugated mcthyl) 2 . 8  

in terms of Do, the  standard resonance integral 
for the carbon-carbon bond in benzene (22). 

011 = 010 + 0 9% Po 
This technique involves iterating the calculation 

until self-consistency is achieved in the charge 
densities at each position in the molecule. The 
value of w used in this study was 1.4, which 
corresponds t o  the value used by several other 
authors (23, 24) and appears to  give results that  
correlate well with experimental data. 

PARAMETERS 
An essential feature for the successful use of this 

method of calculation is the choice of parameters for 
heteroatoms. The parameter uscd to modify thc 
Coulomb integral of a heteroatom, h,, must reflect 
its modified clectronegativity and electronic config- 
uration with respect to an aromatic carbon atom 
This modification is again made in terms of the 
standard resonance integral, PO 

az = 010 + hz Bo 
A second parameter, k,,, is employed to reflect the 
alteration in electron exchange between the hetero- 
atom in question and its neighbors with respect to 
an aromatic carbon-carbon bond : 

Pse = k z w h  

In previous work (19, 20) the authors have 
approached this problem with the desire to obtain 
ralculatcd values of eigcnfunctions and eigenvalues 
of heteroatom-containing molecules which would 
adequately approximate chemical and physical 
experience. These calculations have resulted in the 
close approximation of dipole moments from cigen- 
functions ( 19) and relative chemical reactivities 
from eigenvalues (20). The ability to produce 
these results from the same set of heteroatom 
parameters lends a measure of confidence in their 
values. 

In the present work, these same values have been 
used with only one modification. In the previous 
study on dipole moments (19) an experimental value 
of 1.54 D for pyrrole and a model for the nitrogen 
atom identical to that for the nitrogen of aniline 
were used It is now felt that the value of 1.80 D 
for pyrrole is a better experimental value (25, 26). 
Also, the model for the nitrogen atom must be rc- 
evaluated. The unshared electron pair on nitrogen 
of aniline is not in a pure p orbital; hence the 
Coulomb integral should reflect a greater electro- 
negativity than that of the nitrogen in pyrrole (27). 
Furthermore, since the pure p orbital of nitrogen in 
pyrrole is more available for delocalization, a higher 
resonance integral should be used for the, C-N 
bond. This improved model with the accompany- 
ing parameters has permitted us to calculate suc- 
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cessfully the dipole moments of pyrrole and N- 
methylpyrrole. (See Table I for paramcters and 
Table I1 for dipole moments.) 

Although the hetcroatom model has previously 
been used for the treatment of a methyl group on an 
aromatic ring (28), the authors felt that a more 
realistic model of this group is provided by thc con- 
jugative model (29) in which the electron distribution 
of both the hydrogens and the methyl carbon atom 
is specifically designated and the methyl hydrogens 
arc collected into a pseudo x orbital. Using the 
parameter values proposed by Coulsoii and Craw- 
ford (30) for this model, the authors have again 
successfully calculated the dipole moment of toluene. 

For the calculation of the electronic structure of 
the sydnone molecule, two new parameters had to be 
introduced, and their values had to be consistent 
with other parameters employed. The?? parameters 
were the resonance integral for the N-0  bond ( k k o )  
and the resonance integral for the N-N bond 
(krj- R). The value of 0.6 has been derived for krjt i  
for use in simple Hdckel calculations (18). The 
value of 0.5 was found to reproduce successfully the 
value of the dipole moments of furazan and isoxazole. 
For the parameter kfjg,  the value of 0.87 has been 
derived from a proportionality to overlap integrals 
(31). The value of 0.9 has been employed succcss- 
fully to calculate the dipole moments of N-niethyl- 
pyrazole and A'-phenylpyrazole. 

Fig. 1.-3-Phenylsydnone. Numbers shown are 
calculated *-bond orders and charge densities. 

- .ll9 . oeo 

Fig. 2.-3-Methylsydnone, Numbers shown are 
calculated r-bond orders and charge densities. 

CALCULATIONS 

The computations were made using tlic computer 
program previously described (20). Dne to the 
greater complexity of some of the sydnoncs, con- 
vergence of charge densities to self-consistency 
rcquircd a substantially larger number of iterations. 
The versatility of this program permitted this 
with no difficulty. The values from consecutive 
calculations of the charge dcnsitics were tcstcd 
until an increment no larger than 0.001 elec- 
tron existed between the final iteration and the 
average of all preceding calculations. The test 
was simultaneously applied to all atoms by the pro- 
gram. The calculated charge densities for the ring 
atoms are shown for 3-phenylsydnone in Fig. 1 and 
for 3-methylsydnone in Fig. 2. The *-bond order 
for each of these compounds was calculated from 
the eigenfunctioris and is shown for the appropriate 
bonds in Figs. 1 and 2. 

The dipole moments were calculated from charge 
densitie? as previously described (19) and are listcd 
in Table I1 along with experimental values. 

From the eigenvalues of the matrices the M,+ 
Mm+ transition energies were calculated. These 
are recorded in Table 111 along with the correspond- 
ing wavelengths for a scries of variously substituted 
sydnones. The energy levels in units of p for 3- 
phenylsydnone and 3-methylsydnone arc listed in 
Table IV. The values of AM, in units of p ,  are 
plotted against the corresponding frcquencics of 
maximum absorption in Fig. 3. 

DISCUSSION 

As can be sccn from Table 11, the agreement be- 
tween the calculated and experimental dipole mo- 
ments for the sydnones is excellent. This, in the 
authors' opinion, attests to the reasonableness of the 
values for the charge densities calculated (32). 

Several observations can be made from an inspec- 
tion of the charge densities and bond orders of 3- 
phenyl and 3-methylsydnonc (Figs. 1 and 2). The 
exocyclic oxygen atom in both compounds bears a 
high charge density, being over 0.15 electron highcr 
than what was calculated for butyrolactone (33). 
This clearly implies significant participation from 
all ring atoms, in the total dclocalization of the T- 

electrons. The number 3 nitrogen atom bears a 
high positive charge, particularly in the case of the 3- 
phenylsydnone. This observation, combined with 
the highest bond order calculated, between the car- 
bon atoms, indicates the substantial participation of 

TABLE III.-MAXIMUM U.V. ADSORPTION OF THE SYDNONE RING AND 
CALCULATED VALUES OF A M 

Compd. hrlu., mp Y ,  em.-' AM(B) Ref. 
1. 3-Methylsydnone 290 34483 0.481 (41) 

3. 3-(p-Toly1)-4-methylsydnone 307 32573 0.450 (41) 
4. 3-Phenylsydnone 310 32258 0.465 (41) 
5. 34 m-Toly1)sydnone 310 32258 0.465 (41) 
6. 3-(@-Pyridyl)sydnone 312 32051 0.461 (41) 
7. &(@-Naphthyl)sydnone 315 31746 0.457 (52) 

9. 3,4-Di-(p-tolyl)sydnone 338 29586 0.405 (4i) 

2. 3-Phenyl-4-ethylsydnone 307 32573 0.451 (41) 

8. 3-Phenyl-4-acetylsyd~~one 3260 30675 0.417 

10. 3,4-Di-phenylsydnone 340 29412 0.405 (52) 
c 

a The Amax. of this compound was determined by the authors on a Cary model 15 U.V. spectrophotometer in ethanol. 
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between nitrogen and oxygen (Fig. 1) is found 
in a comparison of bond lengths. An X-ray study 
of p-bromophcnyl sydnone has shown (38, 39) the 
length of the N-0 bond to be 1.34 A. The bond 
length of the N-0 single bond has been reported 
to bc 1.46 8. while that of an N==O double bond is 
1.14 b. (40). Thus, in general terms, the N-0 
bond in the sydnone ring is largely of a single bond 
nature which corresponds favorably with the rela- 
tively low r-bond order calculated for these com- 
pounds. 

To determine the reliability of the eigenvalues 
obtained from solution of the secular equations, an 
examination of the ultraviolet spectra of a number 
of substituted sydnones seemed appropriate. A 
single peak in the 290 to 350 mp region has been 
attributed to the sydnone ring (41). This maximum 
is quite intense ( E  > 4700) and experiences a batho- 
chromic shift from 3-alkyl to 3-aryl substitution in- 
dicating an extended interannular conjugation 
(Table 111) (42). Increase in delocalization also 
appears to be more effective with the aryl substitucnt 
in the 4-position of the sydnone ring than in the 3- 
position. This is expected from the increased ability 
of carbon r-orbitals to participate in electron delocal- 
ization compared to that of the nitrogen. 

Othcr bands in the spectra of aryl-substituted 
sydnones appear a t  lower wavelength and have 
been attributed to benzenoid K absorption (41). 

General considerations of ultraviolet spectra of 
aromatic compounds within the framework of mo- 
lecular orbital calculations have led to the general 
conclusion that the more intense peaks a t  longer 
wavelengths are due to transitions occurring between 
the highest filled energy level ( m )  and the lowest 
unoccupied level ( m f l )  (43). In  empirical LCAO- 
MO calculations, such as are presented here, the 
over-all elcctronic transition energy is considered to 
be larger than any energy differences due to config- 
uration interaction or singlet-triplet splitting (43). 
The transition is then taken to be the perpendicular 
Franck-Condon transition. The frequcncy of such 
a transition is given by 

hv = E* - E 
where E* is the energy of the excited state, and E is 
the energy of the ground state. 
m the total r-energy expressions from LCAO-MO 

calculations, the energy of the two states are given 
by 

E*r = n m  + M*P 
E ,  = nor + M,9 

difference in the coefficients of 8: 
Thus, the frequency should be proportional to the 

hv = (M* - M ) p  = AMP 

This operation is equivalent to taking the difference 
between M ,  and M,+ ,. 

Table 111 shows the Amax. and AM for a number of 
substituted sydnones, and Fig. 3 shows the relation- 
ship between the frequency in cm.-l and AM. 

The corre- 
lation coefficient of 0.931 indicates that about S6.670 
of the variance is accounted for. The maximum 
deviation of the experimental Amax. from that 
calculated by the correlation equation from Fix. 3 

u(cm.-L) = 60533 ( A M )  f 4794 

The correlation of these data is good. 

TABLE IV.-ENERGY LEVELS FOR 3-PHENYL AND 

- 3-METHYLSYDNONE IN UNITS OF 0 - 
8-Phenylsydnone 3-Meth?lsydnone 

-21025 
-1.268 
-1.040 
-0.996 
-0,060 

0.405 
0.951 
1.004 
1.380 
1.931 
2,802 
3.218 

-3.164 
-1.228 
-0.058 

0.423 
1.381 
2.101 
2.951 
3.294 

valence bond representation, I, in the total wave 
equation of the molecule, a conclusion also reached 
by dipole moment studies of Hill and Sutton (34). 

A comparison of the two calculated structures 
indicates that the phenyl group in the 3 position 
makes a greater mesomeric contribution of electrons 
to the sydnone ring than the 3-methyl group. The 
phenyl ring is deactivated a t  all positions by the 
sydnone ring; hence electrophilic attack on the ben- 
zene ring would be expected to be retarded. This is 
borne out by experiment (12, 35). This fact may 
in reality be the result of electron withdrawal by 
the sydnone ring rather than donation by the phenyl 
ring. The phenyl ring is known to be an electron 
withdrawing group in most systems (36). 

In the work cited previously (35), the sydnone 
ring was found to be comparable to the P-azoxy 
group (11), with respect to its activating effect on 
nucleophilic displacement reactions on p-chloro- 
phenyl derivatives. The proposed transition state 
in reactions of this type is stabilized by electron- 
withdrawing substituents (37). The comparison 
between these two substituents is also observed in 
electrophilic substitutions on benzene in which both 
groups are deactivating. This is not true for a- 
azoxy substituents (35). 

I 

This relationship between the sydnone ring and p- 
azoxy groups lends further support for the chargc 
distributions shown in Fig. 1. A larger bond order 
between the two nitrogens would also be required for 
conjugation with the phenyl ring leaving the bond 
order between nitrogen and oxygen somewhat de- 
ficient. This situation might also be expected from 
electronegativity considerations (35). 

Further support for the bond order calculated 
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is +7 mp, and the average deviation of points from 
the line is +0.010 A M  units. Thus, it  appcars that 
the relative energy levels calculated by the present 
method arc in good agreement with the major 
electronic transition energy of the substitutcd 
sydnone rings. 

The. dcviations from calculated values are not 
unexpected considering the empirical naturc of thc 
calculations. In  the w-HMO technique, no distinc- 
tion is made bctwccn the geometry of the ground 
and excited state or between singlet and triplet 
state. A perpendicular Franck-Condon transition is 
assumed which may involve a promotion to a higher 
level than the lowest available level in the cxcitcd 
state. 

Further error is involvcd with the nonexplicit 
consideration of electron repulsion. When the 
energy diffcrence between the ground arid excited 
state is small, the energy levels will interact. This 
repulsion will result in a larger separation between 
the levels. More sophisticated methods employing 
configuration interaction are required to take this 
phenomenon into account. 

Through an application of the o-HMO technique 
in conjunction with parametcrs prcviously derived 
(19) and parameters derived in this present work, 
the dipole moments of some representative hetero- 
cyclic systems including 3-methyl and 3-pl-renyl- 
sydnonc have becn successfully calculated (Table 11). 
These same parameters have also given relative 
rncrgy levels that correspond well with the maximuin 
ultraviolet absorptions of the variously substituted 
sydnone rings (Table I11 and Fig. 3). Thus,  the 
authors feel that the values of these parameters 
when employed in this type of an LCAO-MO cal- 
culation produce a reasonable electronic structure 
of the sydnones. 
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Gas Chromatographic Analysis of Trichloroethanol, 
Chloral Hydrate, Trichloroacetic Acid, and 

Trichloroethanol Glucuronide 
By EDWARD R. GARRETT and HOWARD J. LAMBERT* 

A sensitive and specific assay has been developed for trichloroethanol, chloral hy- 
drate, trichloroacetic acid, and trichloroethanol glucuronide utilizing gas chroma- 
tography and electron capture detection. Trichloroethanol and chloral hydrate are 
extracted from alkalinized water or urine with ether, and a portion of the ether ex- 
tract is assayedtwith chlorobutanol and chloroform as internal standards. Tri- 
chloroacetic acid and trichloroethanol glucuronide are not extracted under these 
conditions. The trichloroacetic acid is decarboxylated as the potassium salt and 
the resultant chloroform extracted into ether and assayed. The  trichloroethanol 
glucuronide is enzymatically hydrolyzed and the hydrolysate assayed for the tri- 
chloroethanol formed. Sensitivities obtained were 0.5 mcg. of trichloroethanol and 
chloral hydrate (3.3 and 3.02 mpmoles, moles, respectively), 1.0 mcg. of tri- 
chloroacetic acid (6.1 mpmoles) in 2.0 ml. of sample and 0.5 mcg. of trichloro- 
ethanol glucuronide (1.54 m c o l e s )  in  3.0 ml. of sample. Statistical analysis of 
assays on urinary mixtures of the four compounds demonstrates the reliability of 

the method. 

HERE ARE no sensitive specific assays for the 
Thypnotic drug trichloroethanol (TCE) , its 
precursor chloral hydrate (CH), or its detoxifica- 
tion products trichloroacetic acid (TCB) and 
trichloroethanol glucuronide (TCE-G), in the 
available literature. 

Extant methods (1-3) are mostly modifications 
of the colorimetric method of Fujiwara (4) and 
were not sufficiently sensitive or specific for a 
planned pharmacokinetic study of TCE in this 
laboratory. Fricdman and Cooper (2 )  obtained 
a sensitivity of 20 mpmoles of TCA and CH and 
100 mpmoles of TCE in mixtures but found 
that some tissue preparations interfered with 
chromophore production as much as 25’% and 
lessened the reliability of the Fujiwaxa procedure. 
Leibman and Hindnian (3) improved the assay 
sensitivity down to 5 mpnioles of TCA and CH 
and 15 mpmoles of TCE, but separation of the 
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components prior to reaction would be required 
as the procedure was nonspecific. A gas chroma- 
tographic separation of CH, TCA, and chlorobu- 
tanol, but not TCE, with a sensitivity of 306, 
302, and 281 mpmoles, respectively, has also 
been reported (5). This sensitivity of detection 
is not as good as the modified Fujiwara (2,3). 

The purpose of this investigation was to de- 
velop a specific procedure for the quantitative 
determination of TCE and its metaboIites sepa- 
rately and in mixtures with gas-liquid chromatog- 
raphy and the electron capture detector. If 
possible, this method would have greater sensi- 
tivity than those previously reported. 

EXPERIMENTAL 

Materials.-The TCE (Calbiochem, Inc.) used in 
the preparation of calibration curves and synthetic 
mixtures in water and urine was redistilled at 152” 
before use. 

Chloral hydrate U.S.P., chlorobutanol U.S.P., 
and TCA (reagent grade and 5% solution) were ob- 
tained from the Fisher Scientific Co. Ether (Baker) 
was redistilled over sodium before use. The 
purity of these components was verified chroma- 
tographically, and only one peak was observed. 

The sodium salt of trichloroethanol glucuronide 




