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Electron Spin Resonance Study of 10-(3-Dimethylamino-2-methylpropyl)- 
phenothiazine Cation Radical in Solution 
Francisco Lopez Ruperez, Jose C. Conesa, and Javier Soria * 
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The e.s.r. spectrum of the cation radical of 10- (3-dimethylamino-2-methylpropyl)phenothiazine in 
sulphuric solution has been studied in the temperature range 233-333 K, with the help of computer 
simulation. The analysis at 293 K indicates the non-equivalence of the P-protons of the side-chain. 
Furthermore, the changes observed with the temperature affect both the linewidth and the hyperfine 
splittings of the P-protons. These results are interpreted on the basis of the branching of the side-chain 
at the y-position and the resulting unsymmetrical character of the y-carbon. The hyperfine splitting 
constant values a(pH1, and a(B-HZ) measured at 233 K have allowed us to calculate the dihedral angles 
between the 2p(x) orbital of the heterocyclic nitrogen and the P-H-C bonds. 

The special electronic properties of phenothiazine (PTAZ) 
and its derivatives have stimulated interest in those compounds 
from very different points of view, as spin labels, as agents for 
the treatment of mental disorders, or as organic semicon- 
ductors. The use as spin labels of the cation radicals of these 
compounds has been restricted because of the complexity of 
their e.s.r. spectra. In contrast to the simplicity of the spectra 
of other spin labels such as the nitroxides, which can be 
analysed directly in many cases, the spectra of the cations of 
the phenothiazine derivatives require detailed analysis by 
means of computer simulation in order to obtain the inform- 
ation these compounds can offer. However, some of their 
applications, mainly in the pharmacological field, have 
aroused much interest, with the aim of elucidating how the 
presence of different side-chains in phenothiazine derivatives 
influences their properties. 

In this direction, several theoretical studies have appeared 
dealing with conformational aspects and electronic distribu- 
tion in some phenothiazine derivatives with therapeutic 
interest.'-j The crystalline structures of some of them have 
also been determined using X-ray diffraction 
However, data on their behaviour in solution are relatively 
rare, particularly in relation to their conformational character- 
istics.'J' 

One of the N-substituted phenothiazine derivatives with 
pharmacological properties as an antihistamine and neuro- 
leptic agent is l0-(3-dimethylamino-2-methylpropyl)pheno- 
thiazine (alimemazine) (ALMZ). An e.s.r. study of this 
compound has been made by Fenner: but his results contain 
some apparent differences from those obtained by other 
authors for similar compounds.lO*ll The e.s.r. spectra reported 
by them for several phenothiazine derivatives with a side-chain 
at nitrogen branched at the y-position, although with low 
resolution, clearly present a four-component overall pattern. 
This structure seems to be incompatible with the hyperfine 
splitting (h.f.s.) constant values given by Fenner in his analysis, 
which considers the two P-protons in the side-chain to be 
equivalent. 

Because of this discrepancy and in order to obtain more 
detailed information on the cation radical of ALMZ in 
solution we have studied, with the help of computer simul- 
ation, the e.s.r. spectrum of ALMZ+ at room temperature, 
and have also followed the changes at temperatures between 
233 and 333 K. 

Experimental 
The sample of ALMZ in neutral form has been supplied by 
Specia (Rhone-Poulenc Pharma), and the cation radical was 
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obtained following Merkle's method.12 For the e.s.r. study, 
the solid sample was dissolved in dilute sulphuric acid (25% 
v/v) using a concentration of 1 mg ml-l. With the aim of 
improving dissolution, the mixture was heated gently while 
stirring. 

The e.s.r. spectra were obtained in the X band with a 
JEOL PE-3X spectrometer and a JES-VT-3A variable- 
temperature controller. On-line with the spectrometer, a 
Digital Computer Controls D-ll6E minicomputer could 
digitize the spectra and use them for the simulation pro- 
cedures. A Mn-MgO standard was used to calibrate the 
magnetic field. 

Two different computer programs, elaborated in our 
laboratory for the analysis of e.s.r. spectra of these types of 
compounds, were used. One enables us to determine h.f.s. 
values through a trial-and-error process, by means of remov- 
ing from the spectrum, in several steps, the contributions of 
the most extreme hyperfine components, and obtaining in this 
way a ' difference ' spectrum (' reduced ' spectrum) where the 
exact cancellation of the extreme peaks serves as indication 
of good fit. At the same time, the simulated spectrum of each 
contribution which is removed is also obtained. The other 
program simulates the full spectrum, and offers the possibility 
of reproducing an ' alternating linewidth effect ' between the 
groups arising from P-proton splittings. 

At 293 K, the e.s.r. spectrum is not symmetrical (Figure la) 
and the hyperfine structure is less resolved at the high-field 
side, because of progressive line broadening. Because of that, 
in most cases only the low-field halves of the spectra have been 
simulated, and no attempt has been made of studying quan- 
titatively the dependence of the linewidth on the quantum 
number M,(N). Thus, the given linewidth values apply 
strictly only to the M,(N) = + 1 component (low-field), where 
the agreement between simulated and experimental results can 
be most closely monitored. 

The scheme that best reproduces the experimental spectrum 
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Figure 2. a, Experimental and b, simulated e.s.r. spectra at 273 K 

F a " ) -  
E.s.r. spectra were also recorded at different temperatures 

between 183 and 333 K. Particular attention was paid to the 
range between 293 K and the freezing Point of the solution 
(219-233 K 16) in order todeterminethe effect of slowingdown 

Fimre 1. E . ~ . ~ .  spectrum of ALMZ+, at 293 K, in sulphuric 
solution: a, experimental; b, simulated; c, main hyperfine splitting 
diagram 

E.s.r. data for ALMZ.+ 

TIK a(N) a(fl-H1) a(O-Hz) 43-H) a(1-H) 42-H) 44-H) AHL(@ ' AHc(G) g Value 
293 7.08 1.96 5.48 1.96 1.04 0.96 0.28 0.60 0.76 2.0053 
273 7.08 1.92 5.48 1.96 1.04 0.96 0.28 0.80 0.96 
253 7.08 1.88 5.52 1.96 1.04 0.96 0.28 1 .00 1.08 
233 7.08 1.76 5.64 1.96 1.04 0.96 0.28 1.40 1.40 

Room 6.9 3.5 3.5 2.1 (1 .O) 
temperature 

ones. 
method is 0.04 x lo4 T. 

Peak-to-peak linewidth of the lateral groups of lines of the quartet corresponding to 0-protons. Peak-to-peak linewidth of the central 
Values given by Fenner.' Hyperfine splittings and AHpp values are expressed in lo4 T units; the resolution of the simulation 

of ALMZ+ at 293 K (Figure 1) considers three types of 
hyperfine coupling, the N(10) nucleus (type l), the two non- 
equivalent P-protons (type 2), and the four proton pairs in the 
benzene rings (type 3). In contrast with the interpretation of 
Fenner? the spectrum cannot be simulated by considering the 
P-protons to be equivalent. 

For each set of f m r  groups of lines associated with type 2 
h.f.s., two different linewidth values were used, one for the 
two central components (AHc) and the other for the two 
lateral ones (AHL). This ' alternating linewidth effect ' 13*14 
was found to be necessary for reproducing the overall slope 
appearing in the full experimental spectrum (Figures l a  and b). 
The Table shows the values of the e.s.r. parameters obtained 
by the analysis of the spectrum and optimized by computer 
simulation. The assigment of the h.f.s. constants correspond- 
ing to the protons in the lateral rings has been made on the 
basis of results obtained for 10-methylphenothiazine cation 
radical by MO  calculation^.^^ 

the tumbling of ALMZ+ molecules on the e.s.r. spectra. In a 
similar way as in the case of the results at 293 K, the e.s.r. 
parameters obtained at 273, 253, and 233 K, given in the 
Table, were optimized using computer simulation by a trial- 
and-error process (Figures 2 and 3). 

The results of the simulation process indicate that the non- 
equivalence of the P-protons is kept along this temperature 
range, but some significant changes in the corresponding 
h.f.s. constants have been observed. The value of a(pH1, 
decreases with temperature and a(pH,, increases, the sum 
of both values being practically constant for all tempera- 
tures. 

The linewidths increase at lower temperature, showing that 
the molecular tumbling rate becomes lower. l7 The variation of 
both linewidth values of AHL and AHc with T-' is plotted in 
Figure 4; it can be seen that the moderate alternating line- 
width effect, observed at 293 K, decreases with decreasing 
temperature and disappears at 233 K, where both lines merge. 
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Figure 3. a, Experimental and b, simulated e.s.r. spectra at 233 K 
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Figure 4. Linewidth values AH(G) uersus T-', for the lateral (solid 
line) and central (broken line) components of the quartet associated 
with type 2 hyperfine splitting 

Moreover, with decreasing temperature, the lineshape becomes 
more unsymmetrical; this effect is related to the larger 
variation of the linewidth with T-' for the lines at higher 
magnetic field. 

Below 233 K more important changes appear in the spec- 
trum: the second and third lines tend to approach while the 
fourth moves away from the centre; a substantial increment 
in the linewidth is also observed. These effects are indicative 
of a considerable decrease of the molecular tumbling rate 
corresponding to freezing of the solution. 

Figure 5. Preferred conformation of ALMZ+at 233 K 

On the other hand, on increasing the temperature above 
293 K, certain modifications are observed in the spectra, but 
they do not affect the h.f.s. constants of types 1 and 2, whose 
evolution is central to our study. The linewidth alternating 
effect seems to be smaller in the spectrum taken at 333 K. 

Discussion 
The e.s.r. spectra of PTAZ+ and some of its N-substituted 
derivatives, obtained for the same solvent and similar experi- 
mental conditions, show important differences in the line- 
width of its components. For ALMZ+, the lines are broader 
than for many other FTAZ cation derivatives, and its spectrum 
is less resolved. 

The substituent on nitrogen in phenothiazine derivatives is 
expected to adopt particular conformations trying to minimize 
its steric interactions with the aromatic ring system, par- 
ticularly with the 1 - and 9-hydrogens.' The non-equivalence 
of the P-protons induced by these conformational effects has 
been indicated for neutral molecules by X-ray studies and 
quantum chemical calculations even in the case of sym- 
metrical su bsti tuents. 

For several phenothiazine derivatives having symmetrical 
10-substituents the e.s.r. spectrum of the radical cation in 
solution at 293 K shows seven components,lo*ll which can be 
explained by assuming the equivalence of the P-protons 
together with the approximate relation aN 21 2a(p-",. A seven- 
line pattern with relative intensities 1 : 2 : 2 : 2 : 2 : 2 : 1 is then 
predicted for those derivatives, in accord with the experi- 
mental results. The magnetic equivalence of both P-hydrogens 
in this case may be due to the existence of a single sym- 
metrical stable conformation for which the dihedral angles 
8, and 8*, formed by the 2p(n) orbital of the nitrogen hetero- 
cyclic atom and the P-H-C bonds, are equal, but may result 
also from motional averaging between two interconvertible, 
symmetrically related conformations each having non- 
equivalent P-protons, a circumstance which is known for 
nitroxide  radical^.^^-^^ 

In the case of ALMZ+, a different behaviour is found. In 
the temperature range studied, the spectra show four main 
groups of lines, which can only be simulated on the assump- 
tion of non-equivalent /3-protons (Figure 5). The equivalence 
or non-equivalence of these protons can then explain the 
differences in the number of main groups of lines which can be 
observed in the spectra of different FTAZ-type cation radicals 
having nitrogen substituents with two fl-protons.loJ1 In our 
case, varying the temperature of the solution does not change 
the splitting pattern, but both the observed variations in 

and the presence of a liilewidth alternating effect 
indicate the presence of conformational changes ; again, the 
existence of more than one relevant conformation can be 
assumed. Probably, no more than two of them are of practical 
importance in determining the e.s.r. spectrum; because of the 
chirality of the y-carbon, they will no longer be mutually 
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h.f.s. constants. 
Considering that the spectrum at 233 K is due to only one 

conformation instead of an averaging of two, the values 
Room temp 

A 
R 

H- 

B 

Figure 7. Possible preferred conformations of the side-chain in ALMZ+ 

symmetrical, and furthermore their respective populations 
will be different. 

The experimental results can be accounted for in the follow- 
ing way. The existence of linewidth alternation indicates that 
the interconversion between two conformations is not fast, or 
at least remains below the fast exchange limit over most of the 
temperature range studied. It can be explained by accepting 
that the rotations around the N(10)-C(l1) or C(11)-C(12) 
bonds are restricted due to the conformational barriers 
between the two preferred conformations A and B. At 233 K, 
the interconversion process between the A and B conformers 
is probably slow enough and thus the ‘ linewidth alternating 
effect’ disappears. In this situation we should expect to 
observe for the second type of splitting eight components 
(four for each conformation). The presence of only four at this 
temperature can be explained by considering very different 
populations for both conformations (Figure 6), so that at 
this temperature we observe mainly one of them. At higher 
temperatures the coalescence process will give four com- 
ponents, whose h.f.s. constants will be the weighted average 
of those of the parent conformations (Figure 6). In this 
scheme, the sum of both constants a ( & H , )  f a,pH2, is taken 
as nearly equal in both conformations, bearing in mind that 
the outermost lines are much less broadened by the coalescence 
process than the central lines, as shown experimentally. 
Exact equality, however, is not required by symmetry, due to 
the chiral character of the substituent. The fact that a finite 
change in the values of the h.f.s. constants takes place indi- 
cates that the second conformation has a non-negligible 

In applying equation ( I )  to the case of ALMZ+ we can 
assume that the constant B is not changed significantly by the 

a@-H) = ~ , B c o s ~  8 + B~ (1) 

nature of the 10-substituent, and that Bo is small enough to 
be neglected.’ With this assumption, the values pN 2: 0.29 and 
B = 49 G obtained by Sullivan and Bolton l5 for 10-methyl- 
phenothiazine cation radical have been used; this results in 
OA1 ‘ 2 ~  69 and OA2 2: 51” for ALMZ+ in solution. 

The fact that OA1 + eA2 21 120” indicates that both p- 
protons are located at the same side of the folded plane 
containing the aromatic rings, contrary to the X-ray and 
molecular orbital results obtained for several phenothiazine 
derivatives in the neutral (non-radical) f ~ r m . ~ * ~ J ~  Both 
P-protons will thus occupy the same type of position in 
relation to the folded plane, either both endo, or both exo. 

The experimental results do not allow us to distinguish 
between these two possibilities. Because of the steric inter- 
action of the protons with 1 -  and 9-H in the aromatic rings, 
the exo-conformation is energetically more favourable. In this 
case the repulsions between the P-Hl-H(l) and P-H2-H(9) 
would induce a higher folding of the ring plane than for 
phenothiazine. However, the folding could be significantly 
different for cation radicals. In the neutral mokcules, both 
sulphur and nitrogen atoms have a hybridization with 
important sp3 character, and the lone electron pairs force non- 
planar character on the nitrogen substituents. The radical has 
one lone pair less, and thus an increased sp2 character at 
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nitrogen, which will result in a smaller deviation from planar- 
ity for the aromatic system. If the folding were small enough, 
both P-protons could be accommodated in the endo-position. 
In the following discussion we will consider the P-protons to 
be in the endo-position (Figure 5 ) ;  the same arguments are 
valid for the case of em-position. 

Assuming that both protons are in the endo-position, a 
conformational barrier between two possible conformations 
is due to rotations about the C(l1)-C(12) bond as indicated 
in Figure 7. While conformation A is probably the more 
stable, conformation B may be significantly populated. It is 
of interest that, because of the different steric repulsions of the 
substituents at the y-carbon (Figure 7), the R group will 
move to different sides of the plane of symmetry of the 
aromatic system, and thus the roles of both P-protons in 
determining the h.f.s. constants are changed on passing from 
A to B, i.e., OA1 > CIA2; OBI < eBz and thus aAl < aA2; 
aB1 > aB2. 

The considerable difference between both conformations 
for each P-H h.f.s. constant thus explains that conformation B, 
in spite of its relatively low weight, can significantly affect the 
h.f.s. constants in the high-temperature region (Figure 6). 
This would not happen in a situation where aAl N aBl and 
aA2 2t aB2. 

Other possible conformational changes deserve some 
comment. For example, a conversion between the conform- 
ations (both P-protons endo) and (both P-protons exo) can 
take place by an inversion of the folding of the aromatic 
part of the molecule around the S-N axis, and also by a 
rotation of ca. 180" around the N-C(11) bond. Inspection of 
the resulting steric repulsions shows that such conversion is 
not expected to interchange the relative deviations of P-HI 
and P-H2, but leaves eA1 2: OB1 and eA2 2: eBZ, and therefore 
cannot explain, alone, the observed changes of the h.f.s. with 
temperature. On the other hand, a conformational change 
leaving R and a P-proton in the exo-position and the other 
P-proton in the endo-position (as in the neutral molecule 2 * 3 9 1 * )  

is not compatible with the sum al + a2 being essentially un- 
changed, as found experimentally. 

In summary, the y-branching of the 10-substituent in 
ALMZ+ gives chiral character to the y-carbon, which leads 
to non-equivalence of P-protons; it further induces a difference 
in energy in the preferred conformations whose populations 
depend therefore on temperature. At low temperature (233 K), 
the difference in population and the restriction in the move- 
ment of the side-chain are large enough to observe mainly 
the influence of the most favoured conformation in the e.s.r. 
spectrum. The dihedral angles CIA1 and BA2 can thus be 
measured, and the values they take are probably conditioned 
by the degree of folding of the ring system and the steric 

hindrance of the side chain. Above 233 K the second con- 
formation shows an influence on the e.s.r. spectrum, due to 
motional exchange between both conformations leading to a 
weighted average of the respective spectra; this effect is 
revealed in variations in the values of a(g-H, and in a moderate 
linewidth alternating effect. At higher temperatures (ca. 
333 K), this last effect seems to decrease, due probably to a 
faster interchange between both conformations. The constant 
heterocyclic nitrogen hyperfine splitting constant indicates 
that the unpaired electron spin density in this atom does not 
change significantly with temperature in the range explored. 
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