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We have obtained a resonance Raman spectrum of the radical cation of promazine. We have also carried out
density functional theory calculations to find the structures, hyperfine coupling constants (hfcc’s), spin densities,
and vibrational frequencies for the ground electronic states of the neutral chlorpromazine molecule and its
radical cation. Preliminary vibrational assignments were made for all of the observed bands in the resonance
Raman spectrum of the radical cation of chlorpromazine and in the FT-Raman spectrum of the neutral
chlorpromazine molecule. Our results indicate that the radical cation of chlorpromazine has a nonplanar structure
similar to that of the radical cation of promazine. However, the chlorine atom at the 2 position in chlorpromazine
appears to noticeably change the hfcc’'s and spin densities of the radical cation compared to the radical cation
of promazine. This is possibly due to conjugation and/or through-bond interactions of the chlorine atom with
the central-ring heterocycle.

Introduction and fluorescence study of the reactions of phenothiazine, and
- R . . . . several of its derivatives, with chloroalkanes indicated that an
Phenothiazine derivatives witR-aminopropy! side chains,

. . . electron-transfer or charge-transfer interaction takes place when
such as promazine and chlorpromazine, are of interest due to

. S . . the radical cation is presetHt.
their applications as tranquilizers and neuroleptic agefss Th lecul fth | oh hiazi lecul
well as their potential use in solar energy applicativitshas e molecular structure of the neutral phenothiazine molecule
been suggested that phenothiazine, promazine, and c:hlorprom-and Its derivatives depends on the S'.de. chain and other
azine act as good electron donors and possibly function as aSUbSt'tLljemrS] connecltedh to trt:_e _phenot|h|a2||ne_ npélget%or b
charge transfer or electron donor at drug receptor $itgsich ehxamp e the n?l#ra P :anot |a?|nhe mo emt,l]e 's 1o éla'h 6;1 OIUt
is consistent with the generation of charge-transfer complexest e N=5 axis with two planes of the rings having a dihedral

of phenothiazine-like compounds with various acceptor mol- a?c?ri?agifnleSaSﬁilgg ?ol:]iﬂgglr arrc])?T:Zztirr?QSfTohr;nrsa(tﬁcl;:IO:: ;(t)iz)ns
ecules’ The radical cations of phenothiazine and its derivatives P P :

are relatively stable, and it has been suggested that they play aof phenothizaine and its derivatives noticeably open up their

role in the biological function of phenothiazine-like compoufds. Structures relative 1o their neutral molecules. The results of

Because the phenothiazine class of drugs are greatly sensitivéézg:t'o?Lzr?ct't?onngotfécﬁp?De':)(%egg?gjgiggg ;?lfjeg;a:rlimtgltal
to changes in molecular structure, detailed information about Yy Y p

the electronic structure and geometries are needed to bettel!?aman spectikélndlcate.thgt the radical cation of phenothlazme
Is planar (or nearly so) in its ground state, with a dihedral angle

understand how the small changes in these molecules and radicaN1800 EPR experiments on the radical cations of promazine
cations influences their biological functions and activities. ) Pe P

Houk and co-workers measured the photoelectron spectra ofanOI chlorpromazine suggest that they are nonplanar, and the

- : - > Photoelec P folding dihedral angle of chlorpromazine radical cation was
phenothiazine and four biologically active derivatives and found __.:
: o P . . estimated to be-169.9.

very little variation in their ionization potentials, which suggests S IR tudies h b ; d for phenothiazi
that there is not a direct correlation between the neuroleptic everal kaman studies have been periormed for phenothiazine

; ; e 50 . .
activity and the ionization potentifl.Several EPR investigations anf_l Its pl’nfotcr)]cher;r;:_cal_reactlc&?f?g. th he tr?plettﬁ_tat(_a and radical
suggest that the biological activities of the phenothiazine class ca g)ns.t?] pheno |az:jm:. an _CI or(|jo eno |a2|neRwere exam-
of drugs are related to the ability of the aromatic moiety to make Inéd with nanosecond time-resolved resonance =aman Spec-
a molecular complex at the receptor sité2 A time-resolved troscopy l_)y '_I'akahashl and_ co-workéfsThey foynd that the
absorption spectroscopy investigation of the radical cations of S![O'? dgnsny IS mj"”k')X Ig)tpah[)zg_? onl thle t'S atorr]'n n tbhetr'l'plet ted
promazine and chlorpromazine showed that the radical cations> 2'€- Raman and ab initio calculations have been reporte
are formed by a direct photoionization proc&This study for the neutral molecules and radical cations of phenothizaine

in@s.21 i i i
found that the chlorpromazine radical could also be formed by alnd t?r?’l?]aztlnté. ;rnssi |n\t/:es|,t|r?]aflonsi four;d :\he:: t{;ﬁ gzﬁundnd
the loss of the chlorine atom from the triplet st&te&hlorpro- electronic states of the neutral molecules ot pnenothiazin€ a

mazine is about 10 times more toxic than promazihend it promazine have nonplanar structures with dihedral angles of

has been suggested that this is due to the formation of the radicaIN1530 and~147.T, respectively, while the radical cation of

by dechlorination of chlorpromazine. A time-resolved absorption phe_nothla;me is planar .(W't.h a dihedral angJéSO") and the
radical cation of promazine is nonplanar, with a dihedral angle

N YN . .
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radical cation has more spin density on sulfur than on nitrogen. K oS A

8
The promazine DFT calculated HOMO and LUMO electron ”@[ ’
densities exhibit differences in both the central ring and the side ? SN2 -
chain upon excitatioft ! ‘
In this paper, we present a resonance Raman spectrum of "
the radical cation of chlorpromazine. We also report ab initio -

DFT calculations for both the neutral chlorpromazine molecule
and its radical cation. The optimized structures, electron spin
distributions, and vibrational frequencies were computed for the Figure 1. Diagram of the chlorpromazine molecule with the carbon
neutral chlorpromazine molecule and its radical cation. Pre- @nd nitrogen atoms numbered-20. The numbering corresponds to
liminary vibrational assignments are given for the experimentally the atom numbers used in Tables 1, 2, 5, and 6.

observed Raman bands of chlorpromazine and its radical cation
The structural and vibrational frequency shifts observed upon
the production of the radical cation from the neutral molecule

of chlorpromazine are discussed with the computed electronlcazine molecule. The potential energy distributions (PED)

structures. We compare our results for the chlorpromazine obtained from the NMODE progra#hand visual inspections

moleculg apd radical cation with those prewously found for of the animated normal modes from the Molden progfamere
phenothiazine and promazine. We discuss the varying structures ' . L o
and biological acitivities of phenothiazine, promazine, and used to find descriptions of the vibrational modes. Vibrational

. frequency isotopic shifts fot'S- and™>N-substituted derivatives
chlorpromazine. -
of chlorpromazine were also calculated to help make some

tentative vibrational assignments from comparison to experi-
mental isotopic data available for the structurally similar

We have previously described the experimental methods andphenothiazine molecule and calculated isotopic data for pro-
apparatus used to acquire nanosecond time-resolved resonana@azine. Hartree Fock (HF) computations were also done for
Raman spectr&?t24 so we shall only give a brief account the ground state of chlorpromazine using the Gaussian pro-
here. The excitation wavelengths for the pump and probe lasergramg5 for comparison purposes.
beams were provided by the hydrogen Raman-shifted laser lines
from the harmonics of a pulsed nanosecond Nd:YAG laser. The Results and Discussion
pump and probe beams were spatially overlapped and lightly
focused on a flowing liquid stream of sample using a near
collinear geometry. An optical delay was used to provide the

N
20/ \19

frequencies were obtained analytically, and no imaginary
frequencies were observed at the optimized structures of either
the radical cation of chlorpromazine or the neutral chlorprom-

Experiment

Figure 1 displays a simple diagram of the chlorpromazine
molecule with the carbon, sulfur, and nitrogen atoms numbered
1-20, corresponding to the numbers used to denote the atoms

ttered liaht lected with a backscatteri i g'in Tables 1 and 2. Table 1 lists the chlorpromazine structural
scattered ight was collected with a backscattering geometry an parameters obtained from the RHF/6-31G* and DFT B3LYP/

reflective optics. Th(_e reflective optics imaged th_e Raman signal 6-31G* calculations, and these results are compared to the
through a depolarizer _and the_ entrance S.“t of a 0'.5 m experimental values obtained from X-ray crystallography mea-
spectrograph onto a grating that dispersed the l'ght OntoaI'qu"]l'surement§9 Both the experimental and the computational

nitrogen-cooled CCD detector. The CCD acquired the Raman dihedral angles of chlorpromazine between the two lateral rings

signal t(for abggtlg_o;SlOf ?\ before gelntg readout to adP? indicate that the ground electronic state of chlorpromazine is
computer, an of these readouts were Summed 10 ¢44eq along the N-S axis, and this is similar to analogous

obtain the resonance Ramgn spectrum. The FT-Rgman SPECU s its for promaziné! The introduction of the (CkJsN(CHz),
of the neutral chlorpromazine molecule were obtained using ide chain at the N-atom position of the phenothiazine group,

commercial FT-Raman spectrometer (Bio-Rad) with cw 1064 to form the promazine derivatives, gives rise to smaller dihedral

nm excitation. , angle values. This suggests that the degree of folding increases
Chlorpr.omazme, spectroscopic grade. methanol, and carbonfor large substituents at N-substituted derivatives, such as
tetrachloride were purchased from Aldrich and used to make promazine and chlorpromazine, because of interactions between
samples for the Raman experiments. The tl_me-resolveog "S%the side chain and the central ring system of the phenothiazine
nance Raman experiments used concentrationsSok 10- group. In contrast, the chlorine substitution that forms chlor-

M_ch:jorprlomatzmetln a10:2 me??nollcm‘lzig Somem' The .__promazine from promazine has little effect on the dihedral angle.
Mixed solvent System was used to quench theé Chiorpromazin€g, » ination of Table 1 shows that the HF and DFT compu-

fluorescence_ and to efficiently .form the radical cation of tational results have similar values for both the bond lengths
chlorpromazine .because of the interactions of thestate .of and the bond angles for the ground electronic state. The
the. molec_ule with the chIor_oaIkané"s.The chlor_pro_mazme computational results of Table 1 generally display reasonable
radical cation has_ an absorption barB20 nm (which is clo_se agreement with the experimental (X-ray) results. Comparison
to our probe excitation wayelength of 532 nm), according to of the CSC and CNC bond angles in Table 1, for chlorpromazine
laser flash photolysis experimerifs. with the corresponding values for phenothiazifi€indicates
that the introduction of the side chain in chlorpromazine has
little effect on these bond angles.

The optimized structures, electron spin distribution, hfcc’s,  The structural parameters of the radical cation of chlorprom-
and vibrational frequencies of neutral chlorpromazine and its azine, computed from UHF and DFT calculations, are compared
radical cation were calculated using DFT computations and the with results derived from X-ray diffraction experiments in Table
Gaussian program suitésThe DFT computations used Becke’s 2. The DFT calculations and the experimental results shown in
three-parameter hybrid method using the t&ang—Parr Tables 1 and 2 indicate that the dihedral angle increases upon
correlation functional (B3LYF¥ and the 6-31G* split valence  going from the parent molecule to the radical cation of
plus polarization basis set. The gradients and vibrational chlorpromazine (146to 171.7, DFT; 139.4-69.9, experi-

Calculations
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TABLE 1: Structural Parameters for the Ground State of
the Neutral Chlorpromazine Molecule Calculated Using HF

and DFT Methods with a 6-31G* Basis Set and a

Comparison to Experimental Values Determined by X-ray

Pan et al.

TABLE 2: Structural Parameters for the Ground State of
the Radical Cation of Chlorpromazine, Calculated Using HF

and DFT Methods with a 6-31G* Basis Set and a

Comparison to Experimental Values Determined by X-ray

Diffraction & Diffraction for Chlorpromazine 2
RHF DFT/B3LYP X-ray RHF DFT/B3LYP X-ray
parameters calcd calcd expt parameters calcd calcd expf
dihedral angle 147 146 139.4 dihedral angle 170.4 170.5 169.9
(S-N) (S-N)
dihedral —82.9 —82.2 dihedral —89.5 —89.6 —88.4
(C16—Ci5—N—Cy) (Ci6—Cis—N—Cy)
dihedral 161.8 160.6 dihedral —160.5 —155.8 —178.4
(C17— Ci6—Cis— N) (C17— Ci16—Cis— N)
dihedral 82.8 81.7 dihedral 82.3 85.1 54.5
(Clg— N1g—Ci7— Cle) (C19— N1g—Ci7— Cle)
Cs—S—Cg 98.8 99.2 97.3 Cs—S—Cg 100.1 102.4 99.6
Co—N—Cy 120.7 121.6 118.4 Co—N—Cy 124.0 124.1 123.5
Cs—S 1.768 1.776 1.75 Cs—S 1.749 1.739 1.733
Cs—S 1.770 1.779 1.75 Cs—S 1.751 1.742 1.776
C,—N 1.404 1.41 1.40 C,—N 1.387 1.396 1.391
Co—N 1412 1.418 141 Co—N 1.382 1.400 1.442
Cis—N 1.460 1.467 1.51 Cis—N 1.501 1.487 1.459
Ci—C; 1.393 1.406 1.4 Ci—C; 1.422 1.414 1.414
C—Cs 1.40 1.413 1.4 C—Cs 1.417 1.423 1.361
Cs—Cy 1.382 1.394 1.42 Cs—Cy 1.401 1.407 1.392
C,—Cs 1.385 1.395 1.38 Cs—Cs 1.390 1.380 1.385
Cs—Cs 1.376 1.388 1.39 Cs—Cs 1.400 1.407 1.358
Ce—Cy 1.383 1.394 14 Ce—Cy 1.384 1.385 1.360
Ci5—Cis 1.541 1.546 1.53 Ci5—Cis 1.534 1541 1.499
Cis—Cy7 1531 1.536 1.55 Ci6—C17 1.533 1.538 1.527
Ci7—Nss 1.456 1.468 1.45 Ci7—Nss 1.455 1.468 1.509
N1g—Cig 1.449 1.459 1.46 N1g—Cio 1.456 1.466 1.453
N1g—Cxo 1.449 1.460 1.49 N1s—Cxo 1.455 1.466 1.453
Ci—H; 1.067 1.079 Ci—H; 1.066 1.079
Cs—H,4 1.075 1.086 Cs—Hq 1.074 1.086
Cs—Hs 1.073 1.084 Cs—Hs 1.072 1.084
Ce—Cl 1.745 1.762 1.74 Ce—ClI 1.727 1.736 1.729
C,—N-Cs 119.6 118.8 117.8 Co—N-Cs 118.3 118.3 118.7
Co—N—C;ys 118.5 117.9 117.7 Co—N—Cys 117.4 117.6 117.6
C,—Cs;—S 119.9 120.4 119.7 C,—Cs;—S 123.0 123.4 125.0
Cs—C,—N 120.9 121.3 118.1 Cs—Co—N 122.3 122.3 122.6
S—C3—C4 119.1 118.6 S—C3—C4 117.0 116.0 113.4
C,—Ci—H; 121.2 121.2 C,—Ci—H; 121.6 1211
Ci—C—Cs 117.4 117.4 120.3 Ci—Cr—Cs 118.2 117.4 117.6
C,—C53—C, 120.8 120.8 119.3 Co—Cs—C4 119.8 120.5 121.5
C3—Cs—H, 118.9 118.9 Cs—Cs—Ha 118.9 119.1
C3—Cs—Cs 121.4 121.5 121.7 C3—Cy4—Cs 121.5 1211 120.5
Cs—Cs—Hs 121.3 121.3 Cs—Cs—Hs 120.8 121.0
C4—Cs—Cs 117.6 117.6 117 Cs—Cs5—Cs 118.8 118.6 117.3
Cs—Cs—Cl 119.5 119.6 118.7 Cs—Cs—Cl 119.8 119.3 118.4
Cs—Ce—Cy 122.0 122.0 119.8 Cs—Cs—Cy 120.6 121.5 119.7

aBond lengths are in A and bond angles are in degre¥alues
are from X-ray diffraction experimental results reported in ref 11.

aBond lengths are in A and bond angles are in degre¥salues
are from X-ray diffraction experimental results reported in ref 29.

mental). The radical cation of chlorpromazine has a nonplanar to be deficient in computing accurate hfcc’s and spin densities,
structure, and this is consistent with previous electron spin due to severe spin contamination of the ground-state wave
resonance (ESR) studies that suggest that the promazine andunction3° we only compare the hybrid HF/DF B3LYP results
chlorpromazine radical cations are nonplaHar. The change to the experimental results. Several investigations on other
in oxidation affects the folding dihedral angle, mainly due to organic radicals have shown that gradient corrected BP86,
the change in heteroatom hybridization. An inspection of Tables BLYP, and hybrid HF/DF B3LYP methods produce calculated
1 and 2 reveals that several bond lengths and bond angleshfcc’'s that are close to the values obtained from ESR
associated with the central ring group change noticeably uponexperiment$1-33 Examination of Table 3 shows that there is
formation of the radical cation from the neutral parent chlor- reasonable agreement between the DFT computed results and
promazine: the €S bond length decreases by 0.04 A, theNC the experimental ESR results (note, the experiments determine
bond length decreases by 0.018 A, the CSC bend angle increasesnly the magnitude and not the sign of the hfcc’s). The ratio of
from 99.2 to 102.4, and the CNC bend angle increases from o(N)/a(Hs) is interpreted in terms of the dihedral folding angle
121.6 to 124.F. The phenyl ring bond lengths {€C,, of the radicals in response to the type of substitdérnthe
C,—Cs, and G—Cq) increase upon formation of the radical relative value of this ratio for side chains attached with primary
cation from the neutral chlorpromazine molecule. or secondary carbons is consistent with the steric requirements
Table 3 compares calculated and experimental proton hfcc’s of the side chains (e.g., the more hindered the aminum center,
for the radical cations of phenothiazine, promazine, and chlor- the greater the fold angle induced in the central heterocycle). It
promazine. Because UHF and MP2 ab initio methods are known is interesting to note that the calculated valuew(fl) decreases
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TABLE 3: Hyperfine Coupling Constants? (hfcc’s) A =
Calculated Using DFT Methods with a 6-31G* Basis Set and =
a Comparison to Experimental Values for Phenothiazine
(PHT), Promazine (PRZ), and Chlorpromazine (CPRZ)
Radical Cations

DFT/B3LYP calcd expt .
=

parameter PTH PRZ CPRZ PTH PRZ CPRZ 'z
o(N) 545 941 656 6.34 7.08 685 2
a(BH) —7.94 353 336 729 352 @ 3.42 RS
o(Hy) 074 -139 -064 113 092 101
o(Ha) -098 094 045 050 040 050
o(Hs) 266 —2.84 —243 249 192 189
o(He) -066 -024 025 050 0.80

o(N)o(Hs) ~ 2.06 332 270 255 3612 3.62

aHyperfine coupling constants are in Gauss urfitéalues from ref

T T T T T T T T T T T
300 600 900 1200 1500 1800

17.¢Values from ref 11. .
: : - : Raman Shift (cm )

TABLE 4: Spin Density Dsitributions for the Radical

Cations of Phenothiazine (PTH), Promazine (PRZ), and Figure 2. (A) FT-Raman spectrum of neutral chlorpromazine molecule

Chlorpromazine (CPRZ), Calculated Using DFT Methods in the solution phase. The spectrum has been solvent and background

with a 6-31G* Basis Set subtracted. The asterisk marks a solvent subtraction artifact, and the

larger Raman bands are labeled. (B) Time-resolved resonance Raman

DFT/B3LYP calcd spectrum of the radical cation of chlorpromazine in the solution phase.

parameter PTH PRZ CPRZ The spectrum has been solvent and background subtracted, and the
0s 0.27 0.23 0.26 larger Raman bands are labeled.

PN 0.26 0.33 0.28

pc1 0.02 0.04 0.01 moderately compared to the value for the promazine radical
pc2 0.04 —0.01 0.01 cation (0.23). This qualitative behavior of the S- and N-spin
pes 0.12 0.12 0.12 densities is consistent with our calculated hfcc’s and previously
22‘5‘ _8:28 _%%(31 %%}9 reported ESR experimental results,’ which suggest that the

pco 0.01 —001 0.02 redistribution of charge and spin density of the unpaired electron
pcs 0.12 0.13 0.11 occurs in the radical cation of chlorpromazine because of the
pco 0.04 0.01 0.03 interaction of the chlorine atom substituent. The values of the

spin densities at £(0.12) and @ (0.11) are larger than those

going from the promazine radical cation (9.41) to the chlor- of other carbon atoms, and this is consistent with the ESR
promazine radical cation (6.56), and the value.¢gdH) for the experimental results;1” which indicate that the side-chain
radical cation of chlorpromazine also decreases in comparisoninteraction with the central ring of the phenothiazine group in
with the value for promazine. The same qualitative trends are promazine and chlorpromazine displays preferences for par-
also observed for the((N) and a(8H) changes between the ticular conformations along the-@N bond.
promazine and chlorpromazine radical cations for the experi- Figure 2A shows the FT-Raman spectrum of the neutral
mental values of Table 3. The differences found for the hfcc’s chlorpromazine molecule in its ground electronic state. Table
between the promazine and chlorpromazine radical cations5 presents a comparison of the experimental Raman vibrational
indicate that the redistribution of charge and spin density of frequencies with the RHF- and DFT-calculated vibrational
the unpaired electron are related to the presence of the chloringfrequencies for chlorpromazine. Table 5 also lists the DFT/
atom. Solvent interaction with the chlorine atom may indirectly B3LYP calculated isotopic shifts for sever@iS- and °N-
affect the hfcc’s. For example, solvent effects on the radical substituted derivatives of chlorpromazine. A comparison of the
cations of promazine and chlorpromazine were reported by SoriaHF and DFT calculations with the experimental values shows
and co-workers in a series of ESR experiments. They found that the DFT-calculated vibrational frequencies exhibit reason-
that the electronic effect of the chlorine atom substituent is likely able agreement without scaling, while the HF values need to
perturbed by solvent interaction with the chlorpromazine radical be scaled (and generally do not agree as well as the DFT resullts).
cation through hydrogen bonding with the chlorine atom. The This is similar to other comparisons of ab initio calculated
ESR experimental results also found that the decrease in thevibrational frequencies with experimental results for other
a(BH) coupling constant is related to the decrease ofitlspin organic molecule$>3® However, we note that there is a
density @(N)). somewhat larger discrepancy between the ring3tretch and

Table 4 presents the calculated spin densities of the carbonthe C-H stretch DFT-calculated values and the experimental
sulfur, and nitrogen atoms of the radical cations of phenothi- values, which is similar to the DFT results for tetrachlorinated
azine, promazine, and chlorpromazine, determined using adibenzodioxins reported by Rauhut and PWlay moderate
Mulliken population analysis of the B3LYP DFT results. amount of scaling for the ring €C and C-H stretch modes
Mulliken population analyses give atomic charge spin densities (scaling of these modes by 0.96%4ives the values shown in
that noticeably depend on the particular basis set and compu-parentheses in Tables 5 and 6) can improve the agreement
tational methods employeéd.Thus, the spin densities given in  between the DFT and the experimental values. We shall refer
Table 4 should be used with some caution. However, the to the DFT calculation results when making preliminary
qualitative features of the calculated spin densities in Table 4 assignments for the experimental Raman vibrational bands in
are interesting to compare. The magnitude of the spin density the succeeding section.
at N (0.28) for chlorpromazine radical cation is smaller than  The DFT calculated ring €C stretch modes at 1606 and
that at N (0.33) for the promazine radical cation, while the spin 1659 cnt! are assigned to the experimental Raman bands at
density at S (0.26) for chlorpromazine radical cation increases 1570 and 1594 cmi, respectively (similar to previous assign-
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TABLE 5: Vibrational Frequencies? of the Neutral Chlorpromazine Molecule Calculated Using HF and DFT/B3LYP Methods
with a 6-31G* Basis Set

approximate description calcd RHF calcd DFT éxpt 34S-subst DFT  Njg-subst DFT  Njg subst DFT
central-ring def 56 55
(out-of-plane butterfly-like mode)
central ring boat def. 85 87
ring def (out-of-planejt CCCNygtorsion 101 107 116 w
ring def (out-of-plane) 142 149 147 m
central ring boat def 163 169
N10CCC torsion 208 219 207 vw
central ring chair defr CCCNyg torsion 221 237 228 vw
central ring boat def 283 290 290s
CN1gC wag 291 307 315m 3.1
central ring deft- NC,5C16 Wag 319 333 15
CN1oC wag 370 393 378 w 2.1 1
CCNigwag 389 408
CNi¢C bend 413 432 429 w 0.8
Central ring def 422 441
CSC bend 434 455 442 w 3
ring def (out-of-plane) 471 468 478 w
ring def (out-of-plane) 490 489 535w
C—Cl stretch 527 543 589 w
CCC bendt CCNyo bend 612 609 614 vw 1.8
CN1C bend 650 674 681 vs ? 3.1
CCC bend 677 698 681vs ?
CCC bend 702 725 727 vw ? 1
CHarock 714 735 727 vw ?
C—H bend (out-of-plane) 766 763 768 vw
C—H bend (out-of-plane) 781 785 799 vw
CH, rock 811 842 836 w
C1sCye stretch 848 884 882 vw ?
C—H bend (out-of-plane) 873 890 882 vw ?
CH, twist + CsNCys bend+ C—Cl str 899 932 934 w 7.1
C—H bend (out-of-plane) 921 978 973 vw
CN;¢C stretcht- C6—Cy7 stretch 967 1005 5.7
C—H bend (out-of-plane) 1008 1019
ring breathing 1032 1074 1040 vs
CH; wag 1051 1084 1056 s
CSC sym stretch 1074 1125 1110vs 1
CH; wag 1101 1139 1139 w
C—H bend 1128 1175 1165 m
C—H bend 1142 1191
C—H bend+ CH; twist 1170 1210
ring def 1193 1235
CH, twist 1221 1258 1248 m?
CN;oC sym stretch 1244 1281 1248 m ? 7.9
C—H bend+ CH; twist 1259 1301 1294 s
CH;, twist + CNyg stretch 1292 1331 1327 w 6
CH, twist 1310 1346
C—H bend+ CH, twist 1354 1400
CH, wag 1380 1421 1410 vw
CH,wag 1393 1434
C—H bend+ CCC sym stretch 1407 1452 1457 m
CHs sym def 1436 1486 1467 m
CH; sym def 1459 1505
CHs bend 1473 1527
CH, bend 1483 1542
CH; bend 1495 1556
CH, bend 1501 1567
ring CC stretch 1574 1606 1570 vs
(1544)
ring CC stretch 1589 1634
(1570)
ring CC stretch 1611 1659 1594 s
(1595)
C—H stretch 2784 2936 or (2822)
C—H stretch 2795 2952 or (2838)
CH, sym stretch 2874 3060 or (2942)
CHs sym stretch 2895 3090 or (2971)
CH, asym stretch 2917 3111 or (2991)
CHs asym stretch 2935 3135 or (3014)
ring CH asym stretch 3003 3199 or (3076)
ring CH asym stretch 3014 3210 or (3086)
ring CH sym stretch 3033 3228 or (3103)
ring CH sym stretch 3052 3253 or (3127)
ring C—H stretch 3071 3244 or (3119)
ring C—H stretch 3110 3292 or (3165)

2The calculated frequencies are compared to experimental values where availatisework. Experiment intensity description: ¥s very

strong; s= strong; m= medium; w= weak; vw= very weak. DFT calculated values in parentheses a+r€ Gtretch and €H stretch frequencies
scaled by 0.9614 (see text).
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TABLE 6: Vibrational Frequencies? of the Radical Cation of Chlorpromazine Calculated Using UHF and DFT/B3LYP

Methods with a 6-31G* Basis Set

approximate description calcd UHF calcd DFT éxpt 3S-subst DFT 1Njgsubst DFT  'Njg-subst DFT
ring def (out-of-plane) 60 62
central ring boat def 89 96
ring def (out-of-planej}t CCCNg torsion 101 104
central ring deft- C—Cl def 158 165
ring def (out-of-plane) 200 217
ring CCCC wag 223 235
CN1¢C wag 274 293 285w 1.2 2.3
central ring boat def 312 328 1.7
central ring chair def 359 382 377w 2.7 1
ring def (out-of-plane) 402 426 421 m
CSC bend 436 453 477 m 2.5
ring CCC wag 453 488
ring def (out-of-plane) 505 545 522 w 1.6
C—Cl stretch 525 558 559 vs 2.3 14
ring CCC wag 576 617 611w 2
ring CCC bend 597 637 653 m
CNyC bend 650 677 673s 31
C—H bend (out-of-plane) 690 729
C—H bend (out-of-plane} Ci15—Nig stretch 717 746 15
C—H bend (out-of-plane) 749 758
C—H bend (out-of-plane) 760 802 794 s
CNi5C sym stretcht CH, rock 815 845
C—H bend (out-of-plane) 820 858
ClS_ ClG stretch 852 890
C—H bend (out-of-plane) 871 922
CCC bend+t CyN stretch 886 943 6.2
Ci6—Cy7 stretch+ N1g—Cy7 stretch 947 997 4.8 3
Cis—Njo stretch 971 1043 1035m? 4.1
ring breathing 1013 1065 1035m?
CHs; wag+ CH; rock 1042 1077
CHrock + CH; wag 1069 1107
CSC sym stretch 1080 1120 1121 vs 1
CHs; wag 1098 1134
C—H bend 1122 1178 1157 w
C—H bend+ CNjg stretch 1133 1235 1235m? 25
CN;oC sym stretch 1156 1263 1235m? 4 25
C—H bend 1177 1298 1283 vw
C—H bend 1231 1309
CH, twist 1265 1324 1337s
CH, wag 1298 1380 4
CHa twist 1315 1385
CH;wag 1337 1391
C—H bend 1351 1442
CH; wag 1369 1409
CH, wag 1389 1427
C—H bend 1425 1496 1470s?
CHj; sym def 1438 1509 1470s?
ring CC stretch 1460 1496
CH, bend 1480 1532
ring CC stretch 1493 1581 1557 vw
(1520)
ring CC stretch 1503 1611 or (1549)
ring CC stretch 1543 1643 or (1580)
CH stretch 2818 2982 or (2867)
CH, sym stretch 2834 2993 or (2877)
CH, sym stretch 2884 3069 or (2951)
CHjs sym stretch 2899 3096 or (2979)
CH.asym stretch 2925 3113 or (2992)
CHjz asym stretch 2941 3143 or (3021)
CH, sym stretch 2960 3122 or (3001)
CH, asym stretch 3017 3169 or (3047)
ring C—H asym stretch 3029 3223 or (3099)
ring C—H stretch 3043 3232 or (3107)
ring C—H sym. stretch 3053 3249 or (3123)
ring C—H stretch 3160 3297 or (3170)

2 The calculated frequencies are compared to experimental values where avildtisework. DFT calculated values in parentheses aréCC

stretch and €H stretch frequencies scaled by 0.9614 (see text).

ments made for phenothiazine and promazine). The experimentabend+ CCC sym Stretch) vibrational modes. The experimental
1410, 1327, and 1165 crh Raman bands are assigned to the
nominal CH wag (DFT calculated 1421 cm) and two G-H

Raman bands at 1467 and 1457 ¢rare assigned to the DFT
calculated 1484 cmt (CH; sym Def) and 1434 cmt (C—H
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bend modes (DFT calculated 1331 and 1165Ynrespectively. derived from photoelectron specftalso imply that the dihedral
The 1248 cm! experimental Raman band is assigned to the angle change, upon production of the radical cation, leads to
DFT calculated &N1p—C symmetric stretch mode at 1283 bettersr-orbital overlap between the C and the N atoms and
cmt and/or the CHtwist at 1258 cm?, while the 1110 cm! between the ring C and the ring S atoms to give larger aromatic
experimental band is assigned to the &-C symmetric-stretch resonance stabilization of the radical cation. This would be
vibration (DFT-calculated frequency of 1127 chv The expected to affect the-€S and C-N bonds’ electron density
calculated isotopic shifts for théS- and *N-substituted more than it would affect the two phenyl rings. It is interesting
chlorpromazine derivatives in Table 5 for the-6—C and that the CN¢C bend and CNC symmetric stretch vibrational
C—N-—C symmetric stretch modes are similar to experimental frequencies of the radical cation remain close to the values for
isotopic shifts observed for the corresponding modes in 2-chlor- the neutral chlorpromazine molecule (681 and 1248 cfar
phenothiazine moleculé8. The Raman bands at 442 and 429 neutral chlorpromazine and 673 and 1235 éror the radical
cm ! are assigned to the CSC bend and the central ring cation) and have a moderate lowering of frequeneg @nd
deformation and/or CNC bend modes, respectively. Using a —13 cnt?, respectively). This is in contrast to the case of
comparison to the promazine and 2-chlorophenothiazine mol- phenothiazine, for which these two modes increase in frequency
ecules, the experimental chlorpromazine bands at 535 and 58Significantly in the radical cation compared to the neutral parent
cm™! are assigned to the out-of-plane ring deformation and molecule!® The phenothiazine radical cation displays substantial
C—Cl stretch modes, respectively. We have also made prelimi- increases in the vibrational frequencies of the 1gNbend,
nary assignments of the other Raman bands observed, and theZN;(C symmetric stretch, CSC bend, and CSC symmetric
are given in Table 5. The two experimental Raman bands at stretch modes, compared to the neutral phenothiazine molecule,
681 and 727 cm! assignments are somewhat ambiguous which is consistent with a planar structure of the radical cafion.
because of the two possible assignments for each of these modesiowever, the ChyC bend and CNC symmetric stretch modes
However, further experimental data, using ;o substituted for both promazine and chlorpromazine radical cations lack the
derivative, could likely distinguish the two possible assignments frequency increases (and even display moderate decreases in
for the 681, 727, and 1248 crhRaman bands because one frequency), relative to the neutral parent molecules, and this
possible assignment is predicted to shift noticeably in frequency, implies that these radical cations still have a nonplanar structure.
while the other possible assignment would not shift in frequency. This implication is corroborated by the chlorpromazine radical
Similarly, the isotopic shifts for other derivatives of chlorprom- cation DFT-calculated dihedral angle of £71he calculated
azine could be used to improve or better determine the hfcc a(N)/a(Hs) ratio, and the ESR results (shown in Table
vibrational assignments of other experimentally observed vi- 3).11.17
brational bands as has been done previously for the related we have also made a semiquantitative comparison of the
phenothiazine and 2-chlorophenothiazine compodfds. calculated vibrational normal modes of the chlorpromazine
Figure 2B displays a time-resolved resonance Raman spec-radical cation with those of the promazine radical cation, using
trum of the radical cation of chlorpromazine. Table 6 gives a the ViPA program®4° (this program provides quantitative
comparison of the UHF and DFT/B3LYP calculated vibrational analysis of the vibrational modes of one molecule for comparison
frequencies with the observed Raman vibrational frequencies.with those of a structurally similar molecule). The decomposition
We have made preliminary assignments for the experimentally of the calculated (UHF) mode at 525 chinto promazine
observed Raman bands (given in Table 6) of the radical cation modes (5.6%, 328 cm + 2.6%, 406 cm?! + 7.0%, 454 cm!
of chlorpromazine, and we shall focus on some of the highlights + 3.9%, 591 cm?) does not have any contribution greater than
here. One of the largest resonance Raman bands is the nominal0% from the promazine radical cation modes. This is consistent
C—Cl stretch vibrational mode at 559 ¢y and this frequency  with its assignment to the nominaHl stretch mode. Similar
is close to that observed in the resonance Raman spectra ofesults are found for the calculated 158 dmode, and this is
2-chlorophenothiazine (553 c).2° The experimental Raman  consistent with its assignment to the ring deformation (out-of-
bands at 1121, 673, 477, 421, and 285 ¢@are assigned to the  plane) plus the €CI bend deformation. The €C stretch and
nominal CSC symmetric stretch, G§C bend, CSC bend, ring  C—H stretch normal modes for chlorpromazine radical cation
deformation (out-of-plane} N;gCCC torsion, and CNC wag are very similar to those of the promazine radical cation. For
modes, respectively. A few of the observed Raman bands, suchexample, the ring €C stretch at 1543 cmi of the chlorprom-
as the 1235 and 1035 crhbands, are not easy to assign because azine radcial cation is described as 90% of the 1543'anode
they each have two plausible assignments. However, experi-of the promazine radical cation. However, some of the lower
mental isotopic derivative vibrational spectra for the radical frequency modes of the chlorpromazine radical cation are
cation of chlorpromazine can likely be used to distinguish the different from those of the promazine radical cation because
between the two possible assignments because of the differingtheir structures are noticeably different from each other.

isotopic shifts of their vibrational modes (such as #i;sg Generally, these lower frequency chlorpromazine radical cation
derivative for the 1235 cmt band and thé>N,q derivative for modes have a large contribution from the promazine radical
the 1035 cm? band). cation mode that is very close in frequency to the chloroprom-

It is revealing to compare the chlorpromazine radical cation azine radical cation vibration. The decomposition of the
Raman spectrum with that for the neutral parent molecule. The chlorpromazine radical cation modes into the promazine radical
vibrational frequencies of the CSC bend and the CSC symmetric cation normal modes, determined using the ViPA prog?affi,
stretch modes increase by 35 and 11 &mespectively, upon  is available as Supporting Information.
changing from the neutral chlorpromazine molecule to its radical ~ The resonance Raman intensity patterns of the radical cations
cation. This suggests that the dihedral angle along th&lS  of chlorpromazine and promazine are very different from one
axis becomes greater in the radical cation than in the parentanother. This implies that the excited electronic states of the
neutral molecule, and this is consistent with the results of both radical cations of promazine and chlorpromazine undergo
the DFT ab initio calculations presented here and the ESR significantly different structural changes relative to their ground
experiments for chlorpromazine previously reporftet Results electronic state structures. The-Cl stretch and CSC symmetric
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stretch are substantially larger than the,@Nbend and CiNC 1.74 to 1.729 A). This suggests an increase in conjugation of
symmetric stretch modes and do not change much in intensitythe G—C; bond with the N-C, bond and could allow the ClI

in the chlorpromazine radical cation resonance Raman spectraatom attached to the€Cg bond to interact noticeably with
compared to the promazine radical cation resonance Ramarthe central-ring heterocycle. This is consistent with the ESR
spectrum. The significant intensity of the-Cl stretch mode and DFT results, which show that the Cl atom causes noticeable
in the chlorpromazine radical cation is very similar to thed@ perturbation of the hfcc’s (Table 3) and the spin densities (Table
T, resonance Raman spectra for 2-bromonaphthalene, which4). The interaction of the side chain attached to the central-ring
displays substantial intensity in the-®r in-plane deformation nitrogen atom appears to be a conjugative and/or inductive
and C-Br stretch fundamentals and noticeable intensity in their through bond effects for promazittend appears similar to the
combination bands with the intense-C stretch mode (analo-  interaction of the 2-position substituent with the central-ring
gous to thevs, mode in naphthalené$*! The T, state of heterocycle. The balance between the interaction of the side
2-bromonaphthalene does not readily undergo debrominationchain and the 2-position substituent with the central-ring
and is relatively stable, but the, Btate undergoes efficient heterocycle may play an important role in determining the
debromination (probably via a predissociative mechanfr). interesting trends in the biological activities of the phenothiazine
Chlorpromazine is about 10 times more phototoxic and photo- derivatives and further work is needed to assess the importance
allengic than promazine, and this has been suggested to be du@f these interactions.

to photoinduced dechlorinatidf#2-4* Takahashi and co-
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nothiazinyl neutral radical formed by photoinduced dechlori- ©f Hong Kong.

nation?® Our resonance Raman spectra for the radical cation
of chlorpromazine is consistent with a photoinduced dechlori-
nation reaction similar to the “reluctant” carbehalogen bond
cleavage reactions observed for other haloaromatic compound
(such as 2-bromonaphthalene) and the possible dechlorinatio
reaction found for 2-chlorophenothiazine.
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