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1Department of Biological Chemistry, The Hebrew University of Jerusalem, Jerusalem, Israel
2Institute of Pharmaceutical Chemistry, University of Vienna, Vienna, Austria

ABSTRACT Chloroquine (CQ) enantiomers were prepared by a novel synthesis
starting from either (S)- or (R)-pyroglutamic acid. Light-absorption spectra of CQ and of
complexes of ferriprotoporphyrin IX (FP) with CQ were measured in dilute aqueous
solutions at pH 7.3 and 11.3. Spectrophotometric titrations at these pH values indicated
a mole ratio of FP:CQ of 2:1 for the FP-CQ aggregated complexes. Aqueous solutions of
each of the CQ enantiomers (pH 7.3) and of their complexes with FP (pH 11.3) were
investigated by circular dichroism (CD). At pH 11.3, the complexes of the two enantio-
mers showed CD-band extrema of opposite sign at 409–410 nm. CD-titrations at pH 11.3
confirmed a predominant mole ratio of FP:CQ of 2:1 in the complex. The possible origin
of the optical activity of the FP-CQ complexes is discussed. Chirality 10:556–563, 1998.
© 1998 Wiley-Liss, Inc.
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In previous publications, the circular dichroism (CD)
spectra of complexes of chiral antimalarial drugs such as
(−)-quinine or (+)-quinidine with ferriprotoporphyrin IX
(FP) have been described in detail.1 It will be shown below
that each of the chloroquine (CQ) enantiomers also forms
optically active complexes with FP under certain condi-
tions; however, the mechanism for the generation of opti-
cal activity differs from that observed in the previous cases.

Both CQ-stereoisomers can be obtained by optical reso-
lution of novoldiamine, a synthetic intermediate, according
to Blaschke et al.2 Craig and coworkers reported the syn-
thesis of (−)-(R)-CQ using L-glutamic acid as starting com-
pound. However, slight racemization occurred during their
reaction sequence.3 The CQ-enantiomers investigated in
the present work were prepared following our own syn-
thetic route starting from (S)- and (R)-pyroglutamic acid,
respectively. The optical purity of the products is in accor-
dance with the data reported by Blaschke et al.2

The synthetic enantiomers of CQ were used in the pre-
sent work for complex formation with FP, which exhibited
significant CD bands in the FP-Soret region near 400 nm at
alkaline pH values. Previous4 and present light-absorption
and CD data of the FP-CQ system also confirm complex
formation under different conditions; FP-drug complexes
have been considered to be of relevance in the mechanism
of antimalarial drug action (see, for example, Chou et al.5
and references cited therein). In Scheme 1, the structures of
FP and of the enantiomeric forms of CQ are presented.

MATERIALS AND METHODS
Synthesis of Optically Active Chloroquine Diphosphate

The 10-step sequence described below starts from (S)-
pyroglutamic acid (1a) (Scheme 2) and proceeds similarly
with the (R)-antipode (1b). The intermediate (R)-5-methyl-
pyrrolidone (2a) was prepared according to the literature.6
Benzoylation to the imide 3a made possible a ring opening
of the lactam moiety with diethylamine to give diamide
4a.7 After reduction to diamine 5a using complex hy-
drides, the benzylic group was removed by hydrogenolysis
to yield (R)-4-amino-1-diethylaminopentane (novol-
diamine),2 which could be converted to the (−)-(R)-CQ-
diphosphate by known procedures.3,8,9

Experimental Procedures

Melting points were taken on a Kofler hot stage appara-
tus and are uncorrected. Solvents and common reagents
were obtained commercially and used as received; dry THF
was obtained by refluxing over sodium; 1,2-dichloroethane
was stored over molecular sieve 4 Å. NMR spectra were de-
termined on a Bruker (Karlsruhe, Germany) AC 80 or a Var-
ian (Palo Alto, CA) Unity 300 plus spectrometer and were
measured in CDCl3. 1H spectra refer to tetramethylsilane as
internal standard, 13C spectra to CDCl3. IR spectra were
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recorded on a Perkin-Elmer (Norwalk, CT) model 298
spectrophotometer. Mass spectral data were obtained from
a Hewlett-Packard (San Jose, CA) GC-MS equipment (HP-
5890A, HP-5970C, HP-59970). Elemental analyses were
performed by Mag. Theiner, Institute of Physical Chemis-
try, University of Vienna. High resolution ms were per-
formed by Prof. Nikiforov, Institute of Organic Chemistry,
University of Vienna. Flash chromatography was carried
out using silica gel 60. Specific rotations were measured on
a Perkin-Elmer (Norwalk, CT) 241 Polarimeter.

(−)-(R)-1-Benzoyl-5-methyl-2-pyrrolidone (3a). A so-
lution of 500 mg (5 mmol) of (R)-5-methyl-2-pyrrolidinone
(2a)6 in 10 ml of dry THF was placed into a bath of 50°C.

Benzoyl chloride (0.9 ml, 7.5 mmol) and triethylamine (1.1
ml, 7.5 mmol) were added dropwise and stirring was con-
tinued overnight at 50°C. After cooling, the formed precipi-
tate was filtered off with suction and washed with dieth-
ylether. The combined filtrates were evaporated under re-
duced pressure. Purification of the residue by column
chromatography (diethylether) yielded 770 mg of 3a as
spontaneously crystallizing oil (76%), recrystallization from
diethylether, mp 74–76°C. 1H-nmr (300 MHz): d (ppm) =
7.65–7.30 (5H, m, arom.), 4.58–4.42 (1H, m, 5-H), 2.72–
2.16, 1.80–1.66 (3H, 1H, m, m, 3-H, 4-H), 1.40 (3H, d, J = 6.3
Hz, 5-CH3); 13C-nmr (75 MHz): d (ppm) = 174.6, 170.7 (C =
O), 135.1, 131.7, 128.7, 127.7 (arom.), 53.7 (5-C), 31.6, 25.8
(3-C, 4-C), 19.8 (CH3); ir: 1,745, 1,660 cm−1 (nimide); ms
(m/z) = 203 (M+). Anal. Calcd. for C12H13NO2: C, 70.92; H,
6.45; N, 6.89. Found: C, 70.79; H, 6.63; N, 7.00. [a]20

D:
−177.1° (c = 1.013, EtOH).

(+)-(S)-1-Benzoyl-5-methyl-2-pyrrolidone (3b). Using
(S)-5-methyl-2-pyrrolidinone (2b), this compound was pre-
pared as described for 3a with a yield of 83%. Anal. Found:
C, 71.03; H, 6.20; N, 6.85. [a]20

D: +177.7° (c = 1.149, EtOH).

(−)-(R)-N4-Benzoyl-4-aminopentanoic acid diethylam-
ide (4a). To a suspension of 870 mg freshly sublimed
AlCl3 (6.5 mmol) in 35 ml of dry 1,2-dichloroethane 1.015 g
of lactam 3a (5 mmol) and 1.3 ml of diethylamine (12.5
mmol) were added at 0°C. After stirring at room tempera-
ture for 5 h, a mixture of ice and water was added, followed
by 2N HCl. The aqueous phase was extracted with dichlo-

Scheme 2. Synthesis of (−)-(R)-CQ-diphosphate, starting from (S)-
pyroglutamic acid.

Scheme 1. Structures of the chloroquine enantiomers (free bases) and
of iron-protoporphyrin IX.
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romethane 4 times, the combined organic fractions were
washed with saturated sodium bicarbonate solution, dried
over Na2SO4, and evaporated. Purification of the residue by
column chromatography (diethyl ether) yielded 870 mg 4a
as a colorless oil (63%). 1H-nmr (300 MHz): d (ppm) = 7.82
(2H, d, J = 6.9 Hz, arom.), 7.50–7.35 (3H, m, arom. H),
4.19–4.03 (1H, m, 4-H), 3.38–3.16 (4H, m, N-CH2CH3),
2.58–2.45, 2.44–2.31, 2.18–2.02, 1.96–1.78 (5H, each m, 2-H,
3-H, NH), 1.30 (3H, d, J = 6.3 Hz, 5-H), 1.1, 1.0 (3H, 3H,
each t, J = 6.9 Hz, N-CH2CH3); 13C-nmr (75 MHz): d (ppm)
= 172.2, 166.6 (C = O), 134.6, 130.8, 128.0, 126.8 (arom.),
46.5 (4-C), 41.8, 40.2 (N-CH2CH3), 30.5, 29.9 (3-C, 4-C), 21.1
(5-C), 13.9, 12.7 (N-CH2CH3); ir: 1,640 cm−1 (namide); ms
(m/z) = 276 (M+). Anal. Calcd. for C16H24N2O2: C, 69.53; H,
8.75; N, 10.14. Found: C, 69.31; H, 8.77; N, 9.98. [a]20

D:
−23.7° (c = 0.802, EtOH).

(+)-(S)-N4-Benzoyl-4-aminopentanoic acid diethylam-
ide (4b). Using the procedure described for 4a, the di-
amide derived from 3b was obtained as a colorless oil with
55% yield. High resolution ms: Calcd. for C16H24N2O2:
276,183; Found: 276,183. [a]20

D: + 25.5° (c = 0.945, EtOH).

(−)-(R)-N4-Benzyl-N1,N1-diethyl-1,4-pentanediamine
(5a). To a solution of 1.38 g of 4a (5 mmol) in 50 ml of
dry THF, 12.5 ml of a 1M solution of LAH in THF (12.5
mmol) was added slowly. The mixture was refluxed for 4 h.
After cooling, water was added dropwise with vigorous stir-
ring, the formed precipitate was filtered off with suction
and washed with diethylether. The solvent was evaporated
to give an oily residue, which was purified by column chro-
matography (ethyl acetate/triethylamine = 9/1) to give 840
mg 5a as colorless oil (68%). 1H-nmr (80 MHz): d (ppm) =
7.30, 7.45–7.10 (s, m, 5H, arom.), 3.80 (dd, AB-system, 2H,
J = 1.6 Hz, J = 13.0 Hz, benzyl.), 2.85–2.25 (m, 7H, 1-H, 4-H,
N-CH2 CH3), 1.70 (br s, 1H, NH), 1.60–1.20 (m, 4H, 2-H,
3-H), 1.17–0.90 (d, t, t, 9H, CH3), 13C-nmr (75 MHz): d
(ppm) = 140.9, 128.1, 127.9, 126.5 (arom.), 53.2 (benzyl.),
52.3 (4-C), 51.2 (1-C), 46.8 (N-CH2CH3), 35.0 (3-C), 23.5
(2-C), 20.3 (5-C), 11.6 (CH2CH3); ir: 3,450 cm−1 (nNH); ms
(m/z) = 248 (M+). Anal. Calcd. for C16H28N2: C, 77.36; H,
11.36; N, 11.28. Found: C, 77.55; H, 11.40; N, 11.37. [a]20

D:
−1.4° (c = 1.385, EtOH).

(+)-(S)-N4-Benzyl-N1,N1-diethyl-1,4-pentanediamine
(5b). Using the procedure described for 5a, the diamine
derived from 4b was obtained as a colorless oil with 75%
yield. Anal. Found: C, 77.13; H, 11.53; N, 11.07. [a]20

D:
+1.2° (c = 0.242, EtOH).

(−)-(R)-CQ-diphosphate. A solution of 1.24 g (5 mmol)
of 5a in 80 ml methanol was treated with hydrogen in the
presence of 200 mg of 10% palladium on carbon as catalyst
for 10 h. The mixture was filtered through Celite and the
solvent evaporated to give 640 mg of (R)-4-Amino-1-
(diethylamino)-pentane as colorless oil (81%), which was
directly converted to (−)-(R)-CQ according to the litera-
ture.3,8 [a]20

D: −108.7° (c = 1.050, EtOH). The preparation
of the (−)-(R)-CQ-diphosphate followed the published
method.9 Anal. Calcd. for C18H32ClN3O8P2: C, 41.91; H,

6.25; N, 8.15. Found: C, 41.74; H, 6.06; N, 7.95. [a]22
D:

−88.6° (c = 0.571, H2O).

(+)-(S)-CQ-diphosphate. Using the procedure de-
scribed above, (S)-4-Amino-1-(diethylamino)-pentane
was prepared with a yield of 93% and gave (+)-(S)-CQ with
[a]20

D: +107.5° (c = 1.169, EtOH). For (+)-(S)-CQ-
diphosphate: Anal. Found: C, 41.85; H, 6.03; N, 7.97.
[a]22

D: +88.6° (c = 0.502, H2O).

Hemin. (ferriprotoporphyrin IX chloride) was pur-
chased from Sigma (Bovine, Type I). Stock solutions of
about 10 mg hemin in 25 ml 0.02 N aqueous NaOH were
stored for up to 2 weeks at 0° to 4°C in plastic vessels and
were protected from light. Buffers and other electrolytes
were of analytical grade.

Chloroquine diphosphate solutions. Aqueous solu-
tions (1.5 to 1.8) × 10−3 M of CQ were stored at 0° to 4°C
in plastic vessels and in the dark.

Preparation of the complexes. Usually, an alkaline
stock solution of FP [(7 to 8) × 10−4 M] was added to an
aqueous solution of buffer and NaCl. The pH was adjusted
to a required value, using concentrated HCl or NaOH. Fi-
nally, a required amount of a CQ stock solution was added
to a given volume (usually 2 ml). Plastic vessels were used
in order to minimize adsorption of the CQ or FP to the
walls of the vessel. Solutions were protected from light. pH
values were checked at the end of a measurement. In most
cases, they remained constant within about 0.1 pH unit. In
most experiments reported, no turbidity of the solutions
was observed, unless indicated otherwise.

Light-absorption spectra were measured at room tem-
perature on a Hewlett-Packard 8452A Diode Array Spectro-
photometer. The reference solvent was water in most
cases. There were no appreciable differences in absorption
down to about 250 nm if the reference solvent contained
sodium chloride and buffer at the concentrations indicated
below.

Circular dichroism was measured on a Cary Model 60
recording spectropolarimeter equipped with a Model 6002
CD accessory. The instrument was calibrated daily with
(+)-10-camphor sulfonic acid (Eastman Kodak, Rochester,
NY; highest purity). Both the complexes or free drugs
were measured in the same cell as the reference solvent
(water). The optical path of the cells was chosen to give
absorbance values not exceeding 1.2 in most experiments.
The temperature in the cell compartment was 27.0 ± 1°C.
Molar ellipticities given were calculated according to: [u]l

= 10ul/c z d, where ul is the observed ellipticity in degrees
at wavelength l; c, the concentration in moles per liter of
total FP or CQ; and d, the cell path length in decimeters. As
reported in previous work,1 aqueous solutions of 2 × 10−4 M
FP did not show measurable ellipticity in the range of 300
to 650 nm at both pH 7.4 and 11.5, as would be expected.

RESULTS AND DISCUSSION
Light Absorption

CQ only. The light-absorption spectrum in the range of
200 to 400 nm of CQ alone at pH 7.3 is shown in Figure
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1(A). There are two close maxima of about equal absorp-
tion at 344 and 332 nm, respectively, in addition to peaks
at 258 and 222 nm and a shoulder between them. Beyond
about 365 nm, there is no measurable absorption. Under
the conditions given, average e-values of the near-UV
maxima were 16.0 ± 0.6 × 103 M−1 z cm−1 at 344 nm and 15.5
± 0.6 × 103 M−1 z cm−1 at 332 nm (average of 7 experiments
with both enantiomers) as measured for (1 to 5) × 10−4 M
solutions. A corresponding spectrum of CQ at pH 11.3
is shown in Figure 1(B). In this case, only one broad band
is observed in the near-UV region with a maximum at 332
nm (e ≈ 11 × 103 M−1 z cm−1). The shorter wave-length
maxima remain approximately at the same positions as at
pH 7.3. The integrated band area between about 300 and
400 nm is smaller at pH 11.3. This may indicate specific
aggregation of the CQ at alkaline pH. It has also been

observed that CQ becomes insoluble in aqueous alkaline
media at higher concentrations of the drug (see also ref-
erence 10).

Similar absorption spectra of CQ have been reported
many years ago, as measured at pH 1.0, 8.1, and 12.0,
respectively.10

FP-CQ complex. A typical light-absorption spectrum
in the range of 250 to 650 nm of FP both in the absence
and presence of CQ at pH 7.3 (molar ratio FP: CQ of 2:1)
is shown in Figure 2. (Analogous absorption spectra
measured at the same pH but at a molar ratio FP:CQ of 1:1
and in the absence of added 0.1 M NaCl have previ-
ously been reported4). While the near-UV absorption spec-
tra of the FP-CQ system show two bands of about equal
intensity with maxima at 390–392 and 344–346 nm, respec-
tively, FP alone shows a single maximum at 364–366 nm
with higher absorbance. In contrast, in the visible region
the complex shows a pronounced maximum at about 600
nm, while FP alone shows a diffuse spectrum of signifi-
cantly lower absorbance. All these spectral differences
between the FP-CQ system and free FP confirm com-
plex formation (see reference 4) between FP and the drug
under the conditions given. Measurements at pH 11.3 are
presented in Figure 3. In this case, the difference in absor-
bance between the FP and the FP-CQ system is much
larger in the near-UV region, again with absorption peaks
in the presence of CQ at 388–390 and 344–346 nm, respec-
tively, and at 388 nm for free FP. The integrated band
area in the Soret region is considerably smaller in the com-
plex. In the visible region, an absorption maximum near
490 nm of free FP is absent in the complex and another
maximum at 612 nm is shifted to 600 nm in the complex.
The absorbance difference between free FP and FP-CQ at
600 nm is smaller than at pH 7.3. Therefore, under the
present conditions, complex formation is conveniently
measured at 390 nm at pH 11.3 and at either 364 or 600 nm
at pH 7.3.

Fig. 2. Light-absorption spectra of FP in the absence and presence of CQ at pH 7.3. FP, 2.0 × 10−4 M; (+)-CQ, 1.0 × 10−4 M; NaCl, 0.1 M; phosphate
buffer, 0.01 M. Left: Cell path length, 0.2 cm. Right: Cell path length, 1.0 cm. Measurements were started about 30 min after preparation of the solutions.

Fig. 1. Light-absorption spectra of CQ at two different pH-values. (+)-
CQ, 1.0 × 10−4 M; NaCl, 0.1 M. Cell path length, 0.2 cm. Measured about
30 min after preparation of the solutions. A: pH 7.3, 0.01 M phosphate
buffer was included. B: pH 11.3.
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Spectrophotometric titrations. Titrations were carried
out at constant FP concentration at both pH 7.3–7.4 and
11.3 (Fig. 4). At pH 7.3–7.4, the absorbance at 600 nm is
increased by addition of CQ (see Fig. 2) and reaches a
constant value at a mole ratio FP:CQ of 2:1. At pH 11.3, the
absorbance at 390 nm first decreases with increasing CQ

concentration (see Fig. 3). Beyond a mole ratio FP:CQ of
2:1 the absorbance increases, probably due to some pre-
cipitation and associated turbidity caused by an excess of
CQ (see above, solubility of CQ). Nevertheless, a predomi-
nant mole ratio of FP:CQ of 2:1 is apparent also at pH 11.3.

Spectrophotometric titrations were also carried out
while keeping the total molar concentration of FP and rac-
CQ constant and varying the mole fractions of the compo-
nents.11 Results obtained at pH values of 7.3, 11.3, and 12.0
also indicated a mole fraction of 0.66 of FP in the complex
(not shown). Similar results have previously been reported
by using equilibrium dialysis at neutral pH.5 Thus, within
the limitations of all titrations described12 there appears to
be sufficient evidence for a predominant mole ratio of 2:1 in
the FP-CQ complex under the given conditions. It will be
shown (see Fig. 6) that the same result is obtained at al-
kaline pH by measuring the ellipticity as a function of the
FP mole fraction in the FP-CQ system.

Optical Activity

CQ only. [a]D-values for each of the enantiomers of
CQ are given in Materials and Methods. CD measure-
ments of both enantiomers were carried out at pH 7.3 in
the range of 220–400 nm and are summarized in Table 1 for
the main bands. As expected, the CD bands of the two
enantiomers appear to be mirror images within the limits
of error.

FP-CQ complex. As mentioned in Materials and Meth-
ods, aqueous alkaline solutions of FP do not exhibit optical
activity. However, in the presence of sufficient concentra-
tions of optically active drugs such as (−)-quinine,1 (+)-
quinidine,1 or (−)-morphine,13 large CD bands are ob-
served in the Soret-band region of FP where the drugs do
not show light absorption. In the present case, smaller CD
bands were measured in the Soret region in the presence
of optically active CQ at alkaline pH. The two enantiomeric
forms of CQ exhibit approximate mirror-image CD bands
around 410 nm (Fig. 5). However, each of the bands may

Fig. 3. Light-absorption spectra of FP in the absence and presence of CQ at pH 11.3. FP, 2.0 × 10−4 M; (+)-CQ, 1.0 × 10−4 M; NaCl, 0.1 M. Left: Cell
path length, 0.2 cm. Right: Cell path length, 1.0 cm. Measurements were started about 30 min after preparation of the solutions.

Fig. 4. Spectrophotometric titrations of FP with (+)-CQ at two different
pH values. FP, 1.0 × 10−4 M; NaCl, 0.1 M. Bottom: pH 7.3–7.4; cell path
length, 1.0 cm. Top: pH 11.3; cell path length, 0.2 cm. At pH 7.3–7.4, 0.01
M phosphate buffer was included; solutions were measured 20–30 min
after preparation and at pH 11.3 after 10–15 min in most cases. Each point
represents a separate experiment.
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be composite to some extent. A molar ratio of FP:CQ of 2:1
is used, since this appears to be the main composition of
the complex (see above and the following CD titration). As
shown in Table 2, apparent molar ellipticities of about ± 6
× 104 deg z cm2 z dmol−1 (based on total FP) are measured
at about 410 nm for the CD bands of opposite sign. Corre-

sponding rotational strengths were about ± 0.5 Debye-Bohr
magnetons.a

No additional bands were detected between 450 and 550
nm. In the UV region, smaller CD bands were observed
around 325 to 330 nm [positive for FP-(−)-CQ and negative
for FP-(+)-CQ], and also near 230 nm [negative for FP-(−)-
CQ) and positive for FP-(+)-CQ]. At pH 12.0, and under
otherwise identical conditions, a similar molar ellipticity
extremum at 408 nm of −6.1 × 104 deg z cm2 dmol−1 was
obtained for FP-(−)-CQ as at pH 11.3. However, at pH 7.3,
no significant ellipticity was measured near 400 nm.

The CD bands observed at 410 nm can conveniently be
used for independent determination of the mole fraction of
FP in the complex, since neither free FP nor optically ac-
tive, free CQ will contribute to this optical activity. By anal-
ogy with titrations by light absorption (see above), elliptic-
ity values were recorded at different mole fractions of FP,
keeping the total molar concentrations of the complex
components constant (Fig. 6). In the present case, (−)-CQ
was used at pH 11.2 to 11.3, yielding a distinct extremum of
the observed ellipticity at a mole fraction FP of 0.66, in
agreement with the spectrophotometric data described
above.

Ultracentrifugation

In previous measurements of the FP-CQ system (each
component 4 × 10−4 M) in the analytical ultracentrifuge,
specific aggregates were observed at both pH 7.4 and 12,
with apparent s20-values of 4 to 5 S.4 These values are
relatively small as compared to the sedimentation coeffi-
cients of the FP-quinine and FP-quinidine complexes1 (see
also reference13).

Origin of the Optical Activity and Structure of the
FP-CQ Complex

Previously investigated analogous FP-drug systems
showed absolute values of molar ellipticities in the Soret
region, which, under certain conditions, were larger by a
factor of about 5 in the case of FP-(−)-quinine,1 by a factor
of about 8 to 9 for FP-(−)-morphine,13 and by about two
orders of magnitude for FP-(+)-quinidine complexes.1 The

aThese values were estimated from the data of Figure 5 and the approxi-
mate relation for the rotational strength Rk ≈ 1.23 × 10−42 [u°k] Dk/l°k (cgs)
where [u°k] is the molar ellipticity at a band extremum of a transition k, Dk
is the band half-width at [u°k]/e, and l°k, the wavelength of the band ex-
tremum.14

TABLE 1. Observed main CD-band extrema of (+)-(S)-CQ and (−)-(R)-CQ in aqueous solution, pH 7.3*

CQ
enantiomer

Extremum
(nm)

Molar ellipticity
([u] × 10−4

deg z cm2 z dmol−1)a
Extremum

(nm)

Molar ellipticity
([u] × 10−4

deg z cm2 z dmol−1)a

(+)-(S) 264 ± 1 1.8 ± 0.2b 236 ± 1 1.50 ± 0.16b

(−)-(R) 263 ± 0.5 −1.78 ± 0.02c 234 ± 1 −1.43 ± 0.17c

*CQ, 2.0 to 5.0 × 10−4 M; NaCl, 0.1 M; phosphate buffer, 0.01 M. Measured in 0.1-cm cells 15–30 min after preparation of the solutions.
aBased on CQ.
bThree experiments.
cTwo experiments.

Fig. 5. CD spectra of FP in the presence of CQ enantiomers at pH 11.3.
FP, 2.0 × 10−4 M; NaCl, 0.1 M. Top: (+)-CQ, 1.0 × 10−4 M. Bottom: (−)-CQ,
1.0 × 10−4 M. Measurements in 0.1-cm cells were started 20 to 30 min after
preparation of the solutions. After a few hours, the ellipticities decreased
significantly.
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kinetics of formation were also different for the latter com-
plex. Corresponding rotational strengths were larger by a
factor of about 25 in the latter case as compared to the
present FP-CQ complex. For all the above-mentioned com-
plexes, mole ratios of 1:1 were observed, as compared to
the present ratio FP:CQ of 2:1. In the previously investi-
gated systems, adjacent Soret CD bands of opposite sign
and very large aggregates were observed, while in the pre-
sent case, a band of either positive or negative sign and of
a relatively small rotational strength was measured. There-
fore, the concept of exciton-type interactions between FP
molecules within chiral arrays of large aggregates of FP-
drug complexes1,13 cannot be applied to the present FP-CQ

system. The absence of exciton-type interactions in the
FP-CQ complexes (mole ratio FP:CQ of 2:1) may be due to
the absence of such interactions between FP dimers within
the complex aggregates. Local perturbations of the FP
transitions by the chiral CQ molecules in the complex and/
or coupling of electric transition dipole moments of FP with
those of CQ within an aggregate may be considered as a
possible source for the generation of optical activity, in
addition to possible slight distortions from planarity in the
bound FP.15

Regarding the stability of the FP-CQ aggregated com-
plex, a variety of non-covalent interactions between the
complex components should be considered, in particular
hydrophobic and p-p electron interactions between the
quinoline and FP ring systems. On the basis of NMR-data,
a model of CQ stacking between µ-oxo-FP dimers within
polymeric structures has been proposed,16,17 which would
be in agreement with the 2:1 mole ratio between FP and
CQ. The protonated nitrogen atoms of CQ could interact
electrostatically with the FP carboxylate groups at neutral
pH, while this type of interaction should diminish at pH 11
to 12 where the nitrogen atoms should be, at least partially,
non-protonated.10 Possible steric differences in the aggre-
gate complexes may, therefore, result at the different pH
values. In the presence of chiral CQ, significant optical
activity of the FP-CQ complex is observed in the present
case only at higher pH.
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