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Abstract—Novel hydroxypyrazoline derivatives of tetracycline and minocycline have been synthesized through the reaction of these
tetracyclines with hydrazine. The formation of a new chiral center at C12 is stereospecific to give 12S-12-hydroxy-1,12-pyrazolino-
tetracycline. A reaction mechanism for the formation of these novel tetracycline derivatives has been proposed. Hydroxypyrazoli-
notetracyclines exhibit no binding to Mg2+ and Zn2+, features that are required for antibiotic activity and matrix metalloproteinase
(MMP) inhibitions, respectively. The modification toward their hydroxypyrazolino derivatives significantly improved the antioxi-
dant activities of tetracycline and minocycline, as shown by three commonly used assays (DPPH, ABTS�+, and superoxide scaveng-
ing). 12S-Hydroxy-1,12-pyrazolinominocycline is a promising tetracycline-based antioxidant devoid of antibiotic properties and
MMP inhibitory activity, which could be beneficial in the treatment of complications related to oxidative stress.
Crown Copyright � 2005 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Free radicals are very reactive species that are routinely
generated in living organisms in a variety of normal met-
abolic processes and in much larger amounts during
chronic or acute insults. An organism�s immune system
can make good use of free radicals, and these species
also act as signal molecules, which trigger and regulate
cellular processes through subtle changes in redox bal-
ance. However, excess amounts of free radicals can
cause cell disruption and death by reacting with impor-
tant cellular components, such as nucleic acids, mem-
brane lipids, or proteins, and mediate a wide range of
diseases and conditions such as atherosclerosis,1 inflam-
mation,2 carcinogenesis,3 rheumatoid arthritis,4 cata-
ract,5 asthma,6 Parkinson�s disease,7 Alzheimer�s
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QC, Canada H3G 1Y6.
disease,8,9 diabetes,10 and glycation complications.11 In
response to the excess of free radicals, living organisms
have developed complex and efficient natural free radi-
cal defense systems, including enzymes such as superox-
ide dismutase (SOD), glutathione peroxidase (GPx),
glutathione reductase (GR), catalase, and several metal-
loenzymes (e.g., ferritin or ceruloplasmin), or nonenzy-
matic antioxidants such as glutathione, vitamin E,
vitamin C, carotenoids, etc., to either quench or trans-
form free radicals into less reactive forms, or, indirectly,
to regulate the biosynthesis of antioxidant proteins. A
living organism�s natural antioxidant systems must be
continuously maintained and replenished because anti-
oxidants are largely a preferred target for free radicals.
Moreover, these systems have been naturally designed
to work as a whole in which each component functions
in close harmony with the others, as antioxidants should
be active either in aqueous or in lipid environments and
they should be able to protect in the same time the mem-
brane and the cytoplasm. Such an example of synergis-
tically enhanced natural antioxidant system is the
regeneration of a-tocopherol by vitamin C, which in
turn is recycled by the dihydrolipoate–lipoate couple,
that is finally restored by the NAD–NADH system.12,13
vier Ltd. All rights reserved.
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Figure 1. Designation of upper and lower peripheral regions in

tetracyclines.
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A special feature of the natural antioxidant systems is
their defensive strategy based on the ability to regener-
ate the first line of antioxidants (vitamin E, vitamin C,
superoxide dismutase, etc.) by using endogenous or
exogenous redox compounds. The general consensus is
that constant replacement of antioxidants in the first line
of defense through the intake of fresh fruits and vegeta-
bles, or supplements that include nutraceuticals such as
vitamin E, vitamin C or carotenoids, and nonnutrient
antioxidants (e.g., flavonoids), is highly beneficial. How-
ever, the efficiency of the natural antioxidant systems is
often challenged by personal factors such as genetically
inherited resistance, physical and emotional stress, age,
and, chiefly, by diseases. In situations when more radi-
cals are produced than the natural antioxidant systems
can counteract, therapeutic use of antioxidants is re-
quired. At this point, it is worth stating that placing
one�s bet on a sole therapeutic antioxidant as being a
sort of panacea universalis against free radicals is unreal-
istic. Each and every antioxidant may exhibit distinct
mechanisms of action such as radical scavenging,
chain-breaking, or ion metal chelation, different affini-
ties for various types of free radicals, a characteristic
behavior in terms of membrane permeability. Hence,
therapeutic antioxidants should be designed for specific
purposes and taken as complements to their natural
counterparts.

Some tetracyclines are well-known antibiotics against a
wide range of aerobic and anaerobic Gram-positive
and Gram-negative bacteria. The antibiotic activity of
tetracyclines is associated with their ability to bind to
the 30S ribosomal subunit of bacterial RNA and inhibit
the binding of aminoacyl-tRNA to ribosomes that leads
to the blockage of bacteria protein synthesis.14 The
manifestation of the antibiotic properties of tetracy-
clines requires the coordination of Mg2+ to the 1,3-
ketoenol moiety residing between C11 and C12.� Apart
from their antibiotic action, tetracyclines inhibit matrix
metalloproteinases (MMPs), a characteristic that re-
quires coordination to Zn2+ through the same 1,3-ketoe-
nol moiety.15

Over 7000 tetracyclines have been reported and most of
these compounds have been isolated or synthesized as a
part of an ongoing effort to look for better antibiotics.
However, little has been done toward the chemical
modification of the lower peripheral region comprising
C1, C11, and C12 (Fig. 1). The lack of interest in mod-
ifying the lower peripheral region of tetracyclines can be
accounted for by the observation that this part of the
molecule is essential for both antibiotic activity and
MMPs inhibition, which have been until now the major
clinical applications of these compounds. On the con-
trary, when tetracyclines become of interest for applica-
tions other than antibiotic or MMPs inhibition, the
antibiotic activity may lead to the development of anti-
biotic-resistant microorganisms during prolonged use,
or the MMPs inhibition may cause undesired feed-
�The numbering throughout the text corresponds to the numbering of

the tetracycline ring system in Figure 1.
back.16 In relation to this, the transformation of the sub-
structure extending over C1, C11, and C12 in the lower
peripheral region of rings A, B, and C may be attractive
in order to eliminate the antibiotic and MMPs inhibition
activities.

This paper reports the chemical modification of C1 and
C12 in minocycline and tetracycline through reaction
with hydrazine, with the aim of improving these two
compounds� antioxidant activity while eliminating their
antibiotic and MMPs inhibitory activities.
2. Results and discussion

2.1. Chemistry

The modification of C1, C11, and C12 in tetracyclines
can be achieved through reaction with reagents specific
to carbonyl groups, such as hydrazine. The three keto-
enol groups at C1, C11, and C12 form two 1,3-keto-enol
substructures, and the reaction of such substructures
with hydrazine is known to lead to pyrazole derivatives
through ring closure.17 When minocycline hydrochlo-
ride 1a was stirred with 2.5 equiv of hydrazine hydrate
in water at room temperature overnight, the HPLC
analysis of the crude reaction mixture revealed the pres-
ence of two major reaction products in a 1:1 ratio. Their
HPLC separation afforded two novel minocycline deriva-
tives 2a and 3a in approximately 40% yield each. How-
ever, the attempt to apply the same reaction conditions
to tetracycline hydrochloride gave only one reaction
product 3b, which was identified as 11,12-pyrazolotetra-
cycline18 known as CMT-5 and deemed structurally re-
lated to 3a based on its UV absorption. Refluxing
tetracycline hydrochloride with 2.5 equiv of hydrazine
hydrate in ethanol for 3 h led to the formation of two
reaction products in a 3:1 ratio, the most abundant
being 3b (54%). The other reaction product was
2b, which was designated as the tetracycline version of
2a based on the similarities of these two compounds’
UV absorptions. The reaction of chlortetracycline
with hydrazine hydrate under various conditions led
only to the isolation of the corresponding
11,12-pyrazolochlortetracycline.18

The structural assignment as 12S-12-hydroxy-1,12-pyr-
azolinotetracycline for 2b relied on the corroborated
information provided by mass spectrometry, 1H, and
13C NMR investigations and single-crystal XRD



Scheme 1. Reaction of tetracyclines with hydrazine.
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analysis. Scheme 1 illustrates the formation of the two
pyrazole derivatives of tetracyclines 1 through ring clo-
sure involving C1–C12 and C11–C12 keto-enol sub-
structures, respectively.

According to the generally accepted mechanism for pyr-
azole ring closure reaction starting from b-dike-
tones,19,20 the formation of these two pyrazole
derivatives of tetracyclines could be drawn as having
the addition of hydrazine to the carbonyl group at
C11 as the first step, to give 4 and 5 as a result of the
nucleophile�s attack from above and from below the
plane of the naphthacene ring system, respectively
(Scheme 2). A brief analysis of tetracycline�s conforma-
tion reveals that the access of hydrazine from below the
naphthacene plane is less hindered; it is fair to conclude
that the adduct 5 arising from this favored pathway will
be produced in higher amount than its isomer 4. Keto-
enol tautomerization at C12 would provide a carbonyl
function suitably located for the pyrazole ring closure
to occur, thus affording dihydroxypyrazolidines 6 and
7. Dehydration of dihydroxypyrazolidines 6 and 7 af-
fords through a slow kinetic controlling step 11,12-pyr-
azolotetracycline 3b, which is easily converted to 8 due
to the prototropic tautomerism of pyrazoles.

Hydroxypyrazolinotetracycline 2b is produced as a re-
sult of a parallel mechanistic pathway (Scheme 3).
Dihydroxypyrazolidine 6 may undergo a ring opening
to adduct 9, which may be conceived as arising from
the formal addition of hydrazine to a ketone function
at C12. This adduct can cyclize back to dihydroxypyraz-
olidine 6 or can nucleophilically attack the ketone
group at C1 from above the plane of the naphthacene
ring system to produce dihydroxypyrazolidine 10,
which loses only one molecule of water in a slow pro-
cess that leads to hydroxypyrazolinotetracycline 2b. In
this case, the ring closure of the pyrazole ring seems
to have arrested in an intermediate stage and the aro-
matization of the pyrazole ring did not occur as for
3b. The second dehydration step leading to the fully
aromatized pyrazole derivative is prevented because
the steric requirements for this process are not fulfilled.
The dehydration of 2a by treatment with a strong dehy-
drating agent such as p-toluenesulfonic acid was
unsuccessful.
The same type of ring opening observed for
dihydroxypyrazolidine 6 is also plausible for its isomer
7. However, the hypothetical adduct isomeric to 9 arising
from this process is supposed to attack the ketone func-
tion at C1 from below the plane of the naphthacene ring,
a process which is very unlikely to occur due to the steric
hindrance exerted by the neighboring hydroxyl group at
C12a. According to the X-ray analysis, the only stereo-
isomer of hydroxypyrazolinotetracycline 2b that was iso-
lated was found to display the hydroxyl group at C12a
anti to the hydrogen at C11a, making the formation of
hydroxypyrazolinotetracycline 2b stereospecific.

According to the proposed mechanism, 11,12-pyrazolo-
tetracycline 3b is produced at the end of both pathways
that are initially defined by the direction of hydrazine�s
attack onto tetracycline, whereas hydroxypyrazolinotet-
racycline 2b is the final product resulted from a deriva-
tion of only one of the two possible pathways. This
could explain the prevalence of pyrazolotetracycline 3b
over hydroxypyrazolinotetracycline 2b that has been
noted in all the experiments.

The reaction mechanism depicted in Schemes 2 and 3 ap-
plies to minocycline as well. However, minocycline lacks
the methyl and hydroxyl groups at position 6, a structural
detail that diminishes the steric hindrance in that region
of the molecule and allows the initial attack of hydrazine
at C11 to proceed with comparable odds both from
above and from below the naphthacene ring system. Con-
sequently, the preference for one pathway is less obvious,
and the amounts of hydroxypyrazolinominocycline 2a
and pyrazolominocycline 3a become fairly equal.

2.2. Structure of compound 2b in the crystal

Molecular structure of compound 2b as inferred from
the single-crystal XRD analysis is given in Supplemen-
tary data. The main change from tetracycline free base21

is the presence of an additional five-membered ring (ring
E). Furthermore, the double bond C11a–C12 in the ori-
ginal tetracycline becomes single in the compound of
this study, resulting in two additional chiral centers at
C11a and C12. The geometry of the E ring is consistent
with the formation of a double bond C1–N1
(1.291(3) Å), a single N1–N12 bond (1.412(3) Å), and



Scheme 2. Mechanistic pathway for the formation of 11,12-pyrazolotetracyclines.

Scheme 3. Mechanistic pathway for converting intermediate dihydroxypyrazolidine 6 into hydroxypyrazoline 2b.
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Table 1. Antibiotic activity of compounds 1a,b, 2a, and 2b against

tetracycline sensitive and resistant bacteria (BL21(DE3) and XL2-

Blue, respectively)

Compound lg/mL BL21(DE3) XL2-Blue

1a 10 —a —a

20 — —

40 — —

60 — —

1b 10 — +++

20 — +++

40 — +++

60 — +

2a 10 ++++ ++++

20 ++++ ++++

40 ++++ ++++

60 ++++ ++++

2b 10 ++++ ++++

20 ++++ ++++

40 ++++ ++++

60 ++++ ++++

aRelative growth of bacterial strains when incubated in the presence of

1a,b, 2a and 2b. (++++) indicates 100% growth and (—) indicates no

growth as compared to antibiotic-free media. Strain genotypes are:

BL21(DE3), E. coli B F� dcm ompT hsdS(rB- mB-) gal k(DE3). XL2-

Blue, recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F 0 proAB

lacIqZDM15 Tn10(Tetr) Amy Camr].
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a single C12–N12 bond (1.485(3) Å), with the C1–N1–
N12 and N1–N12–C12 angles (108.0(2)� and 107.6(2)�,
respectively) being very close to tetrahedral. The C12
hydroxyl group in 2b occupies space below the plane
of the naphthacene ring system, whereas the hydrogen
atom at C11a lies above the plane of the ring system.
The molecule exists in a nonionized (rather than zwitter-
ionic) form and displays extensive intramolecular hydro-
gen bonding. As it was discussed before,22,23 such a form
presents a molecular species of reduced polarity and bet-
ter lipid phase solubility, the factors contributing to a
higher biological activity of the compound in such envi-
ronment. The additional E ring in the structure of com-
pound 2b creates some restrictions on the
conformational flexibility, but does not affect the inter-
conversion between conformations, which occurs upon
rotation about the C4a–C12a single bond.

2.3. Antibiotic activity

The currently-in-use tetracyclines are drugs used to fight
infections caused by bacteria. However, long-term wide-
spread and heavy use of tetracyclines has spurred evolu-
tionary changes in bacteria that allow them to survive
these powerful drugs and promote the extent of antibi-
otic resistance. In order for pyrazolotetracyclines to be
used as antioxidant agents, these compounds should
lack the antibiotic property of the parent tetracyclines.

The antibiotic activity of tetracyclines is associated with
reversible inhibition of protein synthesis, which is accom-
plished by interfering with the binding of aminoacylated
tRNA to the A-site of the 30S subunit of the ribosome.24

Three-dimensional structures available for the 30S and
characterizing specific tetracycline–protein interactions25

show that the chelation ofMg2+ to tetracyclines is crucial
in this respect.26 Indeed, 11,12-pyrazolotetracyclines 3b
and 3c, which can no longer bind Mg2+ due to their
chemical modification, were more than 200-fold less ac-
tive than tetracycline.18 The antibiotic activity of the
compounds 1a,b, 2a, and 2b was measured by the growth
inhibition of tetracycline sensitive and resistant bacteria,
BL21(DE3), and XL2-Blue, respectively. Tetracycline
was shown to have antibiotic activity against BL21(DE3)
at concentrations ranging from 10 to 60 lg/mL, but its
antibiotic activity was concentration dependent in the
case of XL2-Blue strain, whose growth was only partly
inhibited even at the highest concentration (Table 1).
Minocycline presented antibiotic activity against both
tetracycline sensitive and resistant bacteria strains, even
at the lowest concentration used in this assay. Hydroxy-
pyrazolinotetracyclines 2a and 2b proved to lack any
antibiotic activity against both tetracycline sensitive
and resistant bacteria strains at concentrations ranging
from 10 to 60 lg/mL. Similarly, growth curves (data
not shown) confirmed that 2a and 2b did not affect the
growth rate of the Escherichia coli strains tested as com-
pared with their growth in media alone.

2.4. Zn2+ binding assay

Tetracyclines inhibit MMPs activity,27,28 but also inter-
fere with the transcription and activation steps of
MMPs.29–31 The effect of tetracyclines on MMPs activ-
ity is thought to be due directly to the chelation of
Zn2+,32,33 as MMPs are dependent on Zn2+ to activate
and maintain their active tertiary structure34 and hydro-
lytic activity.35 Up to now, Zn2+ chelation site(s) to tet-
racyclines is still an unresolved problem, and only
indirect information has been used to assign one of the
sites that are subject to protonation–deprotonation
equilibria or evaluate the contribution of the possible
donor atoms as relevant in the formation of Zn2+–tetra-
cyclines complexes. Studies have presented tetracyclines
as chelators of Zn2+,36,37 and different reactivities of
these drugs toward Zn2+ have been assessed under phys-
iological conditions38 and postulated to be associated
with the presence of phenol–diketone moiety in the
lower peripheral part of the molecule.39 The tentative
assignment of the Zn2+ binding site to tetracyclines as
the C11–C12 diketone function is grounded on the find-
ing that the addition of Zn2+ to CMT-5 3b, which lacks
the C11–C12 diketone moiety, neither altered the peak
height nor shifted its absorption maxima.15 Further-
more, CMT-5 is the only tetracycline unable to inhibit
the activity of MMPs, a characteristics that can be cor-
related to the absence of the Zn2+ binding site in the
structure of this particular type of chemically modified
tetracycline.27,33

The inadequacy of pyrazolominocycline 3a having an
identical structural modification as CMT-5 to bind to
Zn2+ has been confirmed by the UV–vis absorbance mea-
surements (data not shown). Hydroxypyrazolinotetracy-
clines 2a and 2b were also investigated in this respect by
UV–vis spectroscopy. The absorption spectra of tetracy-
clines exhibit characteristic features within the wave-
length range of 300–450 nm that are altered when these
compounds form complexes with divalent cations at
chromophore BCD.40 The absorption spectra of



Figure 2. UV spectra of minocycline hydrochloride 1a (A) and

tetracycline hydrochloride 1b (B) in the absence ( ) and in the

presence ( ) of Zn2+ (0.1 M).

Figure 3. UV spectra of hydroxypyrazolinominocycline 2a (A) and

hydroxypyrazolinotetracycline 2b (B) in the absence ( ) and in

the presence ( ) of Zn2+ (0.1 M).
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tetracycline and minocycline are presented in Figure 2.
Tetracycline showed absorption maximum at 362 nm in
the absence of divalent cations. Addition of the equimo-
lar or higher amount of Zn2+ shifted the absorption max-
imum to 375 nm, and the absorption coefficient increased
by 17%. In a similar way, minocycline presented absorp-
tion maximum at 344 nm in the absence of divalent cat-
ions. Addition of Zn2+ induced a bathochromic shift to
383 nm, and the absorption coefficient increased by
13%. Modification of chromophore BCD in hydroxypyr-
azolinotetracyclines 2 by creating the additional hetero-
cyclic ring led to a hypsochromic shift of the absorption
peak from 344 nm to 312 nm for compound 2a and from
362 nm to 317 nm for compound 2b. The changes in
terms of absorption wavelength and coefficient on addi-
tion of Zn2+ were minimum (Fig. 3), proving that no
binding of hydroxypyrazolinotetracyclines 2 to Zn2+ oc-
curred. Like CMT-5, hydroxypyrazolinotetracyclines 2
do not bind to Zn2+, therefore are devoid of inhibitory
action on MMPs.

2.5. Antioxidant activity

Several protocols for antioxidant assays have been elabo-
rated to measure the extent of scavenging pre-formed
radicals by hydrogen- or electron-donation using a
broad range of conditions, oxidants, manners to mea-
sure oxidation, and end-points of oxidation.41

2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay measures
the hydrogen-donating ability of antioxidants to convert
stable DPPH free radical to 1,1-diphenyl-2-picrylhydr-
azine.42 The reaction is accompanied by a change in
color from deep-violet to light-yellow and is monitored
spectrophotometrically. Trolox and butylated hydroxy-
anisole (BHA) usually serve as reference antioxidants
in this assay.
2,20-Azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS)
assay involves long-lived ABTS radical cation, which is
chemically produced by the oxidation of the correspond-
ing colorless sulfonic acid with potassium persulfate.
The green-blue ABTS�+ radical has excellent spectral
characteristics, is stable over a wide range of pH, and
is applicable to the study of both water-soluble and li-
pid-soluble antioxidants that convert ABTS�+ back to
the initial sulfonic acid.43

Superoxide assay consists on the irradiation of ribofla-
vin in the presence of EDTA and methionine as electron
donator to produce photochemically reduced flavin,
which subsequently reduces atmospheric oxygen to
superoxide radical anions.44 Superoxide radical anions
further reduce nitroblue tetrazolium (NBT) into forma-
zan, whose formation is monitored spectrophotometri-
cally. In vivo, xanthine oxidase is one of the enzymatic
sources of superoxide radical anion through the reduc-
tion of oxygen dissolved in body fluids.

Table 2 resumes the results for the antioxidant activity
of parent tetracyclines 1a and 1b and hydroxypyrazoli-
notetracyclines 2a and 2b in DPPH, ABTS�+ and super-
oxide assays. Pyrazolotetracycline 3b and reference
compounds, butylated hydroxyanisole (BHA), and tro-
lox are also included in Table 2.

The phenolic hydroxyl in ring D of tetracyclines is the
most reactive site in scavenging free radicals. The phen-
oxy radical generated by the radicals employed in the as-
says is stable, and its stability is further enhanced by the
presence of the electron-donating 7-dimethylamino
group. Indeed, minocycline 1a and its hydroxypyrazo-
lino derivative 2a showed high antioxidant activity in
all three assays, while tetracycline is a much weaker anti-
oxidant. The hydroxypyrazolino moiety in 2 improves
the antioxidant activity of the parent tetracyclines 1 in



Table 2. In vitro antioxidant activity of tetracyclines (EC50 in lM) in

DPPH, ABTS�+ and superoxide radical anion scavenging assays

Compound DPPH

(lM)

ABTS�+

(lM)

Superoxide

radical (lM)

1a 20 15 33

1b 1000 >1000 >1000

2a 19 3.6 58

2b 320 69 2300

3b 9200 350 53

BHA 49 11 8.9

Trolox 7.9 13 920
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DPPH and ABTS�+ assays, but not in superoxide assay.
On the contrary, the presence of the pyrazole ring in 3b
significantly improves the antioxidant activity of the
parent tetracycline 1b in superoxide assay, but not in
DPPH or ABTS�+ assays. The presence of the extra het-
erocyclic ring and the supplementary >NH and –OH
functions in compounds 2 enhance their antioxidant
activity by their ability to act as electron donators.
Moreover, hydroxypyrazolinotetracyclines 2 are able
to chelate Cu2+ (data not shown), a known catalyst of
free radical formation, thus contributing to the oxida-
tive stress drive.

There is an obvious advantage deriving from the use of
hydroxypyrazolinominocycline 2a as antioxidant over
minocycline itself: the lack of antibiotic activity will
not trigger the development of minocycline-resistant
microorganisms during the chronic use.45 Taking into
account the recent disclosure of failures of MMP inhibi-
tors in clinical trials,46 the inability of compound 2a to
inhibit MMPs may be beneficial in vivo. However, it
should be noted that compound 2a may still inhibit oxi-
dative activation of pathological MMPs,47 as compound
3b does.28 Furthermore, due to its close structural simi-
larity to minocycline, compound 2a may have similar
adsorption, distribution, metabolism, excretion, and
toxicity (ADMET) properties.48 Thus, compound 2a
may be a lead antioxidant for the treatment of complica-
tions related to oxidative stress.
3. Conclusion

Novel hydroxypyrazolinotetracyclines have been syn-
thesized through the reaction of tetracycline and mino-
cycline with hydrazine hydrate. The ring closure
reaction that used the C12–C1 keto-enol substructure
was shown to be stereospecific and led to 12S-12-hy-
droxy-1,12-pyrazolinotetracycline as the only isolated
isomer. A possible reaction mechanism was proposed
to explain the formation of hydroxypyrazolinotetracy-
clines along with the known 11,12-pyrazolotetracyclines.
The novel hydroxypyrazolinotetracyclines lack any anti-
biotic activity against both tetracycline sensitive and
resistant bacteria strains at concentrations ranging from
10 to 60 lg/mL, and the growth curves confirmed that
these compounds do not affect the growth rate of the
E. coli strains tested as compared with their growth in
media alone. The UV–vis spectra of hydroxypyrazolino-
tetracyclines showed no changes in terms of absorption
wavelength and coefficient upon addition of Zn2+, offer-
ing proofs of these compounds� inability to chelate this
metal ion, a feature which is essential for the inhibition
of the transcription and activation of MMPs. Hydroxy-
pyrazolinotetracyclines showed higher antioxidant
activity in DPPH, ABTS�+, and superoxide assays when
compared with the parent tetracyclines due to the pres-
ence of the extra heterocyclic ring and the supplemen-
tary >NH and –OH functions. Lacking the antibiotic
property of tetracyclines and being devoid of MMPS
inhibitory activity, hydroxypyrazolinotetracyclines are
promising antioxidants useful in the treatment of dis-
eases involving oxidative stress.
4. Experimental

4.1. Materials and methods

Tetracycline hydrochloride 1b was purchased from ICN
Biomedicals, Inc. (Aurora, OH). Minocycline 1a, hydra-
zine hydrate, DPPH free radical, riboflavin, ethylenedi-
aminetetraacetic acid (EDTA), methionine, nitroblue
tetrazolium (NBT), dimethylsulfoxide (DMSO), butyl-
ated hydroxyanisole (BHA), trolox, 2,2 0-azino-bis(3-eth-
ylbenzthiazoline-6-sulfonic acid (ABTS), and potassium
persulfate were supplied by Sigma (St. Louis, MO).
Chlortetracycline hydrochloride 1c was provided by
Fluka (Buchs, Switzerland). The bacterial strains used
in this study were acquired from Stratagene, Canada.
Zinc sulfate heptahydrate was an Anachemia (Montréal,
Canada) product. HPLC-grade water, acetonitrile, and
methanol were purchased from J. T. Baker (Phillips-
burg, NJ). Melting points were determined by Electro-
thermal Melting Point apparatus (Sigma–Aldrich,
Oakville, Canada) and are uncorrected. 1H NMR spec-
tra were recorded on Bruker Advance 500 spectrometer.
Molecular mass determination was carried out on an
API III electrospray mass spectrometer (Sciex, Concord,
ON, Canada) and on a Micromass Q-TOF Global spec-
trometer (Waters, Milford, MA). The purity of all syn-
thetic products (P98%) was established by HPLC
using an analytical C18-reverse phase SymmetryShieldTM

column (3.5 lm; 4.6 · 50 mm). The method used a bin-
ary gradient of 0.1% trifluoroacetic acid (TFA) in water
(phase A) and 0.1% TFA in acetonitrile (phase B) on a
gradient from 0% phase B at time 0 to 80% phase B at
10 min at a flow rate of 1.5 mL/min. The single-crystal
XRD analysis was performed on a Bruker SMART
CCD X-ray diffractometer. A DU� 640 spectrophoto-
meter (Beckman Coulter, Inc., Fullerton, CA) was used
to monitor the optical densities of bacteria cultures. The
absorption spectra were recorded on a Varian (Cary 3E)
UV–vis spectrophotometer. A tunable microplate reader
Versamax (Molecular Devices, CA) was used to measure
the antioxidant activity.

4.2. Synthesis of hydroxypyrazolinominocycline 2a and
pyrazolominocycline 3a

Minocycline hydrochloride 1a (50 mg, 0.10 mmol) was
suspended in water (1.25 mL), then hydrazine hydrate
(17.5 lL, 0.36 mmol) was added, and the reaction
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mixture was stirred at room temperature overnight un-
der nitrogen for 16 h. After the solvent had been re-
moved by freeze drying, the crude product was
separated using a C18-reverse phase Vydac column
(50 · 250 mm). By applying a binary gradient of 0.1%
TFA in water (phase A) and 0.1% TFA in acetonitrile
(phase B) on a gradient from 0% phase B to 5% phase
B in 100 min at a flow rate of 20 mL/min, compound
2a (30.6 mg, 52%) separated as a trifluoroacetate. Com-
pound 3a (22.4 mg, 39%) eluted soon afterwards under
isocratic conditions (95% phase A, 5% phase B,
20 mL/min). After freeze drying the collected fractions,
the solid material was dissolved in the minimum amount
of water and treated with the required amount of trieth-
ylamine. The tetracycline derivatives were separated
from the water-soluble salts using PrepSepTM-C18 dis-
posable extraction columns.

4.2.1. [5S-(5a,5aa,6aa,12ba,12ca)]-5,8-Bis(dimethylami-
no)-1,5,5a,6,6a,7,12,12a,12b,12c-decahydro-4,11,12b,12c-
tetrahydroxy-12-oxo-1,2-diaza-cyclopenta[de]naphthacene-
3-carboxylic acid amide 2a. Yellowish powder, mp
190 �C (dec). tR = 2.8 min. 1H NMR (500 MHz, D2O):
d 1.55 (q, 1H, J = 12.7 Hz), 2.22 (d, 1H, J = 10.9 Hz),
2.47 (m, 1H), 2.74 (dd, 1H, J = 13.0 and 15.3 Hz), 2.87
(m, 1H), 3.02 (s, 6H), 3.03 (m, 1H), 3.19 (d, 1H,
J = 13.6 Hz), 3.28 (s, 6H), 3.86 (s, 1H), 7.12 (d, 1H,
J = 9.1 Hz), 7.91 (d, 1H, J = 9.1 Hz). 13C NMR
(100 MHz, CD3OD): d 29.0, 33.1, 34.1, 35.6, 42.3,
43.4, 53.4, 68.9, 78.0, 98.5, 114.8, 116.7, 128.5, 137.8,
142.5, 149.8, 158.3, 170.5, 171.0, 185.0, 203.4. HRMS
(ESI-TOF) calcd for C23H29N5O6 472.2198 (MH+).
Found 472.2196.

4.2.2. [6S-(2ba,6a,6aa,7aa)]-6,9-Bis(dimethylamino)1,2b,
3,6,6a,7,7a,8-octahydro-2b,5,12-trihydroxy-3-oxo-1,2-dia-
zacyclopenta[fg]naphthacene-4-carboxylic acid amide 3a.
Yellowish powder, mp 195–199 �C (dec). tR = 4.0 min.
1H NMR (500 MHz, D2O): d 1.53 (q, 1H, J = 11.5 Hz),
2.12 (t, 1H, J = 15.1 Hz), 2.24 (d, 1H, J = 11.4 Hz),
2.96 (s, 6H), 3.06 (m, 2H), 3.20 (br s, 7H), 3.95 (s, 1H),
6.93 (d, 1H, J = 8.9 Hz), 7.42 (d, 1H, J = 8.9 Hz). 13C
NMR (100 MHz, CD3OD): d 29.8, 30.5, 34.5, 36.5,
43.1, 44.7, 73.3, 98.7, 110.2, 113.9, 115.7, 120.2, 129.3,
132.6, 143.4, 145.4, 150.3, 154.0, 159.2, 173.5, 192.6.
MS (ESI), m/z: 454.3 (MH+). HRMS (ESI-TOF) calcd
for C23H27N5O5 454.2090 (MH+). Found 454.2097.

4.3. Synthesis of hydroxypyrazolinotetracycline 2b and
pyrazolotetracycline 3b

Tetracycline hydrochloride 1b (200 mg, 0.42 mmol) was
suspended in 8 mL absolute ethanol, then hydrazine hy-
drate (50 lL, 1.04 mmol) was added, and the reaction
mixture was refluxed for 3 h. The crude mixture was
evaporated to dryness and subjected to high vacuum
to remove any traces of solvent. Water (0.8 mL) was
added to dissolve the dry residue and, after a few min-
utes of stirring at room temperature, a beige precipitate
formed. The stirring continued for 1 h, the precipitate
was then collected and dried (160 mg). The material
was dissolved in 3.0 mL of 20% acetic acid and was
separated using a C18-reverse phase Vydac column
(50 · 250 mm) employing 0.6% acetic acid in water as
mobile phase at a flow rate of 20 mL/min. After freeze
drying the collected fractions, the solid materials were
dissolved in the minimum amount of water and treated
with the required amount of triethylamine. The tetracy-
cline derivatives were separated from the water-soluble
salts using PrepSepTM-C18 disposable extraction
columns. The isolated amount of 2b was 12.9 mg
(6%), whereas the amount of compound 3b was
125 mg (68%).

4.3.1. [5S-(5a,5aa,6aa,12ba,12ca)]-5-Dimethylamino-1,5,
5a,6,6a,7,12,12a,12b,12c-decahydro-4,7,11,12b,12c-penta-
hydroxy-7-methyl-12-oxo-1,2-diaza-cyclopenta[de]-naph-
thacene-3-carboxylic acid amide 2b. Yellowish powder,
mp 280–285 �C (dec). tR = 4.6 min. 1H NMR
(500 MHz, D2O): d 1.48 (q, 1H, J = 3 Hz), 1.76 (s,
3H), 2.35 (m, 2H), 2.76 (d, 1H, J = 8.8 Hz), 2.96 (s,
6H), 3.07 (d, 1H, J = 11.8 Hz), 3.75 (s, 1H), 7.04 (d,
1H, J = 8.3 Hz), 7.31 (d, J = 7.6 Hz), 7.67 (dd, 1H,
J = 7.6 and 8.3 Hz). 13C NMR (100MHz, CD3OD): d
23.7, 29.0, 35.2, 42.4, 42.7, 53.3, 69.0, 75.7, 82.5, 86.8,
94.2, 113.8, 115.8, 117.8, 114.6, 137.5, 148.5, 157.8,
170.9, 175.3, 204.4. HRMS (ESI-TOF) calcd for
C22H26N4O8 459.1862 (MH+). Found 459.1880.

4.3.2. [6S-(2ba,6a,6aa,7aa)]-6-Dimethylamino-1,2b,3,6,
6a,7,7a,8-octahydro-2b,5,8,12-tetrahydroxy-8-methyl-3-
oxo-1,2-diaza-cyclopenta[fg]naphthacene-4-carboxylic acid
amide 3b. Beige powder, mp 208–212 �C (dec); (lit.18 mp
198–203 �C). tR = 4.7 min. k0.01N HCl

max 269, 305 nm, e
25,931, 12,976. Its absorption spectrum was in good
agreement with the reported one16 (k0.01N HCl

max 271,
306 nm, e 23,600, 11,200). 1H NMR (500 MHz,
CD3OD): d 1.57 (s, 3H), 1.95 (m, 1H), 2.07 (m, 1H),
2.53 (s, 1H), 2.92–3.12 (m, 3H), 7.04 (d, J = 5.7 Hz,
1H), 7.12 (br s, 2H). MS (ESI), m/z: 441.2 (MH+).

4.4. Synthesis of pyrazolochlortetracycline 3c

Chlortetracycline hydrochloride (2.0 g, 3.9 mmol) was
reacted with hydrazine hydrate (2 g, 2 mL) in methanol
(400 mL) at room temperature for 2 h. The resulting
precipitate was filtered and treated with water
(50 mL) with stirring for 1 h at room temperature
to give, after filtration and thoroughly washing with
water, 11,12-pyrazolochlortetracycline 3c as a white
precipitate.

4.4.1. [6S-(2ba,6a,6aa,7aa)]-9-Chloro-6-dimethylamino-
1,2b,3,6,6a,7,7a,8-octahydro-2b,5,8,12-tetrahydroxy-8-
methyl-3-oxo-1,2-diaza-cyclopenta[fg]naphthacene-4-carb-
oxylic acid amide 3c. White powder, mp 291 �C (dec);
(lit.16 mp >300 �C). tR = 5.7 min. k0.01N HCl

max 216,
271, 316 nm, e 26,525, 25,571, 10,032. Its absorption
spectrum was are in good agreement with the reported
one18 (k0.01N HCl

max 216, 272, 317 nm, e 26,600, 21,800,
8700). 1H NMR (500 MHz, CD3OD/CF3CO2D): d
2.05 (q, J = 12 Hz, 1H), 2.11 (s, 3H), 2.34 (d,
J = 10.1 Hz, 1H), 3.10 (s, 6H), 3.19 (m, 2H), 4.00 (s,
1H), 6.93 (d, J = 8.7 Hz, 1H), 7.73 (d, J = 8.7 Hz, 1H).
MS (ESI), m/z: 475.7 (MH+).
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4.5. Crystal structure determination of compound 2b

Pale-yellow prisms of compound 2b were obtained upon
crystallization from a tetrahydrofuran/diethyl ether sys-
tem using vapor diffusion technique. A crystal with
dimensions 0.50 · 0.15 · 0.04 was studied using mono-
chromatic Mo Ka radiation (k = 0.71073 Å; x scan
mode over the h range of 1.5–25�, coverage of the un-
ique set of reflections >99%). No absorption correction
was applied. The final unit cell parameters were calcu-
lated using the entire data set. The structure was solved
by direct methods using the SHELXTLSHELXTL package.49 Refine-
ment (anisotropic for non-hydrogen atoms) was per-
formed on F2 using all data with positive intensities.
Hydrogen atoms were refined isotropically with thermal
factors 1.2–1.5 times greater than those for the adjacent
carbon atoms. The hydrogen atoms attached to carbons
were fixed in the calculated positions, while the rest were
unconstrained. Salient experimental details and the
essential structural parameters are listed in Supplemen-
tary data. Full details of the XRD analysis and complete
structural information have been deposited with the
Cambridge Crystallographic Data Center as CCDC
239,499. Copies of the data can be obtained, free of
charge, on application to CCDC, 12 Union Road, Cam-
bridge, CB2 1EZ, UK (fax: +44 (0)1223 336033 or
e-mail: deposit@ccdc.cam.ac.uk).

4.6. Assay of antibiotic activity

Two bacterial strains were used for antibiotic assay. One
is the tetracycline-sensitive strain BL21(DE3), E. coli B
F� dcm ompT hsdS (rB� mB�) gal k (DE3) and the other
is the tetracycline-resistant strain XL2-Blue, recA1
endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F 0 proAB
lacIqZDM15 Tn10(Tetr) Amy Camr]. The bacterial
strains were plated fresh from �80 �C glycerol stocks
onto 2 · YT media agar plates (16 g/L bacto-tryptone,
10 g/L bacto-yeast extract, 5 g/L NaCl, 15 g/L bacto-
agar; pH adjusted to 7.0 with NaOH) and grown over-
night at 37 �C. Single colonies of BL21(DE3) and
XL2-Blue were picked and used to inoculate 7 mL flasks
of LB liquid media (10 g/L bacto-tryptone, 5 g/L bacto-
yeast extract, 10 g/L NaCl; pH adjusted to 7.0 with
NaOH; plates contained 15 g/L bacto-agar). Cultures
were grown for 6 h at 250 rpm at 37 �C and then for
14 h at 250 rpm at 30 �C. Bacterial concentrations were
determined with a spectrophotometer and approxi-
mately 2000 CFU�s of bacteria were used to incubate
LB plates containing variable concentrations of com-
pound 1a,b, 2a, or 2b in 50% ethanol/water. Plates were
incubated at 37 �C for 20 h and then examined for bac-
terial growth.

4.7. Zn2+ binding assay

The solutions of 1a (hydrochloride), 1b (hydrochloride),
2a (acetate), and 2b (acetate) required for measuring
their UV–vis absorption were obtained by mixing
0.1 mL solution of each 1a,b, 2a, or 2b (1 mM in water)
with 0.8 mL methanol and 0.1 mL of 0.05 M Tris buffer
(pH 7.4) in a 1 cm quartz cuvette (1 mL volume). After
the absorption curves of the four compounds were
obtained, an aliquot (10 lL) of ZnSO4 solution (10–
100 mM) was added to them to record their absorption
spectra in the presence of Zn+ (0.1–1 mM). The change
in volume resulted from the addition of 10 lL ZnSO4

solution to 1 mL sample was ignored. The baseline
absorption spectrum was recorded with 0.1 mL water,
0.8 mL methanol, and 0.1 mL 0.05 M Tris buffer
(pH 7.4), and was subtracted from the absorption spec-
tra of the samples. The location of the maximum
absorption and the change in peak heights were re-
corded as a function of Zn2+ concentrations.

4.8. Antioxidant assays

4.8.1. Superoxide anion radical scavenging activity.
Superoxide radical scavenging activity was measured
by employing a procedure that uses the irradiated ribo-
flavin/EDTA/NBT system with minor modifications.
The mixture consisted of 140 lL of 0.030 mM ribofla-
vin, 1 mM EDTA, 0.60 mM methionine and 0.030 mM
NBT solution in 50 mM potassium phosphate buffer
(pH 7.8) and 10 lL of a sample solution, which includes
the test compounds and the reference compounds at var-
ious concentrations in DMSO, as well as DMSO as a
control. The solutions of the tested compounds had con-
centrations ranging from 3 to 1000 lg/mL, whereas the
concentrations of the solutions of the reference com-
pounds varied from 0.1 to 1000 lg/mL. The photoin-
duced reactions to generate superoxide anion were
carried out in an aluminum foil-lined box with two
20 W fluorescent lamps. The distance between reactant
and lamp was adjusted until the intensity of illumination
reached 1000 lux. The reactant was illuminated at 25 �C
for 8 min. The photochemically reduced riboflavin gen-
erated superoxide anion, which reduced NBT to form
the blue formazan. The un-illuminated reaction mixture
was used as a blank. Reduction of NBT was measured
by the absorbance change at 560 nm before and after
irradiation using a microplate. Scavenging activity was
calculated from the absorbance changes of control and
test samples:

Scavenging activity ð%Þ ¼ ð1�DAsample=DAcontrolÞ � 100;

where DAsample is the change of the absorbance in the
wells containing the tested compounds, and DAcontrol is
the change of the absorbance in the wells containing
the reference compounds.

The EC50 value is defined as the concentration of sub-
strate that causes 50% loss of the reduced NBT. The as-
says were performed in triplicate and the absorbance
changes were averaged before calculation.

4.8.2. DPPH radical scavenging activity. DPPH radical
scavenging activity was determined using the method
of Brand-Williams et al.35 with minor modifications.
The solution of the sample (10 lL) in ethanol was added
to 90 lL of a 0.15 mM DPPH radical in ethanol in a
96-well plate. The sample solution refers to the tested
compounds and the reference antioxidants at various
concentrations, as well as ethanol as a control. The
solutions of the tested compounds had concentrations
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ranging from 3 lg/mL to 1000 lg/mL, whereas the con-
centrations of the solutions of the reference compounds
varied from 0.1 lg/mL to 1000 lg/mL. The reaction
leading to the scavenging of DPPH radical was complete
within 10 min at 25 �C. The absorbance of the mixture
was then measured at 517 nm using a microplate reader.
The reduction of DPPH radical was expressed as
percentage:
Scavenged DPPH ð%Þ ¼ ð1� Atest=AcontrolÞ � 100;
where Atest is the absorbance of a sample at a given con-
centration after 10 min reaction time and Acontrol is the
absorbance recorded for 10 lL ethanol. The EC50 value
is defined as the concentration of sample that causes
50% loss of the DPPH radical.

4.8.3. ABTS cation radical scavenging activity. The
ABTS cation radical was produced by the reaction be-
tween 7.0 mM ABTS/water and 2.45 mM potassium
persulfate for 12 h in the dark at room temperature.
The ABTS�+ solution was diluted with PBS until
A734 = 0.7. The reaction was initiated by adding
190 lL of ABTS�+ solution to 10 lL sample solution
at 25 �C. The percentage of reduction of A734 was re-
corded and was plotted as a function of the sample�s
concentration.
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