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ABSTRACT: A library of ciprofloxacin—nuclease conjugates was Ciprofloxacin-nuclease conjugate
designed and synthesized to investigate their potential as catalytic

antibiotics. The Cu(II) complexes of the new designer compounds Protein
(i) showed excellent in vitro hydrolytic and oxidative DNase
activity, (ii) showed good antibacterial activity against both Gram-
negative and Gram-positive bacteria, and (iii) proved to be highly
potent bacterial DNA gyrase inhibitors via a mechanism that
involves stabilization of the fluoroquinolone—topoisomerase—
DNA ternary complex. Furthermore, the Cu(I) complexes of
two of the new designer compounds were shown to fragment
supercoiled plasmid DNA into linear DNA in the presence of DNA
gyrase, demonstrating a “proof of concept” in vitro. These
ciprofloxacin—nuclease conjugates can therefore serve as models with which to develop next-generation, in vivo functioning
catalytic antimicrobials.
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luoroquinolones are highly potent, broad spectrum One innovative approach is the development of catalytic
antibiotics that are among the most commonly prescribed antibiotics as small molecule-based therapeutic agents to
antibacterials in the world." They exert a bacteriostatic effect mediate catalytic inactivation of a specific bacterial target to
by selectively binding to the bacterial topoisomerase ITA— form an inactive or dysfunctional entity. Inhibition occurs in at
DNA complex and thereby inhibiting DNA replication. At least two steps and in a manner analogous to the Michaelis—
higher doses (5—10 X minimum inhibitory concentration Menten enzyme model: The compound must first bind
(MIC)), they exert a bactericidal effect by causing noncovalently to the target; the resulting complex then
fragmentation of the bacterial chromosome, which is toxic undergoes specific chemical modification, which results in
for the bacteria.” However, the emergence of resistance is the deleterious transformation of the target and the release of
becoming a critical issue that is limiting the use of this class of the drug for another cycle (Figure 1).°"® Thus, unlike
antibiotics.” Consequently, several novel bacterial topoisomer- conventional antibiotics that inhibit their targets by either
ase type IIA inhibitors have been developed that retain potency noncovalent or covalent interactions, catalytic antibiotics
against quinolone-resistance bacterial strains by offering an should promote multiple turnovers of a catalytic cycle. There
alternative binding mode or mechanism of action, including are many advantages to this approach, including improved
among others NXL101 and REDX07638." potency and lower toxicity (due to lower dosage requirements)
Unfortunately, however, it has been well documented that and general applicability to targets with weak binding sites.%’

once a new antibiotic is introduced into the clinic, whether it is
a novel chemical entity acting at a distinct bacterial target or a
semisynthetic derivative that counters the resistance to its
parent drug, it is only a short matter of time until new
resistance will yet again emerge and create a public health
problem.” Consequently, it would seem apparent that changing
the mechanism of inhibition or binding mode at the target
does not necessarily address the fundamental problem of
delaying resistance development; it simply “buys more time”
for the topoisomerase targeting antibacterials. The significance
of this health problem has re-energized the search for novel
approaches that would allow humans to stay more than one
step ahead.

Furthermore, this approach is likely to delay resistance for two
reasons. First, individual target-based resistance mutations are
unlikely to affect the k, rate constant even if they do affect the
rate at which the inhibited complex forms (K;). In other words,
catalytic antibiotics would be able to target mutants that have
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Figure 1. General scheme representing the mechanism for catalytic
deactivation of biomolecular target.

acquired energetically “shallow” binding sites to the
pharmacophore scaffold, since the efficiency of such enzymatic
systems is governed by the ratio of these two parameters and
not just by K,.” Thus, given enough exposure to the compound,
even mutants that react considerably more slowly will become
deactivated and so resistance is likely to develop more slowly.
Second, the killing activity of catalytic antibiotics is expected to
be totally independent of cellular processes such as protein
synthesis or anaerobic conditions. Such a feature could be
particularly important with pathogens such as Mycobacterium
tuberculosis that enter a dormant state in which they become
tolerant to many antimicrobials.”

In the past few decades, artificial enzymes that target nucleic
acids or proteins have been well studied.*” However, in most
cases, the reported catalysts suffer from a lack of substrate
selectivity, which can lead to lower catalyst efficiency, side
effects, and toxicity.” One approach to addressing this issue is
to join a substrate selective binding motif to the catalytic
warhead (Figure 1).° Several studies have recently reported on
multifunctional antibacterial metallopeptides that modify
nucleic acids, proteins, or phospholipids via ROS generated
by an amino terminal copper and nickel (ATCUN) binding
motif. For example, Cowan and co-workers reported on the
conjugates of Cu(II)-ATCUN with known antimicrobial
peptides'”"" and demonstrated significant improvement in
antibacterial activity relative to parent peptides. These seminal
works by Cowan’s laboratory, along with those by Angeles-
Boza’s'”"? and other laboratories'® clearly show that the
attachment of a metal-binding motif can promote oxidative
damage and enhance the antibacterial activity of known
antibacterial peptides. However, the conservative' '? changes
in MIC observed versus the parent peptides were not as high as
would be expected from a catalytic metallodrug, which suggests
that more advanced design strategies are needed to realize the
full clinical potential of catalytic antibiotics.

To address this issue, we set out to explore catalytic
antibiotics that are designed to cleave a specific, “critical”
chemical bond in a bacterial target that is projected to result in
the immediate deactivation of the target. In our previous
work,'> we synthesized and evaluated new variants of an
aminoglycoside antibiotic that would selectively and catalyti-
cally act on the bacterial ribosome to irreversibly deactivate it
via metal-free, hydrolytic RNase activity. We demonstrated
that an appropriately designed aminoglycoside variant has the
capacity to bind selectively to the parent aminoglycoside
binding site and to induce the conformational changes that are
necessary to lower the activation barrier of the transition state

for hydrolytic cleavage.

609

Herein, we focus on redesigning ciprofloxacin to catalytically
cleave a specific scissile phosphodiester bond at the site of the
fluoroquinolone—topoisomerase—DNA ternary complex,
where the bound DNA is (a) stretched'® and (b) free of
significant binding interactions with the surrounding residues
(Figure 2).

Figure 2. Three-dimensional representation of the ternary complex as
obtained from an X-ray crystal structure (PDB ID code 2XKK'”). The
ParE28—ParC58 fusion truncate of Acinetobacter baumannii topo-
isomerase IV (Topo IV) shown as an electrostatic potential map (blue
= positive, red = negative) in complex with the fluoroquinolone
moxifloxacin (shown as spheres; carbon = green, nitrogen = blue) and
DNA (shown as orange/black cartoon); image generated using
PyMOL."® The yellow arrows mark out the scissile phosphodiester
bonds adjacent to the fluoroquinolone molecules.

This has the potential to (i) irreversibly deactivate the
enzyme target, (ii) fragment the chromosome, and most
crucially (iii) also interfere with the affinity of the binding
moiety to the target such that a catalytic cycle is generated, as
shown in Figure 1. With this premise, we decided to assemble
an initial library of ciprofloxacin—nuclease conjugates and to
investigate their potential as catalytic antibiotics. The Cu(II)
complexes of the new designer compounds (i) showed
excellent in vitro hydrolytic and oxidative DNase activity, (ii)
showed good antibacterial activity against both Gram-negative
and Gram-positive bacteria, and (iii) proved to be highly
potent bacterial DNA gyrase inhibitors via a mechanism that
involves stabilization of the ternary complex. Furthermore, the
Cu(1I) complexes of two of the new designer compounds were
shown to fragment supercoiled plasmid DNA into linear DNA
in the presence of DNA gyrase, demonstrating a “proof of
concept” in vitro.

B RESULTS AND DISCUSSION

Design Hypothesis. We primarily considered the
following three key aspects: (i) the choice of “catalytic
warhead” that efficiently cleaves the DNA substrate, (ii) the
choice of attachment site of a catalytic warhead on the
ciprofloxacin scaffold, and (iii) the linker structure that
connects ciprofloxacin to the catalytic warhead.

https://dx.doi.org/10.1021/acsinfecdis.0c00777
ACS Infect. Dis. 2021, 7, 608—623
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(i) The Choice of Catalytic Warhead. Phosphodiester Co(III) may also enhance the binding of the metal complex to
bonds are extremely stable toward hydrolysis: the half-life for the DNA and it is difficult to predict how exactly this would

hydrolysis of phosphodiester bonds in DNA at neutral pH and affect the rate of the catalytic turnover.”’

25 °C is estimated to be 16 million years."” Despite such The Choice of (ii) Attachment Site of a Catalytic Warhead

unique stability, natural nuclease enzymes cleave DNA very and (iii) the Linker Structure. Previous studies on SAR of

efficiently providing impressive rate acceleration.” fluoroquinolones have demonstrated a high tolerance for
For most natural metallic nucleases, magnesium is the metal structural variations at the 7-position of the phenyl ring’"**

of choice, while in a few other cases divalent Zn or Ca are (Figure 4). This phenomenon can be rationalized by the

used.”" Inspired by natural metallonucleases, numerous studies

have reported on the design of strongly Lewis acidic metal cyclen ciprofloxacin

complexes that promote hydrolysis of the DNA phospho- —— —A

diester backbone.”? Although very efficient, metal-independent ~\ %

natural nucleases exist, artificial nonmetallic hydrolytic DNA _NH N ! nN’\N ] Y1

cleavage remains a challenge, and the rate enhancements of | NH 1N~ NN |

reported compounds are generally not as good as those of A F OH

metal-containing systems™> (Figure 3). o 0O
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0] Figure 4. Designed structures 1—6 as derivatives of ciprofloxacin.

) structural information available; the bulky substituent at the 7-
HO O :)\D‘“: position is seen to project into a large,'” solvent-accessible
volume of space above the cleaved DNA.

For these reasons, we chose to modify ciprofloxacin at the
terminal nitrogen of the piperazine moiety. We reasoned that
the catalytic warhead should be joined to the piperazine
component via a hydrophobic linker to avoid off-target polar
interactions between the linker and the surrounding amino

Figure 3. Hydrolytic (blue arrows) and oxidative (purple arrows)
DNA cleavage pathways.

An alternative approach is to use redox active metals that acid residues. Additionally, we chose to vary the length and
efficiently cleave DNA in the presence of an oxidant (H,O, or flexibility (aliphatic vs aromatic) of the linker to explore a wide
0,) and endogenous reductant (e.g., ascorbic acid), by array of attack trajectories toward the scissile DNA

generating ROS such as the hydroxyl radical, which typically phosphodiester bond, since in order to facilitate hydrolytic
abstract hydrogen from the deoxyribose ring followed by DNA cleavage one of the cyclen N—H’* bonds needs to be

spontaneous cleavage of C—C and C—O bonds** (Figure 3). suitably positioned to provide the necessary phosphate
In both these approaches, it is essential that the metal— stabilization as a hydrogen bond donor while the metal-
ligand complex is highly stable, since both prokaryotic and activated nucleophile (water) must be well orientated for an in-
eukaryotic cells have sophisticated acquisition systems to line nucleophilic attack™ (Figure 5). These design principles
scavenge essential metals from their environment, as an were then used together with molecular docking (Autodock
imbalance in metal homeostasis is deleterious.”* 4.2°* and Ledock;™ see Supporting Information for details) to
Taking into account the above considerations, we selected design the new derivatives of ciprofloxacin, compounds 1—6
1,4,7,10-tetraazacyclododecane (cyclen) as a scaffold and (Figure 4). The cyclen warhead is connected to ciprofloxacin
Cu(Il)-cyclen and Co(IIl)-cyclen as the nuclease warheads via an aliphatic spacer in compounds 1—3 and via an aromatic
in our desi§ner structures. Cu(1I)-cyclen is thermodynamically spacer in compounds 4—6. The docking data (data not shown)
very stable” and cleaves DNA primarily by metal-bound ROS for all the Cu(II) and Co(III) complexes of 1—6 predict that
in the presence of redox adjuvants.”® Although Cu(II)-cyclen (i) the ciprofloxacin scaffold will bind in the native pocket and
itself has poor nuclease activity in the absence of adjuvants,”’ (ii) the cyclen warhead will be brought into very close
we anticipated that in our system, the Cu(II)-cyclen warhead proximity to the DNA. Interestingly, both software packages
connected with a spacer to ciprofloxacin might show enhanced predict that 5-Cu(II) and 5-Co(III) are the most likely
hydrolytic or oxidative activity (compared to Cu(II)-cyclen complexes to be capable of hydrolytic DNA cleavage (Figure

alone) due to the proximity effect (or its increased effective S).
molarity™®). Co(IIl)-cyclen is expected to be even more Synthesis of 1-6 and Their Cu(ll) and Co(lll)
thermodynamically stable in view of the exchange-inertness of Complexes. Compounds 1—6 were synthesized in five or
Co(I11)*™*° and is more active than the Cu(II)-cyclen in the six chemical steps, as detailed in Scheme 1. First, commercially
absence of adjuvants via a hydrolytic pathway.”” It is important available ciprofloxacin was ester-protected under acidic
to note, however, that the greater electrostatic charge of conditions to give methyl ester 7. Compound 7 was then
610 https://dx.doi.org/10.1021/acsinfecdis.0c00777
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Figure S. Docking pose of energy minimum of low energy cluster for
5-Co(I1) (A) and 5-Cu(Il) (B) in crystal structure 2XKK."” For
clarity, only the metal—cyclen warhead and the adjacent DNA
residues are shown (green carbons = cyclen, white carbons = DNA,
metal = magenta). Blue dashed lines indicate distance between metal-
activated water and scissile phosphodiester bond. Yellow dashed lines
inglicate electrostatic interaction between phosphate oxygen and N—
H*.

treated with an excess of the relevant dibromo compound
under basic conditions to afford compounds 8a—f containing a
terminal bromide. It is notable that while the majority of the
dibromo compounds used here are commercially available, the
dibromo derivatives 1-(2-bromoethyl)-4-(bromomethyl) ben-
zene (10) and 1-(bromomethyl)-4-(3-bromopropyl) benzene
(11) required for preparing 8e and 8f are not commercially
available. Therefore, 10 and 11 were synthesized from
commercially available starting materials in two and four
steps, respectively, as detailed in Supplementary Scheme S1.
Initially, the bromide 8a was treated with tri-Boc-cyclen®®
under basic conditions in an attempt at preparing pure 9a in

one step. However, the reaction did not proceed even after
being heated at high temperature for a long time. These
conditions were only successful for the preparation of 9d. For
the rest of the compounds, instead of using tri-Boc-cyclen, the
bromo derivative was first treated with free cyclen®” under base
conditions followed by Boc-protection of the remaining
secondary amines to yield the corresponding tri-Boc protected
derivatives. For example, compound 8a was first coupled to
free cyclen under basic conditions (Cs,CO;, CH;CN) and
then Boc-protected and finally 9a was isolated using column
chromatography. Thus, 9b,c and 9e,f were synthesized via
cyclen as described for 9a.

Finally, compounds 9a—f were treated sequentially with
strong base (LiOH) and then strong acid (TFA) to remove the
ester and Boc protecting groups. Compounds 1—6 were then
converted to the free amine form using an Amberlite ion-
exchange column. The final 1—6 structures were characterized
by NMR and MS techniques.

The ligands 1—6 were treated with aqueous Cu(II) chloride
to afford the corresponding monoaqua Cu(II) complexes. The
complexes were characterized by UV—vis, EPR, and HMRS
(see Methods for details). The aqua-hydroxo Co(III)
complexes of 1—6 were prepared in three steps according to
the reported literature.”® The initial Co(III)-CO; complexes
were characterized by MS, UV—vis, and 13C NMR, the
intermediate Co(II)-Cl, complexes were characterized by
UV—vis and HRMS and the aqua-hydroxo-Co(III) complexes
were characterized by UV—vis (see Supporting Information for
details).

DNA Cleavage Assays. To evaluate the biologically
pertinent nuclease activity of Cu(I1I) and Co(III) complexes
of 1—6, assays were performed (a) in the absence of redox
adjuvants and also (b) in the presence of 0.32 mM ascorbic
acid (for the Cu(Il) complexes), since its (eukaryotic)
intracellular concentration is also in this range.””*’ Agarose

Scheme 1. Synthesis of Ligands 1—6“
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d or 4: X = CH,-pCgH5-CH,
e or 5: X = CHp-pCgH5~(CH,),
f or 6: X = CHy-pCgH5-(CHy)3

“Reagents and conditions: (a) Dowex SOWX8, MeOH, reflux, 81%; (b) DIPEA, CH;CN, 60 °C, Br(CH,)4Br, 54% (8a), Br(CH,),Br, 61% (8b),
Br(CH,)¢Br, 58% (8c), 1,4-bis(bromomethyl)-benzene, 22% (8d); (c) DIPEA, CH;CN, 0 °C to rt,1-(2-bromoethyl)-4-(bromomethyl)benzene,
60% (8e), 1-(bromomethyl)-4-(3-bromopropyl)-benzene, 63% (8f); (d) cyclen, Cs,CO;, CH;CN, 60 °C; (e) Boc,0, Et;N, DCM, 0 °C to rt, 45%
over 2 steps (9a), 33% over 2 steps (9b), 49% over 2 steps (9c), 34% over 2 steps (9e), S5% over 2 steps (9f); (f) triBoc-cyclen, DIPEA, DCM, rt,
72% (9d); (g) LiOH, MeOH/H,0 5:1, rt; (h) TFA, DCM, rt, Amberlite, 48% over 2 steps (1), 49% over 2 steps (2), 61% over 2 steps (3), S1%

over 2 steps (4), 38% over 2 steps (5), 59% over 2 steps (6).
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Figure 6. Comparative concentration dependent cleavage of (+) supercoiled pHOT-1 plasmid (0.007 ug L") in HEPES buffer (50 mM, pH 7.4)
over 5 h. Standard deviations of three independent experiments are shown as error bars for Cu(II) alone (CuCl,) and its complexes with cyclen, 1
and 4 (A), or 2 and 5 (B). The agarose gel images show one representative experiment.

gel electrophoresis (1% agarose) and ethidium bromide
staining was used to monitor the conversion of supercoiled
(form I) pHOT-1 plasmid DNA into its nicked form (form II)
or into multiply nicked DNA; no linear form (form III) was
observed. Comparative DNA cleavage experiments of the
ligands 1—6 with and without the chelated metals clearly
demonstrated that the cleavage activity of 1—6 without any
metal could be excluded (Supplementary Figure S1). As
reported previously, due to the presence of multiple positive
charges in the ligands, it is necessary to use an ion-exchange
based microscale procedure for removal of the ligands prior to
electrophoresis (above a critical concentration; Supplementary
Figure S2), as neutralization of the negatively charged DNA by
these strongly bound ligands prevents the DNA from moving
in the electric field.”’

Cleavage Experiments in the Absence of Adjuvants: Cu(ll)
Complexes. As illustrated in Figure 6A, both the 1-Cu(II) and
4-Cu(II) complexes show very significant enhancement in the
rates of DNA cleavage when compared with either CuCl, or
Cu(II)-cyclen. Presumably, this enhancement is mediated by
the extra binding affinity provided by the intercalating
properties of the ciprofloxacin scaffold. Furthermore, both 2-
Cu(Il) and 5-Cu(Il) complexes show significant cleavage
enhancement even in relation to the activity of 1-Cu(Il) and 4-
Cu(Il) (Figure 6B). Indeed, there appears to be a strong
correlation between the linker length and the cleavage activity;
1-Cu(II) and 4-Cu(II) show similar activity and both have six
atoms in the linker, while 2-Cu(II) and 5-Cu(Il) also show
similar activity and both have seven atoms in the linker.
Surprisingly, 3-Cu(II) and 6-Cu(Il), both of which contain
eight atoms in the linker, showed only very limited activity
(Supplementary Figure S3). The overall order of reactivity is
therefore as follows: 2-Cu(Il) ~ §-Cu(II) > 1-Cu(Il) =~ 4-
Cu(Il) > 3-Cu(Il) =~ 6-Cu(Il). In summary, these data
demonstrate that the nuclease activity is very sensitive to the
linker length between the Cu(II)-cyclen warhead and the
ciprofloxacin scaffold.

To investigate the mechanism of cleavage, a scavenging assay
was performed with hydroxyl radical scavengers (DMSO, t-
BuOH, KI), a singlet oxygen scavenger (NaNj;), a superoxide
scavenger (KI), and NaCl as a control for ionic strength
(Figure 7). The data clearly rules out the involvement of the
hydroxyl radical in the catalytic activity of 5-Cu(II), since both
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Figure 7. Cleavage of (+) supercoiled pHOT-1 plasmid (0.007 ug
uL™") in HEPES buffer (50 mM, pH 7.4) with 5-Cu(II) (0.5 mM)
alone or with a series of scavenging compounds (10 mM), over S h.

DMSO and t-BuOH have no significant inhibitory effect. In
stark contrast, KI and NaN; both have very significant
inhibitory effect, while NaCl does not, ostensibly suggesting
that both singlet oxygen and superoxide radicals contribute to
the catalytic activity of 5-Cu(Il). Indeed, other studies have
reported on similar copper complexes (bearing DNA
intercalators) that cleave DNA via an oxidative pathway in
the absence of adjuvants.*"** However, since the inhibitory
effects of NaN; and KI could also be mediated by their ability
to displace the copper-coordinated water, these data do not
rule out the possibility that a hydrolytic mechanism contributes
to the nuclease activity. Indeed, UV—vis spectroscopic analysis
of the mixture of Cu(II)-cyclen with NaN;, KI, or NaCl
(Supplementary Figures S4—6) reveal that NaN; and KI
displace the Cu(II) associated water while the NaCl does not
(i.e., at the ratio used in the scavenging assay). Finally, the fact
that one additional carbon in the linker can distinguish
excellent nuclease activity enhancement (relative to Cu(1l)-
cyclen) from virtually no activity at all [ie, 5-Cu(II) and 2-
Cu(II) vs 3-Cu(Il) and 6-Cu(II)] suggests that a hydrolytic
mechanism contributes significantly to the nuclease activity of
1-Cu(1I), 2-Cu(1I), 4-Cu(II), and 5-Cu(II).
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Cleavage Experiments in the Absence of Adjuvants:
Co(lll) Complexes. The Co(IlI) complexes of ligands 1—6 all
cause the plasmid DNA to “disappear” during the incubation
experiment at micromolar concentrations but do not generate
any new DNA band or DNA smear (Figure 8). This is in stark

Concentration/uM
10 20 50 0.1 1

1 10 20 50 0.1 1

10 20 50 0.1 1 10 20 50

Control  Co(lll)-cyclen 1-Co(lll) 2-Co(lll) 5-Co(lll)

Concentration/uM

1 10 20 50 0.1 1 10 20 50 0.1 1 10 20 50 0.1 1 10 20 50

Control  Co(lll)-cyclen 4-Co(lll) 6-Co(lll) 3-Co(ll)

Figure 8. Cleavage experiment of (+) supercoiled pHOT-1 plasmid
(0.007 pg uL™") in HEPES buffer (50 mM, pH 7.4) over 0.5 h.

contrast to Co(Ill)-cyclen itself, which has no effect what-
soever under these conditions. Interestingly, increasing the
incubation time from 0.5 to 2 h had no significant effect on the
results (Supplementary Figures S7 and S8), which suggests
that the complete disappearance of DNA is caused by a
binding event rather than multiple cleavage events. These data
collectively suggest that the Co(III) complexes of ligands 1—6
possess significant hydrolytic DNase activity at micromolar
concentrations but that the ligand—metal sequestering
procedure used successfully for the Cu(Il) complexes (see
experimental procedures and Supplementary Figure S2) was
unable to remove the Co(IIl) complexes from the DNA;
presumably this in-turn (i) causes the DNA to be charge
neutralized and consequently not to run on the gel or (ii)
prevents the ethidium bromide from binding to the DNA.***

Indeed, Schneider’” et al. notes that cleavage experiments
with Co(III)-cyclen derivatives required cyanide treatment to
sequester the cobalt prior to electrophoresis. Nonetheless,
these data do demonstrate very clearly that the Co(III)
complexes of the compounds 1—6 bind very strongly to DNA
and therefore would not be able to generate a catalytic
turnover. Presumably the Co(III) complexes of 1—6 form
cyclic phosphate as the only hydrolysis product, which is
known to be particularly stable for Co(III).”” Consequently,
the data suggest that such complexes could not operate as
catalytic antibiotics on the ternary complex.

Cleavage in the Presence of Ascorbic Acid: Cu(ll)
Complexes. The Cu(Il) complexes of ligands 1—6 in the
presence of ascorbic acid all show very significant cleavage
enhancement when compared with Cu(II)-cyclen; Figure 9
illustrates exemplar data for 2-Cu(II) and 5-Cu(II) (see
Supplementary Figure S9 for the data of the other
compounds). Presumably, the nuclease activity enhancement
versus that of Cu(Il)-cyclen is once again mediated by the
extra binding affinity provided by the intercalation of the
ciprofloxacin scaffold in 1—6 with the DNA. Interestingly, the
concentration dependent conversion of form I to form II is
similar for all the complexes but the conversion of form II to
multiply nicked DNA (as evidenced by a DNA smear) varies
considerably. The most active compound 2-Cu(II) shows
almost complete smearing of the DNA from 20 yM (see Figure
9), while 1-Cu(II) shows only minimal smearing even at 40
UM (see Supplementary Figure S9). These data suggest that
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Figure 9. Concentration dependent cleavage of (+) supercoiled
pHOT-1 plasmid (0.007 ug L") in HEPES buffer (50 mM, pH 7.4)
and ascorbic acid (0.32 mM) over 2 h. “-Asc” = no ascorbate.
Standard deviations of three independent experiments are shown as
error bars. The agarose gel image shows one representative
experiment.

while the cleavage ability of all the ligands is quite similar (i.e.,
k,), the turnover frequency varies considerably.

To investigate the mechanism of cleavage, a scavenging assay
was performed with hydroxyl radical scavengers (DMSO, t-
BuOH, KI), a singlet oxygen scavenger (NaN;), and a
superoxide scavenger (KI) (Supplementary Figure S10). All
the hydroxyl scavengers significantly inhibited the cleavage,
NaN; showed no inhibition whatsoever, and KI did not show
significantly more inhibition than DMSO or t-BuOH. These
data suggest that in the presence of ascorbic acid, 5-Cu(1II)
predominantly mediates DNA cleavage via the hydroxy radical
mechanism.

Escherichia coli DNA Gyrase Assays. To evaluate the
biological effects and mechanism of the metal-free ligands 1—6
and their Cu(1I) complexes on the topoisomerase IIA enzyme
system (in vitro), two types of assays were performed: (i) an E.
coli DNA gyrase supercoiling inhibition"’ assay (ATP-depend-
ent’®) and (i) an E. coli DNA gyrase-induced DNA cleavage
assay’’ (ATP-independent™).

Metal-free Ligands. The metal-free ligands 1—2 and 4—6
were tested for their in vitro activity in a gyrase inhibition*’
assay in which the supercoiling functionality of the enzyme was
measured as a function of compound concentration in the
presence of ATP, as exemplified by the results of 6 in Figure
10. The measured ICs, values (Table 1), demonstrate that the
new compounds strongly inhibit DNA gyrase with a similar
potency to the parent compound ciprofloxacin.

To investigate the mechanism of inhibition, a DNA gyrase-
induced DNA cleavage assay’’ was performed in the absence
of ATP. In this assay, the production of linear DNA from
supercoiled DNA is measured as a function of compound
concentration. Incubation of ciprofloxacin or the new
compounds 1—6 with DNA gyrase, and DNA generates nicked
DNA strands that are covalently linked to the active-site
tyrosine residues of the enzyme DNA gyrase. Consequently,
for the purposes of this assay, it is necessary to perform a
second incubation of the reaction mixture with SDS and
proteinase K, which enables the digestion of the DNA gyrase
enzyme and thereby “frees” the linear DNA (form III) so that
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Figure 10. E. coli DNA gyrase was incubated with relaxed pHOT-1
plasmid (0.007 pg pL™") in Tris-HCI buffer (35 mM, pH 7.5)
together with KCl (24 mM), MgCl, (4 mM), DTT (2 mM),
spermidine (1.8 mM), 6.5% (w/v) glycerol, bovine serum albumin
(0.1 mg/mL), ATP (1 mM), and various concentrations of
compound 6. The exemplar gel shows one example of the three
independent experiments performed for compound 6.

Table 1. MIC (ug/mL) and DNA Gyrase Inhibition (ICyy,
H#M) Values of Cipro and Compounds 1—6

bacterial MIC

Gram negative Gram positive

compound b c d e ICs,
Cipro 0.05 0.05 0.19 0.02 0.11 + 0.01
1 12 24 12 12 0.13 + 0.03
1-Cu(11) 24 48 24 48 0.10 + 0.01
1-Co(III) 12 12 24 12 -

2 12 6 12 12 0.24 + 0.03
2-Cu(II) 12 6 12 12 0.24 + 0.03
2-Cu(111) 12 6 24 12-24

3 24—48 12 6 6

3-Cu(II) 12 6 6 6

3-Co(III) 12 6 12—24 12 -

4 12-24 12-24 6—12 6—12 0.15 + 0.01
4-Cu(11) 24 12 3 6 0.14 + 0.02
4-Co(III) 12 6 6 6 -

5 6 3 3 3 0.15 £ 0.04
5-Cu(II) 6 6 6 3 0.18 + 0.03
5-Co(III) 3 1.5 3 3 -

6 3 LS LS 3 0.07 £ 0.02
6-Cu(II) 6 3 3 6 0.09 + 0.01
6-Co(III) 6 3 3 3

CuCl, >384 >384 >384 >384

“The italic rows in the table highlight the most potent compounds.
YEscherichia coli R477-100. Escherichia coli 25922. dStaphylococcus
epidermidis. “Bacillus subtilis.

it moves during electrophoresis. The tested compounds (1, 2,
and 4) exhibited significant linearization of DNA (Supple-
mentary Figure S11) but only after treatment with proteinase
K, which demonstrates their ability to stabilize the ternary
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complex in a comparable manner to the parent compound
ciprofloxacin.

Cu(ll) Complexes. The Cu(Il) complexes of ligands 1, 2,
and 4—6 were initially tested in the DNA gyrase inhibition®
assay; the measured IC, data (Table 1) demonstrates that the
Cu(II) complexes strongly inhibit DNA gyrase with a very
similar potency to the metal-free ligands. To investigate the
mechanism of inhibition, the DNA gyrase cleavage assay" was
initially performed in the presence of proteinase K with
compounds 1-Cu(Il), 2-Cu(1I), and 4-Cu(IL); as shown in
Figure 11. All of these Cu(II) complexes linearized the DNA in
a similar manner to the metal-free ligands in the presence of
proteinase K.

The DNA gyrase cleavage assay was then performed without
the proteinase K treatment, with ciprofloxacin, 1-Cu(II), 2-
Cu(Il), and 4-Cu(Il). It is highly noteworthy that, if these
complexes do, in fact, cleave DNA, the ternary complex is
likely to be destabilized and consequently lead to the release of
linear DNA without needing to incubate with proteinase K, as
schematically depicted in Figure 12. In this assay, 1-Cu(II) was
not able to generate linear DNA at any concentration, just like
the parent compound ciprofloxacin. However, 4-Cu(II) and to
a lesser extent 2-Cu(Il) were able to generate a significant
quantity of linear DNA and exhibited a well-defined, bell-
shaped kinetic profile with a maximum at 25 uM (Figure 11).
This is in stark contrast to the DNase activity of 4-Cu(II) or 2-
Cu(II) on plasmid DNA (see Figure 6, Figure 9 and
Supplementary Figure S9), which show concentration-depend-
ent cleavage and no generation of linear DNA. Consequently,
the observed data in Figure 11 demonstrate that both 4-Cu(1I)
and 2-Cu(Il) indeed cleave DNA from within the ternary
complex and subsequently cause it to become destabilized.

Vulnerability of Cu(ll)-Cyclen under Physiological
Conditions. While the above data with 4-Cu(Il) and 2-
Cu(II) can serve as a preliminary “proof of concept” for our
design principles toward a catalytic fluoroquinolone, several
questions remained unanswered. First, DNA cleavage experi-
ments showed that two of the ingredients in the DNA gyrase
cleavage assay, Tris-buffer and spermidine, both completely
inhibit the hydrolytic DNA cleavage of plasmid DNA even for
the most potent hydrolytic complex, 5-Cu(II) (see Supple-
mentary Figures S12 and S13); presumably a primary amine of
Tris and of spermidine readily exchanges with the Cu(II)-
associated water and thereby prevents the formation of the
precatalytic complex between the DNA backbone and the
Cu(Il) complex (see Figure 3). However, 5-Cu(Il) was
observed to retain significant oxidative cleavage activity in Tris
buffer in the presence of the reducing agent DTT, an
ingredient in the enzyme buffer (see Supplementary Figure
S12). These data suggest that under the conditions of the
DNA gyrase cleavage assay (Figure 11), the ternary complex
destabilization effect of 4-Cu(II) and 2-Cu(II) is mediated
solely by oxidative DNA cleavage and not by hydrolytic DNA
cleavage.

Second, we were surprised by the similarity between the ICy,
values for the metal-free and Cu(1l) complexes of 2 and 4
(Table 1); since this assay (Figure 10), like the DNA gyrase-
induced DNA cleavage assay (Figure 11) was performed in the
presence of DTT, we expected these Cu(Il) complexes to
oxidatively cleave DNA from within the ternary complex and
to thereby irreversibly inhibit (a significant proportion of) the
DNA gyrase by covalently “trapping” the active site tyrosine to
the DNA substrate (see Figure 12). This in-turn would be
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Figure 11. (A) Graphical representation of the exemplar data in part B for Cipro, 1-Cu(II), 2-Cu(II), and 4-Cu(II). E. coli DNA gyrase was
incubated with (+) supercoiled (SC) DNA (0.009 ug L") and various compounds using the same conditions as the supercoiling assay except for
the absence of ATP. (B) Gels show the experiment for compounds 1-Cu(II), 2-Cu(II), and 4-Cu(II) followed by additional incubation with
proteinase K (left panel) and without proteinase K treatment (right panel).
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Figure 12. (A) Stabilization of the ternary complex by fluoroquino-
lone moxifloxacin (PDB ID code 2XKK). (B) Destabilization by
catalytic cleavage of the DNA backbone by Cipro derivative 5-Cu(II),
prepared from docking results for 5-Cu(II) in 2XKK (DNA = orange,
Mg** = green, moxi = yellow, DNA gyrase tyrosine = red structural
formula, 5-Cu(II) = magenta).

expected to improve the inhibitory effect on DNA gyrase (i.e.,
to lower the IC).

Serendipitously, preliminary experiments that were being
performed for a different assay (TopolV-induced DNA
cleavage assay'’) revealed that ATP (one of the ingredients
in the DNA gyrase supercoiling assay/Topo IV cleavage assay
but not in the DNA gyrase cleavage assay) strongly inhibits
both the hydrolytic and oxidative activity of the Cu(II)
complexes of 1—6 (see Supplementary Figures S14 and S15),
suggesting an explanation for the apparent lack of oxidative
DNase activity in the gyrase supercoiling assay.

Furthermore, these experiments revealed that potassium
glutamate (another ingredient of the Topo IV buffer) also
strongly inhibits all DNase activity of the Cu(II) complexes of
1-6 (see Supplementary Figures S14 and S15). Subsequent
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UV—vis spectroscopic analysis of the mixture of Cu(II)-cyclen
with potassium glutamate or ATP suggested that each of these
ingredients inactivates the Cu(II)-cyclen warhead by displace-
ment of the Cu(Il)-associated water (see Supplementary
Figures S16 and S17), thereby completely eliminating its
potential DNase activity. Crucially, these results also provide
an explanation for the unexpected similarity between the MIC
data (see below) for the Cu(II) complexes of 2 and 4 and their
corresponding metal-free ligands (see Table 1), since free ATP
and glutamate are present in bacterial cells at concentrations
comparable to the enzyme buffer.*”*°

In summary, the observed data encouragingly suggests that
at least two of the compounds (i.e., 4-Cu(Il) and 2-Cu(I))
are in principle (i.e., in vitro) able to fragment the bacterial
chromosome into linear DNA in the presence of bacterial
topoisomerase IIA enzyme via DNA cleavage and subsequent
destabilization of the ternary complex. However, the data also
demonstrates the “vulnerability” of the Cu(II)-cyclen system in
vivo, since (i) the natural amino acids along with other
substances containing primary amines and (ii) endogenous
metal chelators such as ATP and glutamate would all have the
potential to bind and inactivate the Cu(II)-cyclen moiety. In
fact, to some extent, these findings are potentially relevant to
any metallodrug that has not lived up to its promise in vivo,
since by definition the metal center must leave coordination
sites available for its interaction with the biological target,SI’52
which also makes it vulnerable toward unwanted ligand
exchange reactions.” To address this issue for the Cu(II)-
cyclen system, it would be interesting to explore the potential
of a dynamic, intramolecular cap in the so-called “second
coordination sphere”.”* Such dynamic ligand exchange systems
could facilitate DNA cleavage catalysis’® but also prevent
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irreversible ligand exchange reactions, thereby ensuring the
integrity of the Cu(Il)-cyclen catalytic system even in a
biological setting.

Antibacterial Activity. Encouraged by the above data, we
then tested the compounds 1—6 and their Cu(1I) and Co(III)
complexes for their comparative antibacterial activity by
determining MIC values against two Gram-negative E. coli
strains (R477-100 and 25922) and two Gram-positive strains,
Staphylococcus epidermidis and Bacillus subtilis. The observed
data (Table 1) show that all the new derivatives of
ciprofloxacin exhibit significant antibacterial activity against
Gram-negative and Gram-positive bacteria. The derivatives §
and 6 (with aromatic linker) show slightly higher activity in
comparison to the rest of the compounds against all the tested
bacteria.

However, the new compounds have significantly reduced
antibacterial activity relative to the parent ciprofloxacin. To
rule out the possibility that alternative antimicrobial suscept-
ibility testing procedures are necessary for these positively
charged compounds, several modifications that have been
reported to significantly impact the MIC values of various
cationic antibacterial peptides were investigated: (i) the growth
medium was changed from the Luria—Bertani medium to the
Mueller—Hinton medium,***’ (ii) BSA was added into the
growth medium (12% w/v),”® or (iii) the polypropylene 96-
well plates were replaced with glass tubes.”” Unfortunately,
none of these modifications significantly changed the observed
MIC values. The discrepancy between the ex vivo (MIC) and
in vitro (ICs,) data suggests that the cellular permeability of the
synthetic compounds is significantly lower than that of the
parent drug or the compounds have increased offsite binding,
both of which could be attributed to the high polarity of the
cyclen moiety. Indeed, a very similar reduction in antibacterial
potency of ciprofloxacin derivatives was also observed when it
was conjugated with other highly positively charged substances
like aminoglycosides to yield hybrid antibiotics.">**°"

Furthermore, all the Cu(II) and Co(III) complexes of 1—6
exhibit similar antibacterial activity compared to the corre-
sponding compounds without the metal ion, corroborating the
ICy, data for the Cu(II) complexes (Table 1) and the DNA
cleavage assay data for Co(Ill) complexes (Figure 8).
However, when the MIC was determined in the presence of
a high concentration of DTT (10 mM), 4-Cu(II) showed
significantly improved antibacterial activity (8-fold) against E.
coli R477-100 (MIC values of 3.0 and 24 pg/mlL, respectively,
with and without DTT), while CuCl, and 1-Cu(II) showed no
change whatsoever under the same conditions. Furthermore, a
similar trend (4-fold improvement) was observed for 4-Cu(1I)
against another E. coli strain (25922) and against another
bacterial species (B. subtilis). These data corroborate the
findings of the DNA gyrase cleavage assay (see Figures 11 and
12) and provide an ex vivo proof of concept. Presumably, the
high concentration of DTT is able to compete effectively with
endogenous Cu(II)-cyclen poisons such as ATP and
glutamate, thereby facilitating the oxidative DNase activity of
4-Cu(1l) even under “vulnerabilizing” cellular conditions.

B SUMMARY AND CONCLUSIONS

In this study, the concept of catalytic antibiotics was examined
by redesigning the fluoroquinolone ciprofloxacin that exhibits
broad spectrum antibacterial activity by targeting the bacterial
type IIA topoisomerase enzymes. Metal—cyclen complexes
(Cu(II)-cyclen and Co(III)-cyclen) were chosen as potential
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catalytic warheads, covalently attached to the ciprofloxacin
scaffold through different lengths of aliphatic (compounds 1—
3) and aromatic (compounds 4—6) linkers. These compounds
were rationally designed to cleave DNA from within the
ternary complex using X-ray crystallographic data from the
literature and molecular docking.

The Cu(II) and Co(III) complexes of six new derivatives of
ciprofloxacin (compounds 1—6) were synthesized and
evaluated in vitro for their ability (i) to inhibit the bacterial
DNA gyrase activity and (ii) to cleave plasmid DNA in the
presence or absence of the gyrase enzyme and ex vivo for their
antibacterial activity.

We found that the in vitro DNase activity of the Cu(II)
complexes of ligands 1—6 in the absence of type IIA
topoisomerase enzymes was concentration-dependent and
significantly higher than that of the Cu(Il)-cyclen itself,
under both hydrolytic and oxidative conditions. The observed
hydrolytic activity correlated strongly with linker length, while
the oxidative activity varied more indiscriminately as expected.
The observed data also demonstrated that the Co(III)
complexes are more active than the corresponding Cu(II)
complexes of the designer structures. However, the Co(III)
complexes showed exceedingly enhanced binding to plasmid
DNA, suggesting that these complexes would be unable to
generate a catalytic turnover.

The new designer compounds 1—6 and their Cu(II)
complexes showed good antibacterial activity against both
Gram-negative and Gram-positive bacteria and proved to be
highly potent bacterial DNA gyrase inhibitors, exhibiting very
similar inhibition potencies for both the metal-free and Cu(II)
complexes of ligands 1—6 in comparison to that of the parent
ciprofloxacin (Table 1). Furthermore, the DNA gyrase
cleavage assays showed that both the metal-free and Cu(II)
complexes of ligands inhibit these enzymes by stabilizing the
ternary complex like the parent ciprofloxacin. These observa-
tions demonstrate that the binding mode and the subsequent
antibacterial mechanism of action of the parent ciprofloxacin
scaffold are retained within the new designer structures 1—6
and their Cu(1I) complexes. Furthermore, (i) 2-Cu(II) and 4-
Cu(II) were shown to generate linear DNA under oxidative
conditions (with DTT), in the presence of DNA gyrase
without the addition of proteinase K, and (i) 4-Cu(II)
demonstrated significantly enhanced antibacterial activity in
the presence of a high concentration of DTT, thereby
demonstrating a proof of concept in vitro and ex vivo,
respectively. It was also shown, however, that both the
hydrolytic and oxidative activity of the Cu(II)-ligand
complexes are completely inhibited under “normal” cellular
conditions due to ligand exchange, which explains why the
MIC (Table 1, without DTT) and ICy, values of all the
Cu(1l)-ligands are essentially the same as the metal-free
ligands. Consequently, these data demonstrate the vulnerability
of the Cu(II)-cyclen system and in fact highlight the general
issue of undesired in vivo ligand exchange as a potential
challenge for any prospective metallodrug.

In summary, this pilot study provides insights into the
challenges and potential solutions of designing novel, metal-
based, ciprofloxacin—nuclease molecules that target the
topoisomerase ITA bacterial enzymes via a catalytic mechanism.
Furthermore, it demonstrates the importance of considering
whether a “protective umbrella” needs to be incorporated into
the second coordination sphere of any metallodrug to ensure
the integrity of the active species.
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B METHODS

General. 'H and '*C NMR, DEPT, COSY, HMQC, and
HMBC spectra were recorded on a Bruker AvanceTM 600/
500/400/300 spectrometers. Chemical shifts reported (in
ppm) are relative to CHCl; (§ = 7.26) with CDCl, as the
solvent, to HOD or internal MeOH (6 = 4.79) with D,O as
the solvent, and to CD;0H (6 = 3.31) with MeOH as the
solvent. Mass spectral analyses were performed on a Bruker
Maxis Impact under electron spray ionization (ESI+)
QTOFMS or on a Thermo LCQ _fleet under electron spray
ionization (ESI+). Reactions were monitored by TLC on silica
gel (Gel 60 F254, 0.25 mm, Merck), and spots were visualized
by UV lamp, iodine, or charring with a yellow solution
containing (NH,)¢Mo,0,,4H,0 (120 g) and (NH,),Ce-
(NO;)¢ (S g) in 10% H,SO, (800 mL). Flash column
chromatography was performed on silica gel 60 (70—230
mesh). The EPR spectra were recorded on a Bruker EMX-10/
12 X-band (v = 9.3 GHz) digital EPR spectrometer. The
spectra were recorded at a microwave power of 200 mW, 100
kHz, magnetic field modulation of 3 G amplitude. Digital field
resolution was 2048 points per spectrum. Spectral processing
and simulation were performed with the Bruker WIN-EPR and
SimFonia Software. The UV—vis spectra were recorded on an
Ultrospec 2100 pro spectrometer. Analytical HPLC was
performed on Thermo Dionex UltiMate 3000, using a
Phenomenex C18 column and a detection wavelength of 271
nm. All chemicals unless otherwise stated were obtained from
commercial sources. Purity of the final conjugates 1—6 and
their Cu(Il) salts were determined by using HPLC analysis,
which indicated >95% purity unless otherwise stated (see
Supporting Information).

Removal of Ligands prior to Electrophoresis. The
procedure proved to be necessary (see Supplementary Figure
S2) when more than 100 M Cu(II)—ligand complex was
employed, that is, (only) for the DNA cleavage assays that
were performed in the absence of any adjuvants. An Amberlyst
15 (Sigma-Aldrich) ion-exchange resin was prepared according
to the reported literature”” and stored at —20 °C. Directly
before use, 0.5 g of the exchanger was mixed with 250 uL of
water. After stopping the DNA-cleavage reaction by addition of
EDTA (54 mM, 1S min incubation at 37 °C), 10 uL of the
exchanger suspension was added, vortexed, and incubated at
37 °C for 15 min before centrifugation and electrophoresis.

DNA Cleavage Assays. DNA cleavage activity of
complexes 1—6 toward supercoiled (+) pHOT-1 plasmid
DNA (TopoGEN) was monitored by gel electrophoresis. In a
typical experiment, plasmid DNA (200 ng, 0.007 ug mL™") in
HEPES buffer (50 mM, pH 7.4) was mixed with different
concentrations of metal complexes 1—6 in the presence or
absence of ascorbic acid (0.32 mM). All stock solutions of
buffers and of complexes 1—6 were prepared using HPLC
grade water (ChromAR). Molecular biology reagent grade
water (Sigma) was added up to a total reaction volume of 30
uL before incubation for a given time. For the ascorbic acid
assays, the reaction was quenched immediately after incubation
with EDTA (54 mM). For analysis, 10 uL of loading buffer
(40% sucrose, 100 mM Tris.HCI (pH 7.5), 1 mM EDTA, 0.5
mg mL~" bromophenol blue) was added to the incubated
solution, and the mixture was loaded onto an agarose (SeaKem
LE) gel [1% in TAE X 1 buffer (40 mM Tris, 20 mM acetic
acid, 1 mM EDTA)]. Electrophoresis was carried out at 60 V
for 2 h. Gels were stained with 1 yg mL™" ethidium bromide
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for 30 min and destained in TAE X 1 buffer. DNA bands were
visualized with medium-range ultraviolet light using Bio-Rad
Gel Doc XR+ imaging system. The quantity of different DNA
forms (I or II) was estimated using ImageJ®” software.

E. coli Gyrase DNA Supercoiling Assay. The DNA
supercoiling reactions were based on the manufacturer
protocol (TopoGEN). The amount of DNA gyrase used in
each assay was optimized by testing various dilutions of the
stock. The amount sufficient to supercoil 250 ng of the
substrate in 1 h at 37 °C was then used for the testing of
compounds (1.1 U as defined by manufacturer). Assays (30
uL) contained 250 ng of relaxed pHOT1 plasmid DNA in
Tris-HCI buffer (35 mM), pH 7.5, containing KCI (24 mM),
MgCl, (4 mM), DTT (2 mM), spermidine (1.8 mM), ATP (1
mM), 6.5% (w/v) glycerol, and bovine serum albumin (0.1
mg/mL). Reactions were incubated at 37 °C for 60 min.
Reaction mixtures were stopped by the addition of 30 uL of
loading buffer (40% sucrose, 100 mM Tris-HCI (pH 7.5), 1
mM EDTA, 0.5 mg mL ™" bromophenol blue) and worked up
using 30 uL of 24:1 chloroform/isoamyl alcohol mixture; the
aqueous layer was then analyzed using electrophoresis.
Electrophoresis, gel staining, DNA visualization, and DNA
quantification were performed as described for the DNA
cleavage assays. The ICy, value was defined as the drug
concentration that reduced the enzymatic activity observed
with drug-free controls by 50% using nonlinear regression,
three parameter curve fit using GraFit 5°° software.

E. coli Gyrase DNA Cleavage Assay. E. coli gyrase
enzyme was purchased from TopoGEN, and the DNA cleavage
reactions were based on the protocol of Inspiralis. Assays (30
uL) contained supercoiled (+) pHOT1 plasmid (200 ng) and
DNA gyrase (S U as defined by manufacturer) in 35 mM Tris-
HCI (pH 7.5), 24 mM KCl, 4 mM MgCl,, 2 mM DTT, 1.8
mM spermidine, 6.5% (w/v) glycerol, and 0.1 mg/mL bovine
serum albumin. Reactions were incubated at 37 °C for 60 min.
Enzyme—DNA cleavage complexes were trapped by adding 3
UL of 2% SDS. Following this, 1.5 L of 10 mg/mL proteinase
K (Sigma-Aldrich) was added (where relevant), and the
reaction mixtures were incubated at 37 °C for 30 min to digest
the gyrase enzyme. Samples were mixed with 30 uL of loading
buffer (40% sucrose, 100 mM Tris-HCl (pH 7.5), 1 mM
EDTA, 0.5 mg mL™' bromophenol blue) and worked up using
30 uL of 24:1 chloroform/isoamyl alcohol mixture; the
aqueous layer was then analyzed using electrophoresis.
Electrophoresis, gel staining, DNA visualization, and DNA
quantification were performed as described for the DNA
cleavage assays. DNA double stranded cleavage was monitored
by the conversion of supercoiled plasmid to linear DNA and
quantified in comparison to a control drug-free reaction.

Antibacterial Activity. Comparative antibacterial activities
were determined by measuring the MIC values using the
double-microdilution method according to the National
Committee for Clinical Laboratory Standards®* (NCCLS).
Luria—Bertani growth medium and polypropylene 96-well
plates (Thermo) were used unless otherwise stated. All the
experiments were performed in triplicate, and analogous results
were obtained in three different experiments.

Synthesis. Compound 7. Dowex 50 WX8 ion-exchange
resin (mesh 200—400, 27 g) was set stirring with commercially
available ciprofloxacin (10 g, 0.03 mol) in MeOH (500 mL)
and refluxed under an argon atmosphere. TLC analysis [a
mixture of MeOH/DCM/MeNH, (33% in ethanol) in a ratio
10:10:0.5] indicated almost complete consumption of the

https://dx.doi.org/10.1021/acsinfecdis.0c00777
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starting material after 48 h. The crude reaction mixture was
neutralized with 25% NH,OH, at 0 °C, transferred to a
sintered glass column, and then washed extensively with 25%
NH,OH,q until all of the product had been eluted. The
solvent was then evaporated to yield a white solid (8.4 g, 24.3
mmol, 81%); '"H NMR (300 MHz, CDCL) &, 8.52 (s, 1H,
quinolone H-2), 8.02 (d, J = 13.4 Hz, 1H, QH-5), 7.25 (d,
Jar = 7.1 Hz, 1H, QH-8), 3.90 (s, 3H, OCH,), 3.47—3.37 (m,
1H, cyclopropane CH), 3.27—3.18 (m, 4H, piperazine 2 X
CH,), 3.13—3.04 (m, 4H, piperazine 2 X CH,), 1.35—1.26 (m,
2H, cyclopropane CH,), 1.16—1.08 (m, 2H, cyclopropane
CH,); *C NMR (126 MHz, CDCl;) 6¢ 173.02 (d, Jeg = 2.2
Hz, C=0), 166.18 (s, C=0), 152.69 (d, Jcr = 248.8 Hz, Ar),
148.31 (s, C—H Ar), 144.28 (d, Jcr = 10.8 Hz, Ar), 137.96 (d,
Jcr = 0.9 Hz, Ar), 122.05 (d, Jog = 7.6 Hz, Ar), 112.32 (d, Jop =
21.0 Hz, C—H Ar), 109.72 (s, C—H Ar), 104.19 (d, Jor = 3.3
Hz, C—H Ar), 51.98 (s, OCH;), 50.35 (d, Jcr = 4.4 Hz,
piperazine CH,), 4591 (s, piperazine CH,), 34.59 (s,
cyclopropane CH), 8.12 (s, cyclopropane CH,). ESI+
QTOFMS calculated for C,;gH, FN;0; ([M + H]*) m/e
346.15; measured m/e 346.10.

General Procedure for the Synthesis of 8a—d. To a
stirring suspension of 7 and N,N-diisopropylethylamine
(DIPEA) (4 equiv) in CH3;CN (35 mL/gram of 7) was
added the appropriate dibromo compound (10 equiv) under
an atmosphere of argon and set stirring at 60 °C overnight.
TLC analysis (DCM/MeOH 9:1) indicated complete
consumption of 7 after 20 h. The solvent was evaporated,
and the residue dried in vacuo overnight. The crude product
was then loaded onto a DCM-packed silica column as a DCM
solution; the desired product was eluted in 3% MeOH/DCM
to yield 8a—d as white solids. Chemical yields of 8a—d and
their complete analytical data are given in the Supporting
Information.

General Procedure for the Synthesis of 8ef. A
suspension of 7 and DIPEA (4 equiv) in CH;CN (35 mL/
gram of 7) was set stirring in an ice bath, and then the
appropriate dibromo compound (10 or 11) was added (1.2
equiv) under an atmosphere of argon. The ice-bath was
maintained for the duration of the reaction. TLC analysis
(DCM/MeOH 9:1) indicated complete consumption of 7
after 12 h. The solvent was evaporated, and the residue was
dried in vacuo overnight. The crude product was then loaded
onto a DCM-packed silica column as a DCM solution; the
desired product was eluted in 3% MeOH/DCM to yield 8e,f as
white solids. Chemical yields of 8e,f and their complete
analytical data are given in the Supporting Information.

General Procedure for the Synthesis of 9a—c and
9e,f. Step 1. The approgpriate bromo derivative (8a—c,ef),
free-amine form of cyclen”’ (2 equiv) and Cs,CO; (2.2 equiv)
were added to dry CH;CN (35 mL/gram of bromo derivative)
to form a suspension and set stirring under an argon
atmosphere. The reaction mixture was then heated to 60 °C.
TLC analysis (DCM/MeOH/25% NH,OH(, 15:3:0.3)
indicated complete consumption of the bromo derivative
after 20 h (it should be noted that the unwanted elimination
product of 8e appears at the same Ry as the starting material).
The reaction mixture was filtered, the residue was washed
extensively with CH;CN, and then the filtrate was evaporated
in vacuo.

Step 2. The crude from the previous step and Et;N (10
equiv) were dissolved in dry DCM (35 mL/g of bromo
derivative) and set stirring in an ice bath under an argon
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atmosphere. Boc,0 (10 equiv) was then added. The reaction
mixture was allowed to rise to room temperature. TLC analysis
(DCM/MeOH 9:1) indicated complete consumption of the
starting material (the N-alkylated intermediate from step 1)
after 15 h. The solvent was evaporated, and the residue was
dried in vacuo overnight. The crude product was then loaded
onto a DCM-packed silica column as a DCM solution; the
desired product was eluted in a solvent mixture of MeOH and
DCM to yield 9a—c and 9e,f as white solids. Chemical yields of
9a—c and 9e,f and their complete analytical data are given in
the Supporting Information.

Compound 9d. Compound 8d (410 mg, 0.78 mmol), tri-
Boc—cyclen36 (660 mg, 1.40 mmol), and DIPEA (0.4 mL, 2.34
mmol) were dissolved in dry DCM (40 mL). The reaction
mixture was set stirring at room temperature. TLC analysis
(DCM/MeOH 15:1) indicated complete consumption of the
bromo derivative after 2 weeks. The solvent was evaporated,
and then the residue was dried in vacuo overnight. The crude
product was loaded onto a DCM-packed silica column as a
DCM solution; the desired product was eluted in DCM/
MeOH gradient from 35:1 to 30:1 to yield 9d as a white solid
(520 mg, 0.57 mmol, 72%). The complete analytical data of 9d
is given in the Supporting Information.

General Procedure for the Synthesis of 1—6. Step 1.
The appropriate derivative (9a—f) was dissolved in a mixture
of MeOH and H,0 (5:1, 65 mL/gram of starting material). An
aqueous solution of LiIOH (S equiv) was then added, and the
reaction mixture was stirred at room temperature. TLC
analysis (15:1 DCM/MeOH and 25:1:1 DCM/MeOH/25%
NH,OH,,,)) indicated complete consumption of the starting
material after 20 h. The solvents were then evaporated,
followed by workup with diethyl ether and brine. The desired
product was isolated in the organic phase, which was dried
with MgSO, and then evaporated to yield a white solid.

Step 2. The crude from the previous step was dissolved in a
mixture of TFA and DCM (1:1, 30 mL/g of derivative 9a—f)
and set stirring at room temperature. TLC analysis (15:15:10:5
MeOH/DCM/MeNH, [33 wt % in ethanol]/H,O and
10:10:5 MeOH/DCM/25% NH4OH(aq)) indicated complete
consumption of the starting material after 15 h. The TFA and
DCM were evaporated, and then the residue was dried in
vacuo overnight. The dry crude was then dissolved in water,
neutralized with NaHCO,(aq), and then loaded onto an
Amberlite CGS0 (H*-form, 100—200 mesh) column. The
column was washed sequentially with H,0, MeOH, MeOH/
H,O, and then once again H,O. The desired product was then
eluted using a mixture of 2.5% NH,OH,y), MeOH, and H,0
in a ratio of 1:3:6, respectively. The solvent was then
evaporated to yield 1—6 as white solids.

Compound 1. Following the general procedure, compound
9a (542 mg, 0.6 mmol) yielded 48% over 2 steps (167 mg,
0.29 mmol); 'H NMR (500 MHz, CD,0D) &y 8.64 (s, 1H,
QH-2), 7.94 (d, Juys = 13.6 Hz, 1H, QH-5), 7.49 (d, Jypr = 7.3
Hz, 1H, QH-8), 3.67—3.60 (m, 1H, cyclopropane CH), 3.32—
3.27 (m, 4H, piperazine 2 X CH,), 2.93—2.86 (m, 12H, cyclen
6 X CH,), 2.70 (t, ] = 5.2 Hz, 4H, cyclen 2 X CH,), 2.59—2.54
(m, 4H, piperazine 2 X CH,), 2.52 (t, ] = 7.4 Hz, 2H, linker
CH,-cyclen), 2.18 (t, ] = 8.1 Hz, 2H, linker CH,-piperazine),
1.48 (quint, ] = 7.5 Hz, 2H, linker CH,), 1.43—1.32 (m, 4H,
cyclopropane CH,, linker CH,), 1.24 (quint, J = 7.5 Hz, 2H,
linker CH,), 1.19—1.10 (m, 4H, cyclopropane CH,, linker
CH,); 3C NMR (126 MHz, CD,0D) d. 176.75 (s, C=0),
172.34 (s, C=0), 154.62 (d, Jor = 247.8 Hz, Ar), 148.61 (s,

https://dx.doi.org/10.1021/acsinfecdis.0c00777
ACS Infect. Dis. 2021, 7, 608—623


http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00777/suppl_file/id0c00777_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00777/suppl_file/id0c00777_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00777/suppl_file/id0c00777_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00777/suppl_file/id0c00777_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00777/suppl_file/id0c00777_si_001.pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.0c00777?ref=pdf

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

C—H Ar), 145.95 (d, Jor = 10.8 Hz, Ar), 140.23 (s, Ar), 123.19
(d, Jop = 6.6 Hz, Ar), 116.59 (s, Ar), 113.04 (d, o = 23.1 Hz,
C-H Ar), 106.64 (s, C—H Ar), 59.77 (s, linker CH,-
piperazine), 55.19 (s, linker CH,-cyclen), 54.12 (s, piperazine
CH,), 51.37 (s, cyclen CH,), 50.70 (d, Joz = 3.7 Hgz,
piperazine CH,), 46.63 (s, cyclen CH,), 44.99 (s, cyclen CH,),
44.75 (s, cyclen CH,), 35.83 (s, cyclopropane CH), 28.80 (s,
linker CH,), 28.64 (s, linker CH,), 28.17 (s, linker CH,),
27.64 (s, linker CH,), 8.54 (s, cyclopropane CH,). HRMS
(ESI+ QTOFMS) calculated for C;;H,FN-O; ([M + H]*")
m/e 586.3875; measured m/e 586.3900.

Compound 2. Following the general procedure, compound
9b (511 mg, 0.56 mmol) yielded 41% over 2 steps (140 mg,
0.23 mmol); '"H NMR (500 MHz, CD,OD) &, 8.60 (s, 1H,
QH-2), 7.92 (d, Juy = 13.1 Hz, 1H, QH-5), 745 (d, Jyy = 7.1
Hz, 1H, QH-8), 3.62—3.54 (m, 1H, cyclopropane CH), 3.35—
3.28 (m, 4H, piperazine 2 X CH,), 2.82—2.76 (m, 4H, cyclen 2
X CH,), 2.73—2.67 (m, 8H, piperazine 2 X CH,, cyclen 2 X
CH,), 2.66—2.61 (m, 4H, cyclen 2 X CH,), 2.61-2.56 (m,
4H, cyclen 2 X CH,), 2.49-2.40 (m, 4H, linker CH,-
piperazine, linker CH,-cyclen), 1.60—1.54 (m, 2H, linker
CH,), 1.52—1.46 (m, 2H, linker CH,), 1.39—1.31 (m, 8H,
cyclopropane CH,, linker 3 X CH,), 1.16—1.10 (m, 2H,
cyclopropane CH,); *C NMR (126 MHz, CD;0D) §¢ 176.95
(s, C=0), 172.66 (s, C=0), 154.52 (d, o = 246.9 Hz, Ar),
148.64 (s, C—H Ar), 145.73 (d, Jor = 11.1 Hz, Ar), 139.99 (s,
Ar), 123.53 (s, Ar), 117.58 (s, Ar), 113.10 (d, Jcp = 23.4 Hz,
C-H Ar), 10642 (s, C—H Ar), 59.77 (s, linker CH,-
piperazine), 55.36 (s, linker CH,-cyclen), 54.14 (s, piperazine
CH,), 5217 (s, cyclen CH,), 50.75 (d, Jer = 4.3 Hz,
piperazine CH,), 47.16 (s, cyclen CH,), 46.02 (s, cyclen CH,),
45.20 (s, cyclen CH,), 35.63 (s, cyclopropane CH), 30.61 (s,
linker CH,), 28.70 (s, linker CH,), 28.63 (s, linker CH,),
2845 (s, linker CH,), 27.52 (s, linker CH,), 8.48 (s,
cyclopropane CH,). HRMS (ESI+ QTOFMS) calculated for
Cy,H FN,O; ([M + HJ*) m/e 600.4032; measured m/e
600.4007.

Compound 3. Following the general procedure, compound
9¢ (1.06 g, 1.14 mmol) yielded 61% over 2 steps (430 mg, 0.70
mmol); 'H NMR (500 MHz, CD;0D) &y, 8.60 (s, 1H, QH-2),
791 (d, Jup= 12.9 Hz, 1H, QH-5), 7.49 (d, Jue= 7.2 Hz, 1H,
QH-8), 3.67—3.58 (m, 1H, cyclopropane CH), 3.36—3.30 (m,
4H, piperazine 2 X CH,), 2.94-2.79 (m, 12H, cyclen 6 X
CH,), 2.74—2.59 (m, 8H, piperazine 2 X CH,, cyclen 2 X
CH,), 2.47 (t, ] = 7.2 Hz, 2H, linker CH,-cyclen), 2.34 (t, ] =
7.9 Hz, 2H, linker CH,-piperazine), 1.50—1.39 (m, 4H, linker
2 X CH,), 1.39—1.32 (m, 2H, cyclopropane CH,), 1.23—1.10
(m,10H, cyclopropane CH,, linker 4 X CH,); *C NMR (126
MHz, CD,OD) 8. 17661 (s, C=0), 172.35 (s, C=0),
154.54 (d, Jcp = 247.2 Hz, Ar), 14841 (s, C—H Ar), 145.85
(d, Jor = 10.6 Hz, Ar), 140.12 (s, Ar), 123.29 (s, Ar), 117.06
(s, Ar), 113.03 (d, C—H Ar), 106.58 (s, Jor = 2.4 Hz, C—H
Ar), 59.85 (s, linker CH,-piperazine), 55.14 (s, linker CH,-
cyclen), 54.18 (s, piperazine CH,), 51.34 (s, cyclen CH,),
50.76 (d, Jcp = 4.2 Hz, piperazine CH,), 46.57 (s, cyclen
CH,), 45.01 (s, cyclen CH,), 44.67 (s, cyclen CH,), 35.74 (s,
cyclopropane CH), 30.84 (s, linker CH,), 30.83 (s, linker
CH,), 28.77 (s, linker CH,), 28.61 (s, linker CH,), 27.99 (s,
linker CH,), 27.62 (s, linker CH,), 8.54 (s, cyclopropane
CH,). HRMS (ESI+ QTOFMS) calculated for C;;H;FN-O,
([M + H]*) m/e 614.4188; measured m/e 614.4145.

Compound 4. Following the general procedure, compound
9d (697 mg, 0.76 mmol) yielded 50% over 2 steps (232 mg,
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0.38 mmol); NMR analysis is of TFA salt. "H NMR (500
MHz, D,0) 8y 8.67 (s, 1H, QH-2), 7.61 (d, J = 7.9 Hz, 2H,
linker Ar), 7.56 (d, Jys= 12.8 Hz, 1H, QH-5), 7.54—7.50 (m,
3H, QH-8, linker Ar), 4.51 (s, 2H, linker CH,-piperazine),
4.01—3.89 (m, 4H, piperazine CH,, linker CH,-cyclen), 3.76—
3.66 (m, 3H, piperazine CH,, cyclopropane CH), 3.51—3.42
(m, 2H, piperazine CH,), 3.39—3.13 (m, 10H, piperazine CH,,
cyclen 4 X CH,), 3.07—2.95 (m, 4H, cyclen 2 X CH,), 2.92 (t,
J = S.1 Hz, 4H, cyclen 2 X CH,), 1.45-1.39 (m, 2H,
cyclopropane CH,), 1.23—1.17 (m, 2H, cyclopropane CH,);
13C NMR (126 MHz, D,0) . 176.08 (s, C=0), 169.01 (s,
C=0), 162.69 (s, C=0 of TFA), 153.34 (d, Jop = 251.3 Hz,
Ar), 148.39 (s, C—H Ar), 144.04 (d, Jcp = 10.7 Hz, Ar), 138.95
(s, Ar), 137.08 (s, linker Ar), 131.69 (s, C—H linker Ar),
130.67 (s, C—H linker Ar), 127.83 (s, linker Ar), 118.99 (d, Jcx
= 8.0 Hz, Ar), 116.24 (q, Jop = 292.4 Hz, CF; of TFA), 110.73
(d, Jeg = 23.5 Hz, C—H Ar), 106.72 (s, C—H Ar), 105.70 (s,
Ar), 59.92 (s, linker CH,-piperazine), 55.83 (s, linker CH,-
cyclen), 50.91 (s, piperazine CH,), 47.30 (s, cyclen CH,),
46.33 (d, Jop = 3.8 Hz, piperazine CH,), 44.21 (s, cyclen
CH,), 41.79 (s, cyclen CH,), 41.56 (s, cyclen CH,), 36.05 (s,
cyclopropane CH), 7.37 (s, cyclopropane CH,). HRMS (ESI+
QTOFMS) calculated for C33H4FN,O; ([M + HIY) m/e
606.3562; measured m/e 606.3583.

Compound 5. Following the general procedure, compound
9e (857 mg, 0.92 mmol) yielded 38% over 2 steps (214 mg,
0.35 mmol); 'H NMR (500 MHz, CD,0D) &y 8.58 (s, 1H,
QH-2), 7.88 (d, Jup= 13.5 Hz, 1H, QH-5), 7.38 (d, Jue = 7.0
Hz, 1H, QH-8), 7.16 (d, ] = 7.6 Hz, 2H, linker Ar), 7.08 (d, ] =
7.6 Hz, 2H, linker Ar), 3.55—3.50 (m, 1H, cyclopropane CH),
349 (bs, 2H, linker CH,-piperazine), 3.29—3.22 (m, 4H,
piperazine 2 X CH,), 2.86—2.80 (m, 4H, cyclen 2 X CH,),
2.80—2.74 (m, 8H, cyclen 4 X CH,), 2.74—2.66 (m, SH,
cyclen 2 X CH,, linker CH,CH,-cyclen, linker CH,CH,-
cyclen), 2.63—2.57 (m, 4H, piperazine 2 X CH,), 1.31-1.24
(m, 2H, cyclopropane CH,), 1.11—1.02 (m, 2H, cyclopropane
CH,); *C NMR (126 MHz, CD;0D) & 176.71 (s, C=0),
172.44 (s, C=0), 154.51 (d, Jop = 247.4 Hz, Ar), 148.39 (s,
C—H Ar), 145.83 (d, Jo = 10.6 Hz, Ar), 140.61 (s, linker Ar),
140.02 (s, Ar), 135.95 (s, linker Ar), 130.85 (s, C—H linker
Ar), 129.74 (s, C—H linker Ar), 123.25 (s, Ar), 117.35 (s, Ar),
113.03 (d, Jcg = 22.1 Hz, C—H Ar), 106.50 (s, C—H Ar),
63.55 (s, linker CH,-piperazine), 56.81 (s, linker CH,CH,-
cyclen), 53.86 (s, piperazine CH,), 51.30 (s, cyclen CH,),
50.88 (d, Jcr = 4.0 Hz, piperazine CH,), 46.64 (s, cyclen
CH,), 45.13 (s, cyclen CH,), 44.87 (s, cyclen CH,), 35.67 (s,
cyclopropane CH), 33.87 (s, linker CH,CH,—cyclen), 8.51 (s,
cyclopropane CH,). HRMS (ESI+ QTOFMS) calculated for
Cy,HFN,O;, ([M + HJ) 6203719 m/e; measured m/e
620.3687.

Compound 6. Following the general procedure, compound
9f (1.32 g, 1.39 mmol) yielded 59% over 2 steps (519 mg, 0.82
mmol); 'H NMR (500 MHz, CD,0D) 8, 8.59 (s, 1H, QH-2),
7.87 (d, Jyye = 13.5 Hz, 1H, QH-S), 7.44 (d, Jgr = 7.3 Hz, 1H,
QH-8), 7.06 (d, J = 7.9 Hz, 2H, linker Ar), 6.99 (d, ] = 7.9 Hz,
2H, linker Ar), 3.61—3.53 (m, 1H, cyclopropane CH), 3.43
(bs, 2H, linker CH,-piperazine), 3.30—3.23 (m, 4H, piperazine
2 X CH,), 2.90-2.80 (m, 12H, cyclen 6 X CH,), 2.70—2.64
(m, 4H, cyclen 2 X CH,), 2.60—2.54 (m, 4H, piperazine 2 X
CH,), 2.53—2.45 (m, 4H, linker CH,(CH,),—cyclen, linker
(CH,),CH,-cyclen), 1.80—1.68 (m, 2H, linker CH,CH,CH,—
cyclen), 1.36—1.25 (m, 2H, cyclopropane CH,), 1.15—1.06
(m, 2H, cyclopropane CH,); *C NMR (126 MHz, CD,0D)
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S 176.64 (s, C=0), 17227 (s, C=0), 154.56 (d, Jor =
247.9 Hz, Ar), 148.31 (s, C—H Ar), 145.94 (d, Jop = 10.5 Hz,
Ar), 142.38 (s, linker Ar), 140.11 (s, Ar), 135.62 (s, linker Ar),
130.52 (s, C—H linker Ar), 129.26 (s, C—H linker Ar), 123.09
(d, Jor = 6.4 Hz, Ar), 11692 (s, Ar), 113.02 (d, Jp = 23.1 Hz,
C—H Ar), 106.53 (d, Jop = 2.9 Hz, C—H Ar), 63.60 (s, linker
CH,-piperazine), 54.96 (s, linker (CH,),CH,-cyclen), 53.89
(s, piperazine CH,), S1.55 (s, cyclen CH,), 50.87 (d, Jcp = 3.9
Hz, piperazine CH,), 46.72 (s, cyclen CH,), 45.09 (s, cyclen
CH,), 44.87 (s, cyclen CH,), 35.76 (s, cyclopropane CH),
34.25 (s, linker CH,(CH,),—cyclen), 29.72 (s, linker
CH,CH,CH,—cyclen), 8.53 (s, cyclopropane CH,). HRMS
(ESI+ QTOFMS) calculated for CyH,0FN-O; ([M + H]*)
m/e 634.3875; measured m/e 634.3877.

General Procedure for the Synthesis and Character-
ization of Aqua Cu(ll) Complexes. A stoichiometric
amount of CuCly(, (1.0 equiv) was added to an aqueous
solution of the cyclen derivative (compounds 1—6, 10 mg in 1
mL), and the mixture was set stirring at room temperature.
UV—vis spectroscopy (Ame 600 nm) was used to follow the
progress of the complexation until completion. The solution
was then microfiltered and lyophilized to produce the desired
complex in quantitative yield. The complexes were charac-
terized by UV—vis, HRMS, and EPR. The EPR spectra of the
Cu(1I) complexes of the cyclen derivatives 1—6 were identical
and comparable with the simulated spectra and with the
literature values for Cu(Il)-cyclen.”> The solid state (liquid
nitrogen) demonstrated the expected axial symmetry with
gpara]le[ =2.171 and gperpendicular =2.070 [Apara.llel(éy’yéscu) =175.0
G]. In water solution, Cu(Il) is characterized by the
interaction of an unpaired electron with the magnetic isotopes
of copper [a(®**°Cu) = 73.0 G, (I = 3/2) and a g-factor that is
strongly shifted (g, = 2.104) from that of a free-electron value
(2.0023) (see Supporting Information for EPR spectra).
Chemical yields of Cu(II)Cl, complexes of ligands 1—6 and
their analytical data are given in the Supporting Information.

General Procedure for the Synthesis and Character-
ization of Aqua-Hydroxo Co(lll) Complexes. The
syntheses followed the reported literature® procedure with
slight changes and included the following three steps:

Step 1: Synthesis of Co(ll)CO; Complexes as Demon-
strated by the Synthesis of cis-[Co(cyclen)CO3;]HCOj;. Free-
amine cyclen (0.070 g, 0.406 mmol) was dissolved in a
MeOH/H,O mixture (1:1, 2 mL) and an equimolar amount of
Na;[Co(CO5);]-3H,0 (0.147 g, 0.406 mmol) was added. The
dark green solution was left to react for 16 h at 65 °C. The
solution was filtered while hot under gravity to separate the
liquid from a black solid. The filtrate was dried in vacuo and
redissolved in MeOH (4 mL), and the resulting solution was
filtered to remove a white precipitate. The resulting filtrate was
dried in vacuo, redissolved in water and then lyophilized to
afford a pink powder (0.071 g, 50%). '"H NMR (500 MHz,
D,0) &y = 3.60—3.48 (m, 2H, CH,), 3.15-3.06 (m, 2H,
CH,), 3.02—-2.89 (m, 4H, 2 X CH,), 2.88—2.80 (m, 6H, 3 X
CH,), 2.77-2.68 (m, 2H, CH,); *C NMR (126 MHz, D,0
with internal MeOH marker) § = 171.66 (s), 167.24 (s),
162.34 (s) (free HCO;™, free CO;*", complexed CO5>7),
5637 (s, CH,), 53.92 (s, CH,), 50.40 (s, CH,), 47.79 (s,
CH,); UV/vis (H,0) A, = 517, 362 nm; ESI+ QTOFMS
calculated for CyH,,CoN,O; ([M]*) 291.09 m/e; measured
291.11 m/e.

The Co(III)CO; complexes of ligands 1—6 were charac-
terized by UV—vis, *C NMR, and MS. The *C NMR peaks of

the cyclen carbons of the complexes were significantly shifted
from the metal-free ligands as observed for the Co(III)-cyclen
complex itself; this clearly demonstrated that the Co(III) had
become coordinated to the cyclen group as desired. Chemical
yields of Co(II)CO; complexes of ligands 1—6 and their
analytical data are given in the Supporting Information.

Steps 2 and 3: Synthesis and Activation of Co(lll)Cl,
Complexes as Demonstrated by the Synthesis and
Activation of cis-[Co(cyclen)Cl,]Cl. cis-[Co(cyclen)CO;]-
HCO; (0.071 g 0.270 mmol) was dissolved in MeOH (3
mL), and then HCI (10.2 M, 1.5 mL) was added gradually.
The reaction mixture was reduced to dryness in vacuo, and the
residue was again dissolved in MeOH (3 mL), treated with
HCI (102 M, 1.5 mL), and then reduced to dryness. This
procedure was repeated once more, and a gradual color change
from dark pink to dark violet was observed. The dry residue
was then redissolved in MeOH (S mL) and placed into an ice
bath, and then ether was added (45 mL). The resulting
precipitate was filtered under gravity using a sintered glass
funnel and then washed multiple times with ether until the
filtrate was pH-neutral to afford a violet solid in quantitative
yield. ®*C NMR (126 MHz, D,O with internal MeOH marker)
8 = 57.34 (s, CH,), 54.21 (s, CH,), 49.60 (s, CH,), 46.23 (s,
CH,); UV/vis (DMSO) A, = 560, 380 nm. A 5 mM stock
solution of the dichloride complex was prepared in HEPES (10
mM, pH 7.6) and then activated to the catalytically active
aqua-hydroxo species by addition of 2 equiv of 0.1 M NaOH at
room temperature, as shown by the immediate change in the
visible absorption band from 560 to 519 nm.

The Co(III)Cl, complexes of ligands 1—6 were charac-
terized by UV—vis and HRMS. Chemical yields of Co(III)Cl,
complexes of ligands 1—6 and their analytical data are given in
the Supporting Information.
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