
MedChemComm

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ne
 2

01
5.

 D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 1
0:

49
:5

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

CONCISE ARTICLE View Article Online
View Journal  | View Issue
Med. Chem. CommuThis journal is © The Royal Society of Chemistry 2015

Virginia Tech Center for Drug Discovery, Blacksburg, VA 24061, USA

Department of Chemistry, Virginia Tech, Blacksburg, VA 24061, USA

Department of Biological Sciences, Virginia Tech, Blacksburg, VA 24061, USA

Electronic supplementary information (ESI) available: A. Proton NMR spectra
f the most active compounds reported in this paper, complexes 3-Ir, 4-Ir and 5-
. B. Complete table of MICs and MBCs for all compounds and all strains of S.
ureus and MRSA tested. See DOI: 10.1039/c5md00228a
Cite this: Med. Chem. Commun.,

2015, 6, 1471
Received 27th May 2015,
Accepted 18th June 2015

DOI: 10.1039/c5md00228a

www.rsc.org/medchemcomm
Transition metal diamine complexes with
antimicrobial activity against Staphylococcus
aureus and methicillin-resistant S. aureus (MRSA)†

G. W. Karpin,ab D. M. Morris,ab M. T. Ngo,ab J. S. Merola*ab and J. O. Falkinham IIIac

Pentaalkylcyclopentadienyl (Cp*R) iridium (Ir) and cobalt (Co) 1,2-diamine complexes were synthesized.

Susceptibility of Staphylococcus aureus and recent patient methicillin-resistant S. aureus (MRSA) isolates to

the transition metal–diamine complexes were measured by broth microdilution and reported as the MIC

and MBC. Hemolytic activities of the transition metal-complexes as well as toxicity toward Vero cells were

also measured. The transition metal complex of Cp*RIr with cis-1,2-diaminocyclohexane, had strong antibi-

otic activity against S. aureus and MRSA (MIC = 4 μg mL−1, MBC = 8 μg mL−1) strains and killed 99% of S.

aureus cells in 6 hours. Stronger antibiotic activity was associated with the presence of octyl linked to the

cyclopentadienyl group and cyclohexane as the diamine backbone. Activity was greatly diminished by tri-

or tetramethylation of the nitrogen of the diamine. A cyclopentadienylcobalt complex of cis-1,2-diamino-

cyclohexane also showed significant anti-microbial activity against both S. aureus and MRSA strains. The

absence of hemolytic activity, Vero cell cytotoxicity and the significant anti-microbial activity of several

members of the family of compounds reported suggest this is an area worth further development.
Introduction

Nosocomial infections involving Staphylococcus aureus and
methicillin-resistant S. aureus (MRSA) continue to present
major challenges in the United States and Europe.1–3 There is
also evidence of an alarming increase in S. aureus skin infec-
tions in children.4,5 While both S. aureus and MRSA infec-
tions occur more frequently amongst persons with weakened
defences against infection in hospitals and healthcare facili-
ties, MRSA infections are also of increasing concern in the
community at large.6 Many S. aureus and MRSA infections are
intractable due to antibiotic resistance and their tendency to
be localized in high densities, such as in abscesses or bio-
films.7 Colonization of in-dwelling catheters leads to biofilm
formation and results in catheters serving as sources of con-
tinual infection in patients.7 One strategy to combat these
infections is to develop novel and effective anti-infective
agents.

There has been an extensive body of work reporting on
transition metal compounds with anti-cancer activity.8 Sadler
a

b

c

†

o
Ir

a

and co-workers have synthesized and investigated the cyto-
toxic properties of a number of half-sandwich type organome-
tallic compounds.9,10 Others have also reported on the cyto-
toxic behavior of different variants of half-sandwich
compounds.11,12

By comparison, the work on small inorganic/organometal-
lic compounds as antimicrobials has been sparse.13 The anti-
microbial properties of the Ag+ ion have long been
known.14,15 More recently new compounds incorporating the
silver ion with ligands such as N-heterocyclic carbenes have
been shown to possess anti-microbial activity as well.16–18 In
many other cases, anti-bacterial activity stems from either
making a metal complex of a known organic anti-bacte-
rial19,20 or making an organometallic analog of a known anti-
biotic by replacing an aryl group with an organometallic moi-
ety such as ferrocene.21,22 Recently, an intriguing polypeptide
with three organometallic groups has been shown to be a
potent antimicrobial.23 A review on small organometallic
compounds as antibacterial agents appeared recently.24

Previously, we have reported that compounds based on
simple organometallic complexes comprised of either iridium
(Ir) or rhodium (Rh) chelated by amino acids were potent
in vitro inhibitors of members of the genus Mycobacterium.25

Herein we extend our documentation of the strong antibiotic
properties of a different family of transition metal complexes
containing 1,2-diamine ligands to S. aureus and MRSA. Based
on the encouraging initial results we believe that this work
could lead to the identification of new therapeutic targets
n., 2015, 6, 1471–1478 | 1471
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Table 1 General structure and numbering for complexes in this paper.
The table lists the various diamine ligand substitutions (R1, R2, R3 and R4),
the C5Me4R substitution as well as the metal

Cpd
R1, R2,
R3 R4 R5 R6 X Ligand

1-Ir H H CH3 CH3 Cl –CH2–CH2–
2-Ir H H CH3 C8H17 Cl –CH2–CH2–
3-Ir H H CH3 CH3 Cl cis-Cyclohexane
4-Ir H H CH3 C8H17 Cl cis-Cyclohexane
5-Ir H H CH3 C6H13 Cl cis-Cyclohexane
6-Ir H H CH3 CH3 Cl trans-Cyclohexane
7-Ir H H CH3 C8H17 Cl trans-Cyclohexane
8-Ir H H CH3 C12H25 Cl cis-Cyclohexane
9-Ir CH3 CH3 CH3 CH3 Cl –CH2–CH2–
10-Ir CH3 H CH3 CH3 Cl –CH2–CH2–
11-Ir H C7H7 CH3 CH3 Cl –CH2–CH2–
12-Ir H C10H7 CH3 C8H17 Cl –CH2–CH2–
13-Ir H H CH3 CH3 Cl Ĳ1S,2S)-1,2-BisĲ4-

fluorophenyl)
14-Ir H H CH3 CH3 Cl Ĳ1S,2S)-1,2-BisĲ4-

methoxyphenyl)
15-Co H H H H I cis-Cyclohexane
16-Co H H H H I trans-Cyclohexane
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and development of a new class of urgently needed drugs to
address the growing problem of difficult-to-treat S. aureus
and MRSA infections.

Results and discussion
Chemistry

In a previous paper, we reported on cyclopentadienyl rho-
dium and iridium amino acid complexes that exhibited sig-
nificant anti-mycobacterial activity.25 None of the amino acid
compounds displayed any significant anti-staphylococcal
activity. As part of that mycobacterial study, we also made
complexes of two well-known drugs used in the treatment of
tuberculosis (TB): isoniazid and ethambutol.26 Neither
ĳCp*IrĲisoniazid)Cl]Cl nor ĳCp*IrĲethambutol)Cl]Cl were
active against an extensive panel of mycobacteria with MIC >

125 μg mL−1. However, our practice is to screen all com-
pounds first against a broad panel of bacteria, yeast and
fungi and we noted that the ethambutol compound had mod-
erate activity against S. aureus (MIC = 35 μg mL−1). Noting
that ethambutol is a substituted 1,2-diaminoethane, we
turned our attention to complexes of other diamine ligands.
That replacement of the chelating amino acids with chelating
1,2-diamines was successful in producing the anti-
staphylococcal compounds described in this work.

Complexes of rhodium and iridium were synthesized
according to the general procedure outlined in Scheme 1.
The penta-alkyl substituted Cp rings shown in the scheme
may be pentamethyl (Cp*) or tetramethylalkyl (Cp*R) the
starting cyclopentadienes being synthesized as described pre-
viously.27 Using this route, an extensive series of compounds
were prepared, fourteen of which are listed in Table 1, 1-Ir
through 14-Ir. No significant difference in activity was found
between Rh and Ir compounds, so only Ir compounds are
reported here.

It was also decided that the cobalt congeners should be
investigated since the lighter, first-row transition elements
would be less likely to have general cytotoxic behaviors. The
route shown in Scheme 1 is not applicable for cobalt, so a
1472 | Med. Chem. Commun., 2015, 6, 1471–1478

Scheme 1 Outline of the 2-step synthesis of iridium complexes with
1,2-diamines as the organic ligand. Ring and diamine substitution is
delineated in Table 1.
new synthesis based on cyclopentadienylcobaltdicarbonyl,
CpCoĲCO)2, was developed28 (Scheme 2). Only the 1,2-
diaminocyclohexane compounds of cobalt, 15-Co and 16-Co,
are discussed herein.
Characterization of compound structure and purity

All compounds reported in this paper were characterized by
standard analytical techniques: 1H NMR spectroscopy, 13C
NMR spectroscopy and High Resolution Mass Spectrometry.
All spectroscopies were completely consistent with the pro-
posed structures. In addition, to assure the purity of the com-
plexes by examining the NMR spectroscopies for the presence
of any contaminants, such as solvents, compounds were sub-
mitted for C, H analyses which showed purity within 0.4% of
calculated values.

All complexes described in this paper are quite water solu-
ble, even complex 12-Ir containing a decyl chain on the Cp
ligand. This is not surprising since the compounds are cat-
ionic with a chloride counterion. Complexes that had been
This journal is © The Royal Society of Chemistry 2015

Scheme 2 Outline of the synthesis of cobalt-containing complexes
with 1,2-diaminocyclohexane.
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dissolved in D2O were monitored by 1H NMR spectroscopy
and show no changes in physical appearance of the solution
nor any change in the NMR spectra over months of monitor-
ing. An indicator that, in general, these diamine complexes
are stable in these in vitro conditions is that there was no
anti-mycobacterial activity of the ethambutol complex. At the
highest concentrations used, even a few percent decomposi-
tion of the ethambutol complex would release a sufficient
amount of free ethambutol to show anti-mycobacterial activ-
ity and none was observed.

More to the point, a standard solution of complex 5-Ir in
the growth medium was prepared and tested for activity
against S. aureus at the time of preparation, at 6 months fol-
lowing preparation and at one year following preparation.
The standard solution was maintained at ambient tempera-
ture during that period of time. The MIC of 5-Ir against S.
aureus was reproducibly 4 μg mL−1 over the one year testing
period showing no decomposition of the complex in the cul-
ture medium over a 12 month period of time.
Anti-staphylococcal activities and complex structures

Sixteen different complexes that were tested against S. aureus
and various laboratory and patient strains of MRSA are listed
in Table 1. A partial listing of the antimicrobial activities are
listed in Table 2 while a more complete table can be found in
the ESI.† While a number of iridium complexes showed activ-
ity against S. aureus, two of those compounds, 4-Ir and 5-Ir
were notable for their low MICs against both S. aureus and
MRSA isolates (Table 2). Further, the MBCs for 5-Ir were
almost the same as the MICs, demonstrating its bactericidal
activity.

The data in Table 2 not only demonstrate that these com-
plexes exhibit potent activity against both S. aureus and
MRSA but also provide preliminary insight into the
This journal is © The Royal Society of Chemistry 2015

Table 2 MICs (MBCs) of 1,2-diamine complexes of Cp complexes of irid-
ium and cobalt against S. aureus and MRSA strains in μg mL−1

Compound
S. aureus
6538

MRSA
patient

MRSA
43300

MRSA
34380

1-Ir 296 (600) 296 (250) 296 (600) 600 (600)
2-Ir 124 (124) 63 (63) 124 (124) 124 (124)
3-Ir 34 (34) 34 (34) 34 (68) 34 (34)
4-Ir 7 (16) 7 (7) 7 (8) 7 (7)
5-Ir 4 (4) 4 (4) 4 (4) 4 (4)
6-Ir 262 (524) 262 (524) 262 (524) 262 (524)
7-Ir 108 (108) 108 (108) 216 (432) 432 (432)
8-Ir 198 (400) 198 (400) 198 (250) 400 (400)
9-Ir >500 >500 >500 >500
10-Ir >500 >500 >500 >500
11-Ir >500 >500 >500 >500
12-Ir 97 (97) 97 (97) 97 (97) 97 (97)
13-Ir 26 (26) 26 (26) 26 (52) 26 (26)
14-Ir 62.5 (62.5) 52 (52) 104 (104) 104 (104)
15-Co 11 (22) 22 (22) 44 (44) 44 (44)
16-Co >500 >500 >500 >500
Vanco 0.7 (0.7) 0.7 (0.7) 0.7 (0.7) 0.7 (0.7)
structure–activity relationships (SARs) for these complexes.
Our results thus far have suggested the following
conclusions:

Substitutions to the amino groups with either four (9-Ir)
or three (10-Ir) methyl groups on the nitrogen atoms leads to
a loss of activity (Table 2). We speculate that the hydrogen
bond contributions of the NH-functionalities on opposite
sides of the diamine core are important to activity.

Several observations support the conclusion that the
active species in these experiments is the organometallic
complex and not the metal-free ligand nor the ligand-free
metal. First, all starting materials and complex intermedi-
ates were tested against the S. aureus panel and showed no
activity. The fact that only some of these complexes display
any activity against staph strains is good evidence that the
complexes are not decomposing to form the metal ion or
some other indiscriminate metal fragment – if that were the
case all of the compounds would show activity. These obser-
vations lead us to conclude that these complexes are robust
and do not dissociate under conditions of the assay to yield
a common iridium or rhodium species that would account
for activity.

Comparison between 1-Ir and 2-Ir where the only differ-
ence is the substitution on the Cp* ring of an octyl group for
one of the methyl groups shows an increase in activity of 2-Ir,
the octyl substituted ring complex. Similarly, comparison
between 3-Ir, 4-Ir and 5-Ir, all complexes with the cis-1,2-
diaminocyclohexane ligand, shows that there is an increase
in activity for 4-Ir and 5-Ir where one methyl group of the
Cp* ligand is substituted with either a hexyl or an octyl
group. It is tempting to ascribe this effect to a simple
increase in hydrophobicity of the complexes, but a more spe-
cific interaction may be at play. Evidence for this is that 8-Ir
with the significantly longer dodecyl chain on the Cp* ring
has little activity.

Aryl groups on the ethylenediamine backbone also
resulted in activity but the range of compounds is too small
to draw any significant conclusions. However, greater activity
is observed for 4-fluorophenyl groups, 13-Ir, than for
4-methoxyphenyl groups, 14-Ir.

The most dramatic difference in activity is observed for
both iridium (3-Ir vs. 6-Ir) and cobalt (15-Co vs. 16-Co) where
the sole difference is the use of the cis- vs. the trans-isomer
of 1,2-diaminocyclohexane. Both isomers complex strongly
with the iridium and cobalt, but only the complexes with the
cis-isomer show significant activity against S. aureus.
Time-kill measurements

Survival of S. aureus strain ATCC 6358 and MRSA strain
34380 when exposed to 8 μg mL−1 4-Ir (i.e., MIC/MBC) after 1,
2, 3, and 6 h exposure at 37 °C were measured in two inde-
pendent experiments (Fig. 1). 4-Ir killed both the antibiotic-
susceptible S. aureus and the methicillin-resistant S. aureus
strains (Fig. 2).
Med. Chem. Commun., 2015, 6, 1471–1478 | 1473
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Fig. 1 Killing S. aureus strain ATCC 6358 with 4-Ir.

Fig. 2 Killing of MRSA strain 34380 with 4-Ir.
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Hemolytic activities

The complexes with strong antibiotic activity (i.e., 3-Ir, 4-Ir,
and 5-Ir) were tested for hemolytic activity (<10% hemolysis
of sheep red blood cells). These complexes showed no hemo-
lytic activity at their MICs or MBCs and hemolytic activity at
the 10% level was not observed until concentrations of
greater than 250 μg mL−1 were reached.
Mammalian toxicity

While the cobalt complexes discussed above were not tested,
the iridium complexes that showed significant activity
against S. aureus and MRSA strains showed no evidence of
toxicity against Vero cell line ATCC CCL-81 (ref. 29) at the
highest concentrations tested of 500 μg mL−1. In addition,
compound 4-Ir was tested for toxicity in mice and it was
1474 | Med. Chem. Commun., 2015, 6, 1471–1478
determined that no detrimental toxicological effects were
present at doses of 5 mg kg−1.29

Experimental
Materials

Unless otherwise stated, synthetic work was carried out in air
with untreated solvents. Commercially available reagents
including all diamines were obtained from Sigma-Aldrich, St.
Louis, MO 63103. Deuterated solvents for NMR spectroscopy
were obtained from Cambridge Isotope Laboratories.

General procedure

A round bottom flask was charged with appropriate amounts
of the respective ĳCpxRIrCl2]2 (ref. 9, 27, 30) in
dichloromethane with magnetic stirring. After 10 minutes the
1,2-diamine was added in a 2.1 molar excess drop wise to the
stirring solution. After the addition of the 1,2-diamine the
solution was allowed to react for an additional 30 minutes.
The complexes were recrystallized from dichloromethane and
ether or hexanes and collected on a fine fritted filter as yellow
crystalline powders. 1H NMR and 13C NMR spectra were col-
lected on a Varian MR-400 NMR spectrometer. High-
resolution mass spectrometry data was collected on Agilent
6220 Accurate Mass TOF LC-MS. Elemental analyses were
performed by Atlantic Microlabs, Norcross, GA.

Synthesis of ĳ(η5-C5Me5)IrĲethylenediamine)Cl]Cl (1-Ir).
Following the general procedure, 100 mg (0.125 mmol) of
ĳCp*IrCl2]2 was combined with 15.9 mg (0.264 mmol) of
ethylenediamine in dichloromethane. Yield: 91.7 mg (0.217
mmol) (86%) HRMS/ESI+ (m/z): calcd. for C12H23N2ĳ

193Ir]Cl
423.1257; found 423.1265. Anal calc. C12H23Cl2N2Ir C: 31.44,
H: 5.06; found C: 31.65, H: 5.10. 1H NMR (400 MHz, CDCl3) δ
6.81 (br s, 2H), 5.74 (br s, 2H), 3.27 (m, 2H), 3.07 (d, 2H),
1.89 (s, 15H, 5CpMe) ppm. 13C NMR (101 MHz, CDCl3) δ 93.2
(CpC), 92.8 (CpC), 92.2 (CpC), 54.1 (CH2) ppm.

Synthesis of ĳ(η5-C4Me4C8H17)IrĲethylenediamine)Cl]Cl (2-
Ir). Following the general procedure, 100 mg (0.112 mmol) of
ĳCp*Ĳoctyl)IrCl2]2 was combined with 14.2 mg (0.235 mmol) of
ethylenediamine in dichloromethane. Yield: 85.1 mg (0.152
mmol) (68%) HRMS/ESI+ (m/z): calcd. for C19H37N2ĳ

193Ir]Cl2
556.1963; found 556.1959 1H NMR (400 MHz, CDCl3) δ 5.41
(br s, 2H, NH), 4.65 (br s, 2H, NH), 3.35 (d, 2H, CH2), 3.07 (d,
2H, CH2), 2.14 (m, 2H), 1.96 (m, 2H), 1.84 (s, 15H, 5CpMe),
1.43 (m, 2H), 1.25 (br m, 4H), 1.05–0.96 (m, 4H), 0.84 (m, 3H,
CH3) ppm.

Synthesis of ĳ(η5-C5Me5)IrĲcis-1,2-diaminocyclohexane)Cl]-
Cl (3-Ir). Following the general procedure, 87.1 mg (0.109
mmol) of ĳIrCp*Cl2]2 was combined with 26.2 mg (0.229
mmol) of cis-1,2-diaminocyclohexane. Yield: 100.7 mg (0.211
mmol) (96%). HRMS/ESI+ (m/z): calcd. for C16H29N2ĳ

193Ir]Cl
477.1747; found 477.1752. Anal calc. C16H28Cl2N2IrĲH2O) C:
36.19, H: 5.71; found C 35.83, H: 5.73. 1H NMR (400 MHz,
CDCl3) δ 5.72 (s, 2H, NH2), 3.27 (m, 1H, CH), 3.09 (m, 1H,
CH), 2.34–2.14 (m, 2H), 2.08 (d, J = 12.6 Hz, 2H), 1.91 (s, 15H,
CpMe), 1.65 (q, J = 12.9 Hz, 2H, CH2), 1.43 (q, J = 12.9 Hz,
This journal is © The Royal Society of Chemistry 2015
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2H), 1.26 (m, 2H), 1.22 (m, 2H, CH2) ppm. 13C NMR (101
MHz, CDCl3) δ 93.53 (CpC), 92.25 (CpC), 84.75 (CpC), 84.04
(CpC), 34.9, 32.05, 31.72, 28.14, 26.93, 21.41, 10.44,
9.74 ppm.

Synthesis of ĳ(η5-C4Me4C8H17)IrĲcis-1,2-diaminocyclohexane)
Cl]Cl (4-Ir). Following the general procedure, 50.0 mg
(0.056 mmol) of ĳCp*Ĳoctyl)IrCl2]2 was combined with
24.3 mg (0.212 mmol) of cis-1,2-diaminocyclohexane. Yield:
53.1 mg (0.092 mmol) (83%). HRMS/ESI+ (m/z): calcd. for
C23H43N2ĳ

193Ir]Cl 575.2751; found 575.2764. Anal calc.
C23H43Cl2N2Ir C: 45.23, H: 7.10; found C: 45.19, H: 7.15. 1H
NMR (400 MHz, CDCl3) δ 3.38 (2, H), 3.10 (m, 2H), 2.24 (t,
J = 8.0 Hz, 4H), 2.08 (m, 2H), 1.84 (s, CpMe), 1.81 (s,
CpMe), 1.78 (s, CpMe), 1.76 (s, CpMe) 1.64 (t, J = 8.0 Hz,
2H, CH2), 1.43 (p, J = 8.1 Hz, 4H), 1.32 (m, 4H, 2CH2), 1.16
(m, 4H), 0.86 (t, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3)
δ 88.2 (CpC), 86.2 (CpC). 86.1 (CpC), 51.39 (CH), 49.34
(CH), 31.88 (CH2), 31.87 (CH2), 30.59 (CH2), 29.69 (CH2),
29.50 (CH2), 29.28 (CH2), 29.07 (CH2), 27.61 (CH2), 26.44
(CH2), 26.22 (CH2), 25.17 (CH2), 24.12 (CH2), 15.25 (CH3)
ppm.

Synthesis of ĳ(η5-C4Me4C6H13)IrĲcis-1,2-diaminocyclohexane)
Cl]Cl (5-Ir). Following the general procedure, 50 mg (0.057
mmol) of ĳIrCp*Ĳhexyl)Cl2]2 was combined with 15.9 mg (0.139
mmol) of cis-1,2-diaminocyclohexane. Yield: 52.0 mg (0.095
mmol) (85%).HRMS/ESI+ (m/z): calcd. for C21H39N2ĳ

193Ir]Cl
547.2509; found 547.2541. Anal calc. C: 43.29, H: 6.75; found
C: 43.078, H: 6.74. 1H NMR (400 MHz, CDCl3) δ 6.51 (s, 1H,
NH), 5.71 (s, 1H, NH), 4.03 (m, 1H, CH), 3.31 (m, 1H, CH),
2.24 (t, J = 8.5, 2H), 1.89–1.81 (2s, 15H, CpMe), 1.78 (m, 4H),
1.47–1.34 (m, 4H), 1.34–1.12 (m, 2H), 0.92–0.76 (m, 3H, CH3)
ppm. 13C NMR (101 MHz, CDCl3) δ 87.41 (CpC), 86.14 (CpC),
47.6 (CH), 46.31 (CH), 35.55 (CH2), 32.64 (CH2), 29.69 (CH2),
29.50 (CH2), 27.61 (CH2), 26.44 (CH2), 26.22, 24.12 (CH2),
12.45 (CH3), 10.4 (CpMe) ppm.

Synthesis of ĳ(η5-C5Me5)IrĲ±-trans-1,2-diaminocyclohexane)
Cl]Cl (6-Ir). Following the general procedure, 47.1 mg (0.059
mmol) of ĳCp*IrCl2]2 was combined with 15.2 mg (0.133
mmol) of trans-1,2-diaminocyclohexane. Yield 48.1 mg (0.101
mmol) (81%). Calcd. for C16H29N2ĳ

193Ir]Cl 477.1765; found
477.1761. 1H NMR (400 MHz, CDCl3) δ 5.68 (s, 2H, NH2) 3.27
(m, 1H, CH), 3.15 (m, 1H, CH), 2.25 (m, 2H), 2.08 (d, J = 11.6
Hz, 2H), 1.84 (2s, 15H, CpMe), 1.65 (q, J = 11.6 Hz, 2H, CH2),
1.43 (q, J = 12.9 Hz, 2H) 1.26 (m, 2H), 1.22 (m, 2H, CH2)
ppm. 13C NMR (101 MHz, CDCl3) δ 94.85 (CpC), 93.25 (CpC),
84.75 (CpC), 84.04 (CpC), 34.9, 32.05, 30.82, 28.14, 27.33,
21.41, (cyclohexane) 10.18 (CpMe) ppm.

Synthesis of ĳ(η5-C4Me4C8H17)IrĲtrans-±-1,2-diaminocyclohexane)
Cl]Cl (7-Ir). Following the general procedure, 75.0 mg (0.083
mmol) of ĳCp*Ĳoctyl)IrCl2]2 was combined with 36.4 mg (0.318
mmol) of trans-1,2-diaminocyclohexane. Yield: 71.0 mg (0.119
mmol) (65%). HRMS/ESI+ (m/z): calcd for C23H43N2ĳ

193Ir]Cl
575.2755; found 575.2771. 1H NMR (400 MHz, CDCl3) δ 3.56
(2, NH2), 3.36 (m, 2H), 2.75 (t, J = 9.5 Hz, 4H), 2.17 (m, 2H),
1.86 (s, CpMe), 1.84 (s, CpMe), 1.81 (s, CpMe), 1.76 (s, CpMe),
1.64 (t, J = 9.5 Hz, 2H, CH2), 1.43 (p, J = 8.1 Hz, 4H), 1.37 (m,
This journal is © The Royal Society of Chemistry 2015
4H, 2CH2), 1.16 (m, 4H), 0.91 (t, 3H, CH3) ppm. 13C NMR
(101 MHz, CDCl3) δ 88.7 (CpC), 88.5 (CpC), 84.2 (CpC), 51.56
(CH), 49.65 (CH), 32.88 (CH2), 30.77 (CH2), 30.59 (CH2), 29.69
(CH2), 29.50 (CH2), 29.28 (CH2), 29.07 (CH2), 26.81 (CH2),
26.44 (CH2), 25.44 (CH2), 25.17 (CH2), 24.12 (CH2), 15.18
(CH3) ppm.

Synthesis of ĳ(η5-C4Me4C12H25)IrĲcis-1,2-diaminocyclohexane)
Cl]Cl (8-Ir). Following the general procedure, 50.0 mg (0.051
mmol) of ĳCp*Ĳdodecyl)IrCl2]2 was combined with 12.0 (0.105
mmol) mg of cis-1,2-diaminocyclohexane. Yield: 39.2 mg (0.062
mmol) (60%). HRMS/ESI+ (m/z): calcd. for C27H51N2ĳ

193Ir]Cl
631.3448 ; found 631.3475. 1H NMR (400 MHz, CDCl3) δ 5.69
(s, 1H, NH), 4.24 (s, 1H, NH), 3.24 (m. 1H, CH), 3.05 (m, 1H,
CH), 2.39–2.19 (bm, 6H), 1.85 (s, 15H, CpMe), 1.71–1.62 (m,
4H), 1.61–1.52 (m, 4H), 1.51–1.45 (m, 4H), 1.40 (m, 6H),
1.35–1.15 (m, 10H), 0.84 (m, 3H, CH3) ppm.

Synthesis of ĳ(η5-C5Me5)IrĲN,N,N′,N′-tetramethyl)ethylenediamine)
Cl]Cl (9-Ir). Following the general procedure, 50.0 mg (0.062
mmol) of ĳCp*IrCl2]2 was combined in dichloromethane with
18.1 mg (0.155 mmol) of N,N,N′,N′-tetramethylethylenediamine.
Yield: 42.2 mg (0.088 mmol). HRMS/ESI+ (m/z): calcd. for
C16H31N2ĳ

193Ir]Cl 479.1805; found 479.1804. 1H NMR
(400 MHz, CDCl3) δ 3.62 (m, 3H, CH3), 3.23 (s, 3H, CH3), 2.88
(m, 3H, CH3), 2.42 (m, 2H, CH2) 1.89 (s, 15H, CpMe) ppm.

Synthesis of ĳ(η5-C5Me5)IrĲN,N,N′-trimethyl)ethylenediamine)
Cl]Cl (10-Ir). Following the general procedure, 50.0 mg (0.062
mmol) of ĳCp*IrCl2]2 was combined in dichloromethane with
17.8 mg (0.174 mmol) of N,N,N′-trimethylethylenediamine
dissolved in 10 mL of methanol. Yield: 36.2 mg (0.078 mmol).
HRMS/ESI+ (m/z): calcd. for C15H29N2ĳ

193Ir]Cl 465.1648; found
465.1650. 1H NMR (400 MHz, CDCl3) δ 4.65 (br s, 1H, NH), 3.42
(m, 3H, CH3), 3.12 (m, 2H, CH2), 2.65 (m, 3H, CH3), 1.87 (s,
15H, CpMe) ppm.

Synthesis of ĳ(η5-C5Me5)IrĲN-Ĳ1-benzyl)ethylenediamine)
Cl]ĳCl] (11-Ir). Following the general procedure: 50.0 mg
(0.062 mmol) of ĳCp*IrCl2]2 was combined in dichloromethane
with 19.8 mg (0.171 mmol) of N-Ĳ1-benzyl)ethylenediamine
dissolved in 10 mL of methanol. Yield: 42.3 mg (0.082
mmol). HRMS/ESI+ (m/z): calcd. for C19H29N2ĳ

193Ir]Cl
513.1649; found 513.1648. 1H NMR (400 MHz, CDCl3) δ 7.39
(m, 4H, CH), 7.26 (d, 1H, CH), 5.68 (d, 2H, NH), 5.52 (s, 1H,
NH), 4.57 (s, 2H), 2.1 (br s, 2H), 1.73 (s, 15H, CpMe), 1.35 (s,
2H) ppm. 13C NMR (101 MHz, CDCl3) δ 125.6 (aryl), 124.9
(aryl), 88.2 (CpC), 87.1 (CpC), 55.2 (CH2), 51.4 (CH2), 12.5
(CH3) ppm.

Synthesis of ĳ(η5-C5Me4C8H17)IrĲN-Ĳ1-naphthyl)ethylenediamine)
Cl]Cl (12-Ir). Following the general procedure, 50.0 mg (0.056
mmol) of ĳCp*Ĳoctyl)IrCl2]2 was combined in dichloromethane
with 32.1 mg (0.171 mmol) of N-Ĳ1-napthyl)ethylenediamine
dissolved in 10 mL of methanol. Yield: 40.6 mg (0.062 mmol)
(55%). HRMS/ESI+ (m/z): calcd. for C29H43N2ĳ

193Ir] 647.2321;
found 647.2394. Anal calc. C29H43Cl2N2Ir C: 49.71, H: 6.46;
found C: 48.86, H: 5.96. 1H NMR (400 MHz, CDCl3) δ 7.55 (d,
J = 6.9 Hz, 1H, ArH), 7.41 (d, J = 6.9 Hz, 1H, ArH), 7.14 (m,
4H, ArH), 4.88 (m, 2H), 3.72 (d, J = 7.5 Hz, 1H), 3.60 (d, J =
7.5 Hz, 1H), 3.11 (s, 2H), 2.36 (t, J = 11.5 Hz, 2H), 2.02 (s, 3H,
Med. Chem. Commun., 2015, 6, 1471–1478 | 1475
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CpMe), 1.99 (s, 3H, CpMe) 1.93 (s, 3H, CpMe), 1.89 (s, 3H,
CpMe), 1.79 (t, J = 12.6, 2H, CH2), 1.72 (d, 1H, CH), 1.52–1.28
(m, 4H), 1.16 (m, J = 11.5 Hz, 3H, CH3) ppm. 13C NMR
(101 MHz, CDCl3) δ 129.9 (aryl), 127.9 (aryl), 127.8 (aryl),
86.2 (CpC), 86.1 (CpC), 60.39 (CH2), 58.2 (CH2), 31.88 (CH2),
31.87 (CH2), 30.59 (CH2), 35.69 (CH2), 32.50 (CH2), 27.28
(CH2), 26.07 (CH2), 27.55 (CH2), 22.30 (CH2), 14.15 (CH3)
ppm.

Synthesis of ĳ(η5-C5Me5)IrĲ1S,2S)-1,2-bisĲ4-fluorophenyl)-
ethylenediamineCl]Cl (13-Ir). Following the general proce-
dure, 50.0 mg (0.062 mmol) of ĳCp*IrCl2]2 was combined with
42.3 mg (0.131 mmol) Ĳ1S,2S)-1,2-bisĲ4-fluorophenyl)-
ethylenediamine dihydrochloride in a 50/50 mix of
dichloromethane and methanol. 15 mg of sodium bicarbon-
ate was added to the solution mixture. Yield: 67.5 mg (0.110
mmol) (88%) HRMS/ESI+ (m/z): calcd. for C24H29N2F2ĳ

193Ir]Cl
611.1622; found 611.1636. Anal calc. C: 44.51, H: 4.58; found
C: 44.58, H: 4.67. 1H NMR (400 MHz, DMSO-d6) 7.29 (dd, J =
8.5, 5.5 Hz, 2H), 7.22 (dd, J = 8.5, 5.5 Hz, 2H), 7.10–7.02 (m,
4H), 6.81 (m, 1H), 6.24–6.12 (m, 1H, NH), 5.58 (m, 1H, NH),
4.61 (t, J = 11.5 Hz, 1H), 4.40 (t, J = 11.5, 1H), 1.72 (s, 15H,
CpMe) ppm. 13C NMR (101 MHz, DMSO-d6) 144.8 (aryl),
135.1 (aryl), 132.5 (aryl), 129.7 (aryl), 85.8 (CpC), 26.7 (CH),
8.95 (CpMe) ppm.

Synthesis of ĳ(η5-C5Me4C8H17)IrĲ1S,2S)-1,2-bisĲ4-
methoxyphenyl)ethylenediamine]Cl (14-Ir). Following the gen-
eral procedure, 50.0 mg (0.056 mmol) of ĳIrCp*Cl2]2 was com-
bined with 46.2 mg (0.145 mmol of Ĳ1S,2S)-1,2-bisĲ4-
methoxyphenyl)ethylenediamine dihydrochloride in a 50/50
mix of dichloromethane and methanol. 17 mg of sodium
bicarbonate was added to the solution mixture. Yield 48.3 mg
(0.076 mmol (67%). HRMS/ESI+ (m/z): calcd. for
C26H35N2O2ĳ

193Ir]Cl 635.2008; found: 635.2005. 1H NMR (400
MHz, CDCl3) δ 7.49 (d, J = 8.5 Hz, 1H), 7.38 (d, J = 8.5 Hz,
1H), 6.71 (d, J = 8.6 Hz, 1H), 6.62 (d, J = 8.6 Hz, 1H), 4.79 (m,
1H, NH), 3.67 (m, 2H), 3.55 (m, 2H), 2.01 (s, 2H), 1.88 (s,
15H, CpMe), 1.59 (s, 6H, 2CH3) ppm. 13C NMR (101 MHz,
CDCl3) δ 159.56 (aryl), 130.24 (aryl), 129.78 (aryl), 129.60
(aryl), 114.32 (aryl), 114.16 (aryl), 86.68 (CpC), 77.19 (CpC),
63.27 (CH), 55.11 (CH), 54.99 (CH), 9.52 (CpMe), 9.31 (CpMe)
ppm.

Synthesis of ĳ(η5-C5Me5)IrĲethambutol)Cl]ĳCl]. Following
the general procedure, 100 mg (0.125 mmol) of ĳCp*IrCl2]2
was combined with 72.8 mg (0.262 mmol) ethambutol
dihydrochloride in a 50/50 mix of dichloromethane and
methanol. 20 mg of sodium bicarbonate was added to the
solution mixture. Yield: 67.7 mg (0.113 mmol) (45%). HRMS/
ESI+ (m/z): calcd. for C20H39N2O2ĳ

193Ir]Cl2 602.2018; found
602.2022. 1H NMR (400 MHz, D2O) δ 4.13, (m, 4H) 3.23 (m,
2H), 2.21 (m, 2H, 2CH), 1.86 (s, 15H, CpMe), 1.21 (m, 3H)
ppm.

Synthesis of ĳ(η5-C5H5)CoĲcis-1,2-diaminocylohexane)I]I
(15-Co). 100 mg (0.240 mmol)of CpCoĲCO)I2 was dissolved in
dichloromethane and allowed to stir for 10 minutes under
nitrogen. 2.1 molar equivalents of cis-1,2-diaminocyclohexane
was added dropwise via syringe to the solution and allowed
1476 | Med. Chem. Commun., 2015, 6, 1471–1478
to stir for 20 minutes under nitrogen. The solution immedi-
ately evolved CO gas from the reaction. The solution turned a
clear red-brown color. The solvent and excess cis-1,2-diamino-
cyclohexane were removed using a rotary evaporator leaving a
dark red-brown powder. The powder was then dissolved in
deionized water and filtered on a fine frit. The filtrate was
collected and the water was removed to yield 76 mg (0.208
mmol) 86%. HRMS/ESI+ (m/z): calcd. for C11H19N2ĳCo]I
365.0033; found 364.9924. 1H NMR (400 MHz, methanol-d) δ
4.8 (s, H, Cp), 3.29 (m, 2H, 2CH), 1.79 (m, 4H, 2CH2), 1.35
(m, 4H, 2CH2), 1.6 (m, 4H), 1.35 (m, 4H, 2CH2) ppm.

Following the same synthetic route as the previous cobalt
complex, ±-trans-1,2-diaminocyclohexane was used to synthe-
size ĳ(η5-C5H5)CoĲ±-trans-1,2-diaminocylohexane)I]I (16-Co).
Yield 67 mg (0.184 mmol) 76%. HRMS/ESI+ (m/z): calcd. for
C11H19N2ĳCo]I 365.0041; found 365.0052. 1H NMR (400 MHz,
methanol-d) δ 5.18 (s, H, Cp), 3.41 (m, 2H, 2CH), 1.82 (m,
4H, 2CH2), 1.42 (m, 4H, 2CH2), 1.53 (m, 4H), 1.44 (m, 4H,
2CH2) ppm.

Staphylococcal strains and measurement of MIC and MBC

Staphylococcus aureus strains ATCC 6358 and ATCC 29213
were obtained from the American Type Culture Collection
(ATCC), the unrelated methicillin-resistant S. aureus strain
43330 was obtained from Danville Community Hospital, and
the recent patient isolates of MRSA (523000, 522870, 34864,
36361, 53016, and 34380) were obtained from Georgetown
University Medical Center.31 MICs were measured by broth
microdilution of fresh overnight cultures according to the
Clinical and Laboratory Standards Institute (CCLI) guidelines
with cation-adjusted Mueller–Hinton broth and an inoculum
of 105 CFU mL−1.31 Stocks of the compounds were dissolved
in Mueller–Hinton broth. The MIC (μg mL−1) was defined as
the lowest concentration of compound completely inhibiting
the appearance of turbidity by eye and confirmed by absorbance
540 nm. The MBC (μg mL−1) was defined as the lowest concen-
tration of compound reducing the colony count by 99.9% of the
colony count in the initial, compound-free, inoculated well after
24 hr incubation. All results represent the average of three inde-
pendent measurements. Both MIC and MBC experiments were
also performed using brain heart infusion broth (BHIB),
resulting in similar data for both MIC and MBC.32

Time-kill measurements

A single colony of the strain was inoculated into 2 mL of
Mueller–Hinton broth in a 16 × 125 mm screw cap tube and
incubated overnight at 37 °C without aeration. One mL of
that culture was inoculated into 9 mL of cation-adjusted
Mueller–Hinton broth in a 125 mL flask and the culture incu-
bated at 37 °C with aeration (60 rpm) until reaching mid-log
phase (2 × 108 CFU mL−1). A dilution of that culture was then
added to 20 mL of Mueller–Hinton broth to reach a final den-
sity of 105 CFU mL−1. A volume of the complex stock in
Mueller–Hinton broth was added to the S. aureus or MRSA
suspension to reach its MIC and immediately and at 1, 3,
This journal is © The Royal Society of Chemistry 2015
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and 6 hr, a 1 mL sample was removed and surviving CFU
mL−1 were measured by spreading 0.1 mL (in triplicate) of
undiluted, 10−1, 10−2, and 10−3 fold diluted suspensions on
Mueller–Hinton agar and incubating plates at 37 °C for 1
day. The results are reported as percent (%) surviving cells at
each time point from two independent measurements.32

Toxicity studies

Adapting the protocol of Babiceanu et al.,33 the iridium com-
plexes were tested for toxicity against Vero cell line ATC CCL-
81. While the cobalt complexes were not tested, the iridium
compounds studied showed no toxicity at the maximum level
tested of 500 μg mL−1.

Hemolysis measurements

Hemolysis measurements were performed as described in
Maisuria et al.31 and results reported at the lowest concentra-
tion of compound yielding 10% hemolysis (IC10%).

Conclusions

The transition metal complexes described here show specific
activity against S. aureus strains and lack activity against
other microorganisms (i.e., Escherichia coli, Mycobacterium
smegmatis, Candida albicans, and Aspergillus niger). In addi-
tion, the specificity of the complexes that show activity indi-
cates that there are specific structure/activity relationships
that must be met. This is most dramatically noted in the
high activity observed for complexes of the cis isomer of 1,2-
diaminocyclohexane (3-Ir and 15-Co) and the total lack of
activity of the complexes made with the trans isomer of 1,2-
diaminocyclohexane (6-Ir and 16-Co). We have begun work
on elucidating the mechanism of action of this novel class of
anti-microbial agents and hope to report on those findings in
the near future. The combination of high and specific activity
for certain complexes, the low cytotoxicity as tested with Vero
cells and the low hemolytic activity all suggest that this tran-
sition metal platform may prove to be useful in overcoming
antibiotic resistance in S. aureus.
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