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Model Systems for Fluorescence and Singlet
Oxygen Quenching by Metalloporphyrins

Jason R. McCarthy* and Ralph Weissleder®

Next-generation photodynamic therapy agents will minimize ex-
traneous phototoxicity by being active only at the target site. To
this end, we have developed a model system to systematically in-
vestigate the excited-state quenching ability of a number of met-
alloporphyrins. Central metal ions that prefer four-coordinate,
square planar orientations (Ag", Cu", Ni", Pd", and Zn") were used.
Porphyrin dimers based on 5-(4-aminophenyl)-10,15,20-triphenyl-
porphyrin and comprising both a free base porphyrin and a met-

Introduction

Light-inducible, singlet oxygen producing drugs have been
highly successful in treating a variety of human diseases. In
particular, porphyrinic pigments have enjoyed widespread use
as photodynamic therapy (PDT) agents in the treatment of
cancers, age-related macular degeneration,”' and most re-
cently, cardiovascular disease."® Unfortunately, the therapeutic
window of many agents is small, and the associated toxicity
can be significant.” Over time, a number of modifications
have been made to the porphyrins to increase their singlet
oxygen quantum yields, make them more water soluble, im-
prove their pharmacokinetics, and target them to tissues of in-
terest. The latter approach has been a major focus, and photo-
sensitizers have been targeted to tumors via peptides,” mono-
clonal antibodies,®' and nanoparticulate delivery vehi-
cles.""'7 An alternative and novel strategy has been to synthe-
size enzyme-activatable PDT agents, that is, substrates for
enzymes that are upregulated in certain diseases. For example,
we recently described a cysteine protease activatable agent
that uses multiple copies of chlorin e6 conjugated to a poly-L-
lysine-co-monomethoxy-polyethylene glycol backbone, which
is quenched by aggregation of the photosensitizer, and activat-
ed by cathepsins."”

Similar to activatable fluorescent probes, activatable PDT
agents have been based largely on energy transfer between
the photosensitizer and a quencher molecule,"*™ or energy
transfer between photosensitizers." Thus far, minimal research
has been undertaken to investigate the efficacy of transition-
metal complexes in the quenching of singlet oxygen genera-
tion. It is well known that transition metals have the potential
to accept electrons from excited-state molecules through elec-
tron- or energy-transfer processes, especially paramagnetic
metal ions."*?" Therefore, we hypothesized that metallopor-
phyrins, metal-coordinating analogues of porphyrin-based
photosensitizers, can act as efficient excited-state quenchers.
We have thus systematically explored a number of analogues
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alloporphyrin covalently linked through a five-carbon alkyl chain
were synthesized. The fluorescence and singlet oxygen quantum
yields for the dimers were probed at 630 and 650 nm, respective-
ly, resulting in the excitation of only the free base porphyrin and
allowing a comparison of the quenching efficacy of each central
metal ion. These results demonstrate that metalloporphyrins can
serve as efficient quenchers, and may be useful in the design of
novel light-activated therapeutic agents.

Figure 1. Structure of porphyrin-metalloporphyrin dimers 5M for which
M=Ag", Cu", Ni", Pd", Zn".,

and tested their efficiency in the hybrid system depicted in
Figure 1. To this end, a number of porphyrin dimers containing
both a free base porphyrin and a metalloporphyrin were syn-
thesized, and the quenching efficiency of each system was in-
vestigated. To limit the number of compounds, we chose
metal ions such as Ag", Cu", Ni", Pd", and zZn" that favor square
planar, four-coordinate orientations in porphyrinic systems.

Results and Discussion

Synthesis and photophysical characterization of porphyrin-
metalloporphyrin dimers

Ideally, a model system that results in amide bond formation
would be preferred, as it allows control of dimer formation
through commonly used coupling reagents. Hence, 5-(4-ami-
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Scheme 1. Reaction conditions: a) NaNO,, TFA, 5 min; b) SnCl,-2H,0, HCl (concd); c) glutaric anhydride, DMF; d) microwave-assisted metallation for Ag", Cu'",
Ni", Zn"; for Pd": Pd(OTf),, 1,2-dichloroethane/MeOH (3:1), 45°C; e) DCC, CH,Cl,/pyridine (95:5). DCC = dicyclohexylcarbodiimide, DMF = N,N-dimethyl-

formamide, TFA =trifluoroacetic acid.

nophenyl)-10,15,20-triphenylporphyrin 3 was chosen as our
starting material, as it is easily synthesized from the corre-
sponding 5,10,15,20-tetraphenylporphyrin (TPP, 1) by nitration
with NaNO, followed by reduction with SnCl,-2H,0, as report-
ed previously (Scheme 1).2 Aminophenylporphyrin 3 can be
further functionalized with a five-carbon linker terminating in
an acid moiety by reaction with glutaric anhydride to give
compound 4.7 The corresponding aminophenyl metallopor-
phyrins (3Ag, 3Cu, 3Ni, and 3Zn) are formed by microwave-as-
sisted reaction of 3 with the appropriate metal acetate in
CHCl,/pyridine, whereas 3Pd is synthesized by heating a solu-
tion of 3 in 1,2-dichloroethane/methanol with palladium(ll) tri-
fluoroacetate.

The side band region of the UV/Vis absorption spectra of
porphyrin 3 and its corresponding metallo derivatives are
shown in Figure 2. Upon metallation, the four absorption
maxima for the free base porphyrin condense to give two
peaks, with the expected hypsochromic shift of the longest
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Figure 2. The side band region of the UV/Vis absorption spectra of porphy-
rin 3 and its corresponding metalloporphyrin derivatives in DMF. The dotted
line represents the excitation wavelength for singlet oxygen generation.
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wavelength absorption. It should also be noted that there is
no overlap between the absorption of the furthest red side
band of 3 and any of the side bands of the metalloporphyrins.
Upon dimerization, this allows excitation of the free base por-
phyrin at 650 nm without absorption by the metalloporphyrin,
which enables direct comparison of the quenching efficiency
of each metal.

The porphyrin dimers were synthesized by reaction of the
carboxylic acid functionalized porphyrin 4 with the corre-
sponding metallo-aminophenylporphyrin 3M in the presence
of dicyclohexylcarbodiimide (DCC) in a solution of CH,Cl,/pyri-
dine. The components of the dimers are linked by a short alkyl
chain, which ensures that the only electronic interactions are
through space (for example, the porphyrinic wt systems are not
directly conjugated to one another). This eliminates electron-
transfer processes that have been observed in other conjugat-
ed dimer systems.?*?

The UV/Vis absorption spectra of the dimers 5 are shown in
Figure 3. As expected, the absorption of the free base porphy-
rin at 650 nm is spectrally distinct from the absorption of the
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Figure 3. UV/Vis absorption spectra of dimers 5M.
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metalloporphyrins 3M. We were thus able to calculate the fluo-
rescence and singlet oxygen quantum yields for each dimer by
using TPP as the standard (Table 1). The results of the excited-

Table 1. Fluorescence and singlet oxygen quantum yields of the dimers.

Fluorescence Singlet Oxygen

be Fold Decrease DA Fold Decrease
TPP 0.15 - 0.64 -
5Ag 0.02 7.2 0.05 123
5Cu 0.10 1.6 0.41 1.6
5Ni 0.08 1.9 0.21 3.1
5Pd 0.21 0.7 0.52 1.2
5Zn 0.18 0.9 0.62 1.0

[a] In DMF, 630 nm excitation. [b] In DMF, 650 nm excitation.

state quenching studies are detailed below. Control experi-
ments were performed for each dimer system on solutions
containing equimolar quantities of the porphyrin and metallo-
porphyrin monomers, with no observed quenching efficacy.

Cu" and Ni" porphyrins as excited-state quenchers

Copper and nickel ions are present ubiquitously throughout
the photophysical literature as excited-state quenchers.?5?”
With partially filled d orbitals, these metal ions are capable of
fluorescence quenching by electron or energy transfer. Further-
more, Cu", with its d® valence electron configuration, is para-
magnetic, which has been shown to increase the quenching
efficiency of the metal ion.”” As expected, both Cu" and Ni"
demonstrate the ability to quench in our model system
(Table 1). What is interesting is that Cu" is not a more efficient
excited-state quencher than Ni". In fact, Ni' is 20% more effi-
cient at quenching the fluorescence, and 200% more efficient
at quenching the singlet oxygen generation of the free base
porphyrin in dimer 5Ni than Cu" in 5Cu. This is counter to pre-
vious examples,” and cannot be fully explained at this time.

Zn" porphyrins as excited-state quenchers

Spectroscopically silent zinc is often the focus of fluorescence-
based probes. Owing to its full d orbital, Zn" is colorless and
lacks d—d transitions.” It is, therefore, necessary to design mo-
lecular sensors that are activated upon zinc binding. These
sensors are usually based on chelation-enhanced fluorescence
in which the sensor is nonfluorescent until it binds the ion of
interest.”" If Zn" acted as an excited-state quencher, this
type of sensor would not be feasible. Moreover, Zn" porphyrins
are themselves fluorescent, further illustrating the excited-state
behavior of this metal ion.® In the porphyrin-metalloporphyr-
in dimer system 5Zn there is no observed excited-state
quenching by the Zn" metalloporphyrin (Table 1). This result is
completely expected based on previous examples.
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Ag" porphyrins as excited-state quenchers

Silver ions are not often investigated for their ability to quench
the excited states of chromophores. Even less common is the
use of Ag" as a quencher moiety, because a limited number of
Ag" compounds are known.®¥ Ag' has displayed the ability to
quench fluorescence in a number of systems."®2"3¥ Being isoe-
lectronic to diamagnetic Hg", which has well-documented che-
lation-enhanced quenching due to the heavy-atom effect, it is
no surprise that Ag' also acts as a quencher®™ Ag', on the
other hand, has a d® valence electron configuration and is par-
amagnetic, similar to Cu", while retaining the large size of its
Ag' counterpart. This combination of factors allowed us to hy-
pothesize that Ag" would serve as the best excited-state
quencher. This assumption was entirely correct, as is illustrated
by the 7.2-fold decrease in fluorescence quantum vyield, as well
as the 12.3-fold decrease in singlet oxygen quantum vyield for
system 5Ag (Table 1).

Pd" porphyrins as excited-state quenchers

Similar to Ag", there have been very few studies of the effect
of the Pd" metal ion on the excited-state quenching of chro-
mophores. In one account the authors claim that Pd" serves as
a weak quencher of the fluorescence of pyridobenzimidazole
nucleosides.”® In this same study the authors also mention
that Ni" and Cu" serve as strong quenchers. This is interesting,
in that Ni" and Pd" share the same d® valence electron configu-
ration, while the latter is larger and thus is expected to be the
better quencher. This is not observed in our porphyrin—-metal-
loporphyrin dimer system. As stated previously, the presence
of Ni" in 5Ni results in a 1.9-fold decrease in fluorescence emis-
sion and a 3.1-fold decrease in singlet oxygen production of
the free base porphyrin. In 5Pd there is actually an increase in
fluorescence emission (1.4-fold), while the singlet oxygen pro-
duction remains unchanged (Table 1). This lack of quenching
efficacy may be due to the fact that Pd" porphyrins, similar to
Zn" porphyrins, are also known to be singlet oxygen genera-
tors.”” In this study the three metal ions that are not singlet
oxygen generators or luminophores (Ag", Cu", and Ni") exhibit
the ability to quench the excited states of the free base por-
phyrin, whereas those which can luminesce or are known for
their energy-transfer abilities do not.

Biological considerations

For the porphyrin-metalloporphyrin dimer systems to be
viable invivo, they must be first conjugated to a cleavable
backbone, similar to previously described activatable fluores-
cence imaging agents.®® In these systems the photosensitizer
and quencher are separated by a short amino acid sequence
that is recognized by a specific enzyme, such as a matrix met-
alloproteinase or cathepsin, which are often upregulated in
cancer and other sites of inflammation. Upon cleavage of the
peptide, the porphyrin and metalloporphyrin are no longer
held in close proximity, and thus, will no longer be quenched.
These peptide-based systems also allow further conjugation of
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the activatable unit to a targeting moiety or a nanoparticulate
vehicle for increased in vivo delivery.

One of the main considerations of the use of metallopor-
phyrins is the potential toxicity associated with the degrada-
tion of the porphyrinic macrocycle or dissociation of the cen-
tral metal ion from the porphyrin core. Of those metal ions
that showed quenching efficacy in our model system, Ni' and
Cu" are bound strongly by the porphyrinic macrocycle and are
not likely to dissociate from the porphyrin core, except under
harsh conditions (stability constant, log~40m~").5%* Where-
as Ag" is not as strongly bound as Cu" or Ni', demetallation
under physiological conditions is unlikely, as strongly acidic
conditions are required to effect demetallation."® Although
copper is considered an essential mineral (recommended
intake of 2 mgday™'), excess copper (>10 mgday™") is associ-
ated with toxicity.”" Nickel, on the other hand, is considered
intrinsically toxic, even at low levels.*? Interestingly, the metal
ion that exhibited the highest quenching efficiency, silver, is
nontoxic and is not known to cause cancer or any other chron-
ic adverse effects. In fact, silver is well known for its antimicro-
bial activity and is used in burn wound care and biomateri-
als.”¥ Thus, the use of Ag", Cu", and Ni' metalloporphyrins
should pose little or no threat of toxicity in vivo.

Conclusions

We have thus demonstrated that metalloporphyrins, especially
those containing Ag", can act as efficient quenchers of both
fluorescence emission and singlet oxygen generation. The
choice of TPP as the starting material is also beneficial, as it
permits modulation of the polarity of the chromophore
through substitution of the aryl groups, enabling the fine-
tuning of the quenching molecule. The above results could
have potentially wide-ranging implications in the design of
next-generation PDT agents and in decreasing extraneous pho-
totoxicity. First, the quenchers are highly efficient and can pre-
vent phototoxicity in nontarget tissues such as the skin, one of
the key problems associated with current drugs.””’ Second, pro-
tease-activatable constructs would be sufficiently small enough
to be further targetable by a variety of means. For example,
conjugation of the quenched system to nanoparticle surfa-
ces!"™ or graft copolymers®® could be used to preferentially de-
liver these compounds to angiogenic regions in tumors
through the enhanced permeability and retention (EPR) effect.
Finally, as the chemistries used for the synthesis of the dimers
is identical to those used in peptide conjugation, this study is
expected to be immediately applicable to the design of more
efficient activatable photodynamic therapy agents. Thus, we
believe that the approaches described herein will be highly
useful in the design of the next generation of imaging and
therapeutic PDT constructs.

Experimental Section

General: All solvents and reagents used were reagent grade or
better and were used as received. The analytical TLC plates were
obtained from Whatman (aluminum backed, 250 pm, with UV indi-
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cator); preparative TLC plates (500 um silica gel on glass) and the
flash-column silica gel (standard grade, 60 A, 32-63 mm) used
were provided by Sorbent Technologies, Atlanta, GA (USA). 'H and
BCNMR spectra were recorded on a Bruker DRX-400 or Bruker
Avance 500 and were referenced to residual solvent peaks. All
NMR analyses were performed at room temperature in the solvents
indicated. UV/Vis spectra were recorded on a Cary 50 spectropho-
tometer, and fluorescence emission spectra on a Horiba Jobin
Yvon Fluorolog-3 spectrofluorometer (Edison, NJ, USA) retrofit with
a water-cooled R 928 photomultiplier tube. ESI mass spectra were
recorded on a Waters Micromass ZQ mass spectrometer in the sol-
vents indicated. High-resolution ESI mass spectra were provided by
the Department of Chemistry Instrumentation Facility, Massachu-
setts Institute of Technology. Microwave-assisted reactions were
performed in a CEM Discover. The purity of all compounds was de-
termined in the course of all NMR analyses.

Fluorescence quantum yield: Quantum yield measurements, per-
formed by following published procedures,* were collected for
samples with absorbance values between 0.01 and 0.10 OD in DMF
at 630 nm using 5,10,15,20-tetraphenylporphyrin in argon-purged
benzene as a standard (¢;=0.11). Briefly, a small amount of stock
porphyrin or dimer solution in DMF was added to 2 mL DMF. The
OD of the resulting solution was determined, at which point the
fluorescence spectrum was acquired, exciting at 630 nm. Using the
integrated area under the curve from 635 to 800 nm, the fluores-
cence quantum yields were determined from the following equa-
tion:

(AN (72 (D
o= () () (3)

for which Q is the quantum yield of the solution, A is the optical
density of the solution, 7 is the refractive index of the solution, D
is the integrated area under the curve of the spectrum, and x and r
are the unknown and reference solutions, respectively. All quantum
yield determinations were performed in triplicate. The linearity of
the OD versus the fluorescence quantum yield was also ascer-
tained to ensure negligible contribution due to reabsorption ef-
fects.

Singlet oxygen quantum yields: Singlet oxygen quantum yields
were calculated as described previously and performed in tripli-
cate.”'? All solutions were in DMF with 0.1 OD at 650 nm.

Synthesis and characterization of porphyrins and porphyrin
dimers: 5,10,15,20-tetraphenylporphyrin was prepared according
to the procedure described by Adler etal™' 5-(4-aminophenyl)-
10,15,20-triphenylporphyrin 3 and its acid-functionalized analogue
4 were synthesized as described previously.””

[5-(4-aminophenyl)-10,15,20-triphenylporphyrinato]silver(ll) (3Ag): Ag-
(OAc) (37 mg, 3 equiv) was added to 47 mg 3 (7.5x 1072 mmol) in
3 mL CHCly/pyridine (95:5) in an 8-mL microwave reaction vessel.
The reaction was carried out by microwave irradiation with the fol-
lowing settings: T=100°C, t=5 min, P.,,=off. Upon completion,
the solution was evaporated to dryness under reduced pressure,
dissolved in CH,Cl,, purified by flash chromatography (CH,Cl,, silica
gel), and evaporated to dryness to yield 3Ag as a purple powder
(37 mg, 67% yield). UV/Vis (CH,Cl,) Ay (loge): 421 (5.41), 544
(4.72), 582 (3.91) nm; +ESIMS (30 V, CH,CN/0.1% TFA) m/z=734.1
[M*]; HRMS (ESI of [MH"], CH,CN): m/z caled for C,H,AgN;:
735.1552, found: 737.1572.

[5-(4-aminophenyl)-10,15,20-triphenylporphyrinato]copper(ll)  (3Cu):
Cu(OAc),H,0 (27 mg, 2equiv) was added to 42mg 3 (6.8%x
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1072 mmol) in 3 mL CHCly/pyridine (95:5) in an 8-mL microwave re-
action vessel. The reaction was carried out by microwave irradia-
tion with the following settings: T=150°C, t=>5 min, P, =off.
Upon completion, the solution was evaporated to dryness under
reduced pressure, dissolved in CH,Cl,, purified by flash chromatog-
raphy (CH,CL,, silica gel), and evaporated to dryness to yield 3Cu as
an orange—purple powder (20 mg, 43% yield). This material was
identical to that described previously."® UV/Vis (CH,Cl,) 4. (loge):
417 (5.42), 542 (4.29), 582 (sh) nm; +ESIMS (30V, CH;CN/0.1%
TFA) m/z=691.3 [MH*]; HRMS (ESI of [MH "], CH,;CN): m/z calcd for
Cy4H,oCuNs: 691.1797, found: 691.1777.

[5-(4-aminophenyl)-10,15,20-triphenylporphyrinatolnickel(ll) (3Ni: Ni-
(OAC),4H,0 (38mg 3equiv) was added to 47mg 3 (7.6x%
1072 mmol) in 3 mL CHCly/pyridine (95:5) in an 8-mL microwave re-
action vessel. The reaction carried out by microwave irradiation
with the following settings: T=150°C, t=5 min, P,,,=off. Upon
completion, the solution was evaporated to dryness under reduced
pressure, dissolved in CH,Cl,, purified by flash chromatography
(CH,CL,, silica gel), and evaporated to dryness to yield 3Ni as an
orange-purple powder (45 mg, 80% yield). This material was iden-
tical to that described previously.® UV/Vis (CH,Cl,) 4.« (loge): 418
(5.27), 530 (4.29), 568 (sh) nm; +ESIMS (30 V, CH;CN) m/z=686.5
[MH']; HRMS (ESI of [MH™], CH;CN): m/z calcd for C,HyNiNs:
686.1855, found: 686.1830.

[5-(4-aminophenyl)-10,15,20-triphenylporphyrinato]palladium(il)

(3Pd): Pd(OTf), (53 mg, 2equiv) was added to 51mg 3 (8.1x%
102 mmol) in 3 mL 1,2-dichloroethane/MeOH (8:2). The reaction
was heated for 1 h at 45°C. Upon completion, the solution was
evaporated to dryness under reduced pressure, dissolved in CH,Cl,,
purified by flash chromatography (CH,Cl,, silica gel), and evaporat-
ed to dryness to yield 3Pd as an orange-purple powder (49 mg,
83% vyield). UV/Vis (CH,Cl)) A (l0ge): 418 (5.31), 526 (4.40), 564
(sh) nm; 'HNMR (400 MHz, [Ds]pyridine): §=4.98 (brs, 2H), 6.08
(brs, 2H), 7.38 (brs, 2H), 7.63 (brs, 12H), 8.18 (brm, 10H), 9.05
(brs, 8H), 9.32 ppm (brs, 2H); *C NMR (100 MHz, [Ds]pyridine): 6 =
114.0, 122.5, 122.8, 124.7, 127.8, 128.7, 130.4, 131.8, 131.9, 132.1,
135.0, 136.5, 142.4, 142.5, 142.6, 143.4, 149.9 ppm; +ESIMS (30V,
CH;CN/0.1% TFA) m/z=734.4 [M"]; HRMS (ESI of [MH"], CH;CN):
m/z calcd for C,H,oPdNs: 734.1482, found: 734.1558.

[5-(4-aminophenyl)-10,15,20-triphenylporphyrinato]zinc(ll) (3Zn): Zn-
(OAC),2H,0 (35mg, 2equiv) was added to 50mg 3 (8.0x
1072 mmol) in 3 mL CHCly/pyridine (95:5) in an 8-mL microwave re-
action vessel. The reaction was carried out by microwave irradia-
tion with the following settings: T=80°C, t=5 min, P,,,=off.
Upon completion, the solution was evaporated to dryness under
reduced pressure, dissolved in CH,Cl,, purified by flash chromatog-
raphy (CH,Cl,, silica gel), and evaporated to dryness to yield 3Zn as
a purple powder (46 mg, 83 % yield). This material was identical to
that described previously.*" UV/Vis (CH,Cl,) 4.y (loge): 428 (5.62),
562 (4.27), 604 (4.10) nm; +ESIMS (30 V, CH,CN/0.1% TFA) m/z=
691.5 [M*]; HRMS (ESI of [M*], CH,CN): m/z calcd for C,4H,0ZNnN;:
692.1793, found: 692.1776.

General procedure for the synthesis of porphyrin-metallopor-
phyrin dimers: Dicyclohexylcarbodiimide (2 equiv) was added to a
stirring solution of 3M and 4 (1:2 molar ratio, ~1.5% 1072 mmol
scale) in 3 mL CHCl,/pyridine (95:5). The reaction was stirred for
4 h, at which time it was filtered and then evaporated to dryness
under reduced pressure. The crude solid was redissolved in CH,Cl,/
MeOH (98.5:1.5) and purified by flash chromatography (silica gel,
CH,Cl,/MeOH (98.5:1.5)). All fractions containing the pure product
were combined and evaporated to dryness. Dimers 5M were dis-
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solved in a minimal amount of CH,Cl,, precipitated by the addition
of hexanes, and filtered to give the product in 75 % yield.

Dimer 5Ag: UVNis (CH,CL) A, (loge): 423 (5.77), 515 (4.34), 545
(4.38), 588 (sh), 647 (3.69) nm; +ESIMS (30V, CH,CN/0.1% TFA)
m/z=1460.9 [MH"], 731.9 [M**]; HRMS (ESI of [MH'], CH,CN):
m/z calcd for Co3HgsAgN,0,: 1460.4343, found: 1462.4346.

Dimer 5Cu: UV/NVis (CH,CL) A, (loge): 419 (5.91), 516 (4.42), 544
(4.49), 590 (3.95), 647 (3.80) nm; +ESIMS (30 V, CH;CN/0.1% TFA)
m/z=1416.8 [MH'1, 710.1 [M?*1; HRMS (ESI of [MH*], CH;CN): m/z
calcd for Cog3HgsCuN,,0,: 1416.4588, found: 1417.4573.

Dimer 5Ni: UV/Vis (CH.Cl,) A.. (loge): 419 (5.80), 518 (4.45), 550
(sh), 590 (3.77), 647 (3.70) nm; 'H NMR (400 MHz, [Ds]pyridine): 6 =
—2.40 (brs, 2H), 2.70 (m, 2H), 3.07 (m, 4H), 7.59 (brs, 6H), 7.79
(brm, 16H), 8.35 (brm, 12H), 8.56 (brm, 4H), 9.00 (s, 4H), 9.03 (d,
J=48, 2H), 9.15 (d, J=4.8, 2H), 1.4ppm (s, 2H); *CNMR
(100 MHz, pyridine d-5): §=117.8, 118.0, 119.5, 120.5, 120.6, 124.2,
127.3, 127.4, 1284, 132.6, 132.7, 133.9, 134.0, 1344, 134.8, 134.8,
135.3, 136.3, 140.3, 140.9, 142.1, 142.8, 142.8, 143.1, 173.2 ppm;
+ESIMS (30 V, CH,CN/0.1% TFA) m/z=1411.8 [MH'], 706.7 [M**];
HRMS (ESI of [MH™], CH;CN): m/z caled for Cg3HgsNiN;O,:
1411.4645, found: 1412.4691.

Dimer 5Pd: UV/Vis (CH,Cl,) A, (loge): 419 (5.90), 521 (4.62), 550
(4.11), 590 (3.78), 647 (3.75) nm; 'HNMR (400 MHz, [Ds]pyridine):
0=—-242 (brs, 2H), 2.70 (m, 2H), 3.04 (m, 4H), 7.59 (brm, 10H),
7.78 (brm, 13H), 8.06 (m, 2H), 8.30 (brm, 12H), 8.52 (m, 4H), 8.99
(m, 9H), 9.13 (m, 4H), 11.28 ppm (brs, 2H); *CNMR (100 MHz,
[Dslpyridine): 6 =36.5, 118.2, 127.1, 127.1, 128.1, 128.2, 129.3, 1314,
134.3, 141.8, 141.8, 142.1, 142.2, 172.1 ppm; +ESIMS (30 V, CH,CN/
0.1% TFA) m/z=1460.0 [MH "1, 730.7 [M**]; HRMS (ESI of [MH ],
CH3CN): m/z calcd for Cy3HgsPdN,,0,: 1460.4351, found: 1459.4373.

Dimer 5Zn: UV/Vis (CH,Cl,) A, (loge): 426 (5.83), 516 (4.27), 556
(4.36), 597 (4.09), 647 (3.67) nm; '"H NMR (400 MHz, [D,IDMF): 6 =
—2.77 (s, 2H), 2.36 (p, J=5.6 Hz, 2H), 2.85 (m, 4H), 7.85 (brm,
18H), 8.30 (brm, 20H), 8.89 (s, 4H), 891 (d, J=4.0 Hz, 2H), 8.94
(brm, 6H), 9.01 (d, J=3.6 Hz, 2H), 9.06 (d, J=3.2 Hz, 2H), 10.5 (s,
1H), 10.6 ppm (s, TH); *C NMR (100 MHz, [D,IDMF): 6 =21.8, 36.6,
117.6, 117.9, 120.5, 120.6, 120.7, 120.8, 120.9, 121.0, 124.0, 126.9,
127.3, 127.8, 1284, 131.4, 131.5, 131.5, 131.6, 131.7, 131.8, 131.9,
132.0, 132.1, 134.8, 135.2, 135.3, 136.5, 136.6, 138.1, 139.8, 140.3,
142.1, 142.2, 143.6, 148.6, 150.2, 150.3, 150.5, 171.9, 172.0 ppm;
+ESIMS (30 V, CH,CN/0.1% TFA) m/z=1418.0 [MH*], 710.0 [M**];
HRMS (ESI of [MH'], CH;CN): m/z calcd for Cg3HgsZnN,,0,:
1417.4583, found: 1419.4587.
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