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ABSTRACT: Two square-planar palladium(II) and platinum(II) azido complexes
[M(N;)(L)] with L = N-phenyl-2-[1-(2-pyridinyl)ethylidene]hydrazine carbo-

thioamide reacted with four different electron-poor alkynes R—C=C—R’ with R =

R’ = COOCHj;, COOEt, COOCH,CH,0CH; or R = CF;, R” = COOEtina [3 +
2] cycloaddition “iClick” reaction. The resulting triazolate complexes [M-
(triazolate™®)(L)] were isolated by simple precipitation and/or washing in high
purity and good yield. Six out of the eight new compounds feature the triazolate
ligand coordinated to the metal center via the N2 nitrogen atom, but fortuitous

Click =

catalyst-fres cytotoxicity

solubility properties allowed isolation of the N1 isomer in two cases from acetone.

When the solvent was changed to DMSO, the N1 — N2 isomerization could be studied by NMR spectroscopy and took several
days to complete. '’F NMR studies of the iClick reaction with F;C—C=C—COOEt led to identification of a putative early
linear intermediate in addition to the N1 and N2 isomers, however with the latter as the final product. Rate constants
determined by "H or "’F NMR spectroscopy increased in the order Pd > Pt and CF;/COOEt > COOR/COOR with R = CHj,,
Et, CH,CH,OCH,. The second-order rate constant k, > 3.7 M~ s™* determined for the reaction of [Pd(N;)(L)] with F;C—
C=C-COOE:t is the fastest observed for an iClick reaction so far and compares favorably with that of the most evolved
strained alkynes reported for the SPAAC (strain-promoted azide—alkyne cycloaddition) to date. Selected title compounds were
evaluated for their anticancer activity on the GaMG human glioblastoma brain cancer cell line and gave ECs, values in the low
micromolar range (2—16 uM). The potency of the Pd(II) complexes increased with the chain length of the substituents in the

4- and S-positions of the triazolate ligand.

B INTRODUCTION

Quick generation of molecular diversity is an important aspect
in medicinal chemistry, as systematic modification of lead
compounds is required to identify key structure—activity
relationships (SAR). In the context of bioorganic chemistry, a
wide range of “click” reactions and bioorthogonal coupling
methods has been developed for the facile synthesis of both
bioactive small molecules’ as well as bio(macro)molecule
conjugates.” > Mild functionalization methods such as the
copper-catalyzed (CuAAC) and strain-promoted azide—alkyne
cycloaddition (SPAAC) as well as the oxime ligation have also
been applied to the ligand periphery of transition-metal
complexes.”” In contrast to their huge success in bioorganic
chemistry, inherently inorganic “click” reactions, directly taking
place in the inner coordination sphere of a metal center and
controlled by a judicious choice of metal and (co)ligands, are
much more rare. The term “iClick” (for inorganic click) was
introduced by Veige and co-workers in a report on the 1,3-
dipolar cycloaddition of the linear gold(I) azido complex
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[Au(N;)(PPh;)] with gold(I) acetylide compound [Au(C=
C—C¢H;)(PPh;)], which leads to a homobimetallic 1,2,3-
triazolate complex, with the two gold(I) phosphine moieties
bound to the N1 and CS5 atoms of the five-membered ring
(Scheme 1A)."° More recently, this approach was also
extended to N-heterocyclic carbene complexes of the general
structure [Au(N;)(NHC)].""'* However, as far back as the
mid-1970s, there have been reports on the cycloaddition
reaction of metal azido complexes with electron-poor organic
alkynes and other dipolar molecules, as summarized by
Frithauf and Beck.'”'* Metal-based building blocks utilized
include organometal half-sandwich complexes such as [Fe-
(Cp)(N;)(CO),1" and [Os(N3),(1*-CoHg) (PiPr;)]™ as well
as related ruthenium(II) arene complexes (Scheme 1B)."”~"”
The aromatic arene ligand could also be replaced by
tris(pyrazolyl)borate (tpz), as in [Ru(N3)(tpz)(PPh3)2].20 In
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Scheme 1. (A) Prototypical “iClick” Reaction of a Linear Gold(I) Azido Complex with a Gold(I) Acetylide As Originally
Reported by Veige et al.,'’ (B) Very Early Examples of Octahedral Triazolate Complexes Prepared by Cycloaddition Reaction
with Electron-Poor Alkynes,ls’16 and (C) “iClick” Triazolate Complexes Prepared in Previous Work by This Group26_28
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addition to group VIII metals such as iron(II), ruthenium(II),
and osmium(II), Peng and co-workers extended the scope of
the iClick reaction to molybdenum(II) allyl dicarbonyl
complexes of the general formula [Mo(7*-allyl)(N;)-
(CO),(L"L)] with L"L as a chelating N,N or P,P ligand.Zl’22

We have recently used the iClick reaction to prepare a
triazolate-linked phenylalanine bioconjugate attached to a
[Mn(bpy)(CO),] fragment, which also featured the first use of
oxanorbornadiene as a “masked” alkyne equivalent™** in
such iClick reactions (Scheme 1C).*° A study of the
isoelectronic complexes [M(77*-allyl)(N;)(CO),(bpy)] with
M = Mo, W allowed, for the first time, a systematic comparison
of the efficiency of the iClick reaction for 4d vs 5d metals.”’
On the other hand, in [Rh(Cp*)(N;)(bpy™*)]*, the electronic
influence of peripheral groups on the 2,2'-bipyridine (bpy)
coligand was investigated and it was shown that the rate
constant for the cycloaddition reaction increases with the
electron-donating ability of the 4,4'-substituents.”® In these
two studies, rate constants of up to 7.3 X 1072 M7 s7! were
determined. In these pseudo-octahedral metal azido com-
plexes, the cycloaddition reaction proceeds more quickly than
in the gold(I) azido compound originally reported by Veige,
who determined k = 7.6 x 107> M™' s7.*” In addition to
terminal and internal alkynes, the utility of cycloalkynes, as
originally employed in the catalyst-free SPAAC, was also
explored in the iClick reaction, however with mixed success.
While bicyclo[6.1.0Jnon-4-yne (BCN) and azadibenzocyclooc-
tyne (ADIBO) reacted smoothly with [Ru(N;)(N"N)([9]-
aneS;)], in which NN is a bidentate chelator derived from
staurosporine,”’ this was not the case in the attempted

cycloaddition of BCN or dibenzocyclooctyne amine (DBCO)
with [Pt(N;),(OH),(py),]. This octahedral platinum(IV) bis-
azido complex, on the other hand, underwent a smooth
“iClick” reaction with dimethyl acetylenedicarboxylate
(DMAD) and the corresponding diethyl ester (DEAD).”" In
contrast to the wealth of information available on the
cycloaddition of the linear gold(I) as well as (pseudo)-
octahedral group VI—X metal azido complexes with alkynes,
very little information is available on the “iClick” reaction of
square-planar late transition-metal complexes. About 30 years
ago, Paul and Nag described the 1,3-dipolar cycloaddition
reaction of a tridentate N*N”S chelating ligand coordinated to
a nickel(II) or palladium(II) azido fragment with various
dipolarophiles (Scheme 1B).**** Kim et al. studied the
reaction of [Pd(N;)(C4¢H;)(PR;),] with DMAD using differ-
ent phosphine coligands (R = CH;, Et) and obtained a crystal
structure of the triazolate product, which clearly showed the
heterocyclic ligand in the symmetrical N2 coordination
mode.”® The related bis-azido complexes [M(N;),(PR;),]
with M = Pd, Pt also underwent cycloaddition reactions with a
wide range of dipolarophiles, including nitriles, thiocyanates,
and carbon disulfide, in addition to the commonly employed
alkynes.>*° The latter work also reported the first
determination of a rate constant for an iClick reaction, which
increased with the o-donor character of the phosphine coligand
but generally was rather slow (k &~ 107* s71).3° Finally, a Pd(II)
complex with a putative composition of [Pd(#*-allyl)(N;)] was
proposed as an intermediate in palladium-catalyzed 1,3-dipolar
cycloadditions.”” ~*” Thus, in order to systematically evaluate
the kinetics of the iClick reaction for an isoelectronic and
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Scheme 2. Click Reaction of Palladium(II) and Platinum(II) Azido Complexes 12 and 13 with Electron-Poor Alkynes 3 and
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isostructural series of square-planar late transition-metal
complexes, we prepared palladium(II) and platinum(II)
azido complexes with a N*N”S chelating coligand based on
thiosemicarbazone, which also features a methyl group with a
distinct chemical shift to serve as a NMR spectroscopic marker
in kinetic studies, and studied their reaction with a variety of
alkynes. The selection of the thiosemicarbazone coligand was
also inspired by the well- establlshed pharmacological activity of
the purely organic compound*’ and its metal complexes.*'~*

Bl RESULTS AND DISCUSSION

Synthesis and Characterization. To expand the range of
alkynes on hand for the iClick reaction, in addition to
commercially available dimethyl acetylenedicarboxylate
(DMAD) and diethyl acetylenedicarboxylate (DEAD) as well

as 4,4,4-trifluoro-2-butynoic acid ethyl ester’’ already utilized
in previous studies of azide—alkyne cycloaddition reactions of
molybdenum(II) and tungsten(II) as well as Cp* rhodium-
(111) complexes,””** an ethylene glycol-substituted alkyne was
prepared by esterification of acetylenedicarboxylic acid 1 with
2-methoxyethanol 2 in benzene in the presence of p-toluene
sulfonic acid as a catalyst (Scheme S1A), to give 2-butynedioic
acid 1,4-bis(2-methoxyethyl) ester 3 in good yield (81%)."

The semithiocarbazone ligand HL 7 was prepared in a two-
step literature procedure via reaction of phenyl isothiocyanate
4 with hydrazine to give N-phenylhydrazine carbothioamide §,
which was subsequently condensed with 2-acetylpyridine 6 in a
mixture of ethanol and acetic acid. The desired product 7 was
then isolated on a gram scale in an overall yield of 75%
(Scheme S1B).*
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Chart 1. Linkage Isomerism in 4,5-Disubstituted 1,2,3-Triazolate Complexes: (A) Formation of Two Isomers in the Case of
Identical Substituents and (B) Formation of Three Different Isomers in the Case of Nonidentical Substituents
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Metal complex synthesis started with the reaction of
palladium(II) chloride or potassium tetrachloroplatinate(II)
with 1,5-cyclooctadiene (cod) to give [MCl,(cod)] complexes
8 and 9 with M = Pd, Pt in yields of 84 and 80%, respectively
(Scheme S1C).>>*" These compounds reacted in an acetone/
water mixture with the semithiocarbazone ligand HL 7 at
elevated temperature. When it was cooled to room temper-
ature, [MCI(L)] was obtained as a yellow (M = Pd, 10) or red
(M = Pt, 11) precipitate in near-quantitative yield."' This was
followed by a ligand exchange reaction with excess sodium
azide in an acetone/water mixture at elevated temperature
(Scheme S1C). After partial removal of the solvent, [M(Nj)-
(L)] precipitated as a yellow (M = Pd, 12) or red (M = Pt, 13)
solid. A washing step with water was important for removal of
remaining traces of sodium azide. The desired products 12 and
13 were subsequently isolated in analytically pure form and
very good yields of 87 and 88%, respectively. Characteristic
spectral features include the prominent azide stretching
vibrations at 2048 and 2061 cm™" for the palladium(II) and
platinum(II) complexes, respectively (see the Supporting
Information). The '*Pt NMR signal experiences a minor
downfield shift from —3165 ppm in the chlorido complex 11 to
—3101 ppm in the azido compound 13.°> All other
spectroscopic data was as expected and is collected in the
Supporting Information.

The iClick reaction generally involved suspending the azido
complex 12 or 13 in acetone in a large glass vial followed by
addition of an excess of alkyne (Scheme 2). The reaction
mixture was then stirred at room temperature, the solvent
completely removed under vacuum, and the resulting solid
washed with n-hexane (or diethyl ether in the case of the
ethylene glycol derivative 3) to remove unreacted alkyne.
Finally, the product was dried under vacuum for an extended
period of time to get rid of the last traces of solvent. This
simple procedure was generally sufficient to obtain analytically
pure product in good to excellent isolated yield (63—89%).
Only in the case of the reaction of the platinum(Il) azido
complex 13 with DMAD and DEAD were lower yields of 60
and 41% observed, but these were found to proceed different
from the others in any event (vide infra). Reaction times were
consistently shorter for the palladium complex 12, with a range

of several hours to about one day, while in the case of the
platinum analogue 13, several days to over one week was
required for complete conversion.

Triazolate ligands are characterized by a notable linkage
isomerism, as they can bind to a metal center via different
nitrogen atoms.'”'® In the case of identical functional groups
on the C4 and CS carbon atoms of the five-membered ring,
two different binding modes are possible, via the N1 or the N2
nitrogen atom (Chart 1A). On the other hand, when the C4
and CS substituents are not identical, as in the case of
triazolates resulting from the iClick reaction with 4,4,4-
trifluoro-2-butynoic acid ethyl ester, for example, three
different isomers can form, with binding via the N1, N2, or
N3 nitrogen donor atom (Chart 1B). In our previous studies
on molybdenum(II) and tungsten(II),”” manganese(I),” and
rhodium(I11)** triazolate complexes, products were consis-
tently and exclusively isolated as the N2 isomer, although in
the starting materials, the azido ligand is terminally
coordinated via N1. This was a rather surprising result, as
the available X-ray structures did not reveal any obvious
intramolecular interactions which would stabilize the N2
relative to the N1 isomer.”*?” Therefore, in the case of the
triazolate iClick products 17-24, the preference for a
particular binding mode was carefully analyzed by 'H and
BC NMR spectroscopy and, where appropriate, by ’F NMR
spectroscopy.

The reaction of palladium(II) azido complex 12 with 4,4,4-
trifluoro-2-butynoic acid ethyl ester 14 gave the triazolate
product 17 in which the '’F NMR spectrum shows only one
major peak for the trifluoromethyl group at —58.58 ppm. In
comparison to the alkyne starting material, which shows the
CF, resonance at approximately —52 ppm,”® this is an upfield
shift by 6.6 ppm, which is indicative of triazolate
formation.”*™>® The presence of only one main product is
also corroborated by the '*C NMR, which shows only one set
of intense peaks at 60.74, 14.00, and 13.99 ppm, due to the
ester methylene and methyl carbon atoms as well as the methyl
group of the semithiocarbazone ligand backbone. Likewise, the
"H NMR shows only two signals for the ethyl ester moiety at
4.31 and 1.30 ppm, while the signal of the ligand backbone
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Figure 1. Changes in the 400 MHz 'H NMR spectrum of 22 in DMSO-d; with increasing incubation time at room temperature: (A—C) different
spectral regions recorded immediately after mixing (blue trace) and after 4 days (red trace); (D—F) different spectral regions recorded at different
time intervals (from front to back: 0 days, black trace; 1 day, blue trace; 2 days, magenta trace; 3 days, orange trace; 4 days, red trace). Note that,
due to the low solubility in DMSO-d,, the signal intensity of the N1 species is significantly smaller than that of the N2 isomer and spectra were
normalized accordingly. The intense peak observed at 3.32 ppm in (F) is due to residual water in the DMSO-d, solvent.

methyl group is difficult to analyze, as it appears at 2.53 ppm,
partially overlapping with the DMSO solvent peak. Only upon
very close inspection of the '’F NMR does an additional low
intensity signal become evident at —58.42 ppm, shifted by 0.16
ppm relative to the main peak, with an intensity ratio of 1:12.5.
Thus, this minor species accounts for less than 10% of the total
product and is assigned to the N1 or N3 isomer, while the
major species is assumed to be the N2-coordinated complex
17.

Reaction with the symmetrical alkynes dimethyl and diethyl
acetylenedicarboxylates (DMAD, 15, and DEAD, 16, respec-
tively) resulted in isolation of palladium triazolate complexes
18 and 19. The symmetrical N2 coordination mode is clearly
evident from only one major methyl group signal in the 'H
NMR at 3.81 ppm with a relative intensity of 6H and a single
methyl ester carbon signal at 52.05 ppm in the case of 18,
while the iClick product obtained with DEAD shows a quartet
with an intensity of 4H at 4.28 ppm and a triplet integrating to
6H at 1.28 ppm, also indicative of symmetry-equivalent ethyl
ester groups. Likewise, in the '*C NMR of 19, there are only
three major peaks in the aliphatic spectral region, at 60.65,
14.03, and 13.95 ppm, due to the symmetry-equivalent ester
methylene and methyl carbon atoms as well as the ligand
backbone methyl moiety.

This trend also extends to the triazolate complex 20, which
is obtained by an iClick reaction with the bis(ethylene glycol)-
substituted alkyne 3. Its 'H NMR shows two signals of 4H
each at 4.35 and 3.62 ppm, respectively, due to two equivalent
methylene groups, and a single main peak with an integral
close to 6H at 3.29 ppm for the two methoxy moieties, while
the C NMR features three signals for the triazolate
substituents at 69.64, 63.81, and 58.12 ppm, which are of
higher intensity than the peak of the single ligand backbone
methyl carbon at 13.99 ppm.

Thus, the combined "H and '*C NMR spectroscopic data
clearly support a “symmetrical” N2 coordination mode for the
palladium(II) triazolate complexes 18—20, and the same is also
assumed for the trifluoromethyl-substituted complex 17,
although the '’F NMR does not allow a definitive assignment
beyond the presence of a single species. Furthermore, from the
consistent observation of only a single set of resonances for the
C4 and CS substituents of the triazolate, it can be corroborated
that either the triazolate mean plane is perpendicular to that of
the semithiocarbazone ligand or rotation around the Pd—N2
bond is fast on the NMR time scale, as a “locked-in” fully
planar conformation would result in chemically nonequivalent
C4/CS substituents, with one of them pointing toward the
pyridine ring and the other one in the direction of the thiolate
donor group (Chart 1B).

Among the platinum(II) complexes, the ethylene glycol
substituted triazolate compound 24 also exhibits the spectral
signature of a symmetrical N2 coordination of the five-
membered ring, with the 'H and C NMR signals only
marginally shifted (<0.1 ppm) relative to those of the
palladium(II) congener 20. The '**Pt NMR of this compound
shows only one major peak at —3106 ppm, indicating that the
triazolate ligand induces only a minor change in the chemical
shift relative to the azido complex 13, in which the signal
appears at —3101 ppm. The trifluoromethyl-substituted
triazolate complex 21 also exhibits a spectral pattern very
similar to that of the palladium analogue 17, with only one
signal in the '’F and Pt NMR at —58.71 and —3108 ppm,
respectively, and two signals for the ethyl group of the ester
moiety in both the 'H and '*C NMR.

Interestingly, a different spectral signature was observed
when platinum(II) azido complex 13 was reacted with DMAD
(15) or DEAD (16). The '"H NMR spectrum of the methyl
ester compound 22 clearly shows three methyl group signals of
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equal intensity at 3.84, 3.80, and 2.61 ppm. Unfortunately, no
BC NMR could be recorded due to poor solubility of the
product in common NMR solvents, but the ethyl ester
analogue 23 showed two overlapping quartets and triplets of
4H and 6H in the '"H NMR at 4.32—4.24 and 1.28—1.23 ppm,
respectively, and most importantly, two peaks for the
methylene carbon atoms of the ethyl ester moiety at 61.51
and 60.31 ppm, further supporting a nonsymmetrical N1
coordination of the triazolate ligand in this case (see the
Supporting Information).

Interestingly, when solid samples of complexes 22 and 23
were suspended in DMSO-dg and kept in an NMR tube for
several days at room temperature, the solution became clear
and the resulting spectra changed to that of a symmetrically N2
coordinated triazolate (Scheme 2, bottom), with only one
methyl group signal observed for 25 at 3.83 ppm in the 'H
NMR and 52.07 ppm in the *C NMR. The ethyl ester
compound 23 also underwent this slow N1 — N2 isomer-
ization, as the spectrum of resulting 26 showed only one set of
peaks for the ethyl ester group, manifested in the 'H NMR as a
quartet at 429 ppm and a triplet at 1.29 ppm with a 4:6
intensity ratio and '*C NMR peaks for the ethyl and methyl
group carbon atoms at 60.7S, 14.02, and 13.76 ppm (see the
Supporting Information).

The isomerization of 22 to 25 was monitored by '"H NMR
spectroscopy in DMSO-dj at room temperature (Figure 1). In
particular, the methyl ester signal at about 3.8 ppm undergoes
prominent changes with incubation time. Directly after
dissolution of the sample, two peaks of equal intensity are
observed at 3.84 and 3.80 ppm, indicative of a nonsymmetrical
N1 coordination mode of the triazolate (Figure 1C, blue
trace). A very small signal between these two peaks at 3.83
ppm gradually increases in intensity with time, and after 4 days,
the conversion is almost complete (Figure 1C, red trace). This
interconversion is also reflected in a shift of the signal of the
methyl group in the periphery of the semithiocarbazone
coligand. In the N1 isomer, it appears at 2.61 ppm, but over
the course of the isomerization, a new peak at 2.58 ppm
continuously gains in intensity (Figure 1F) and after 4 days an
intensity ratio of 0.07 to 1.00 indicates that the conversion
level has reached 93%.

Interestingly, the secondary amine proton signal of the
semithiocarbazone coligand is also sensitive to the triazolate
coordination mode. In the N1 isomer 22, it is found at 10.42
ppm (Figure 1A, blue trace). However, on a time scale similar
to that of changes in the methyl group peaks, a new signal
appears at 10.30 ppm, which continuously gains in intensity
over time until day 4, when only a very small N1 signal
remains, with a relative intensity of 0.07 to 1.00, in comparison
to the N2 signal (Figure 1D). The interconversion also leads to
spectral changes in the aromatic region. Most notably, a new
doublet of doublets appears at 9.24 ppm together with a triplet
at 7.77 ppm while other changes are less obvious due to signal
overlap (Figure 1B,E).

To rule out a potential replacement of the triazolate ligand
by DMSO upon extended incubation in this coordinating
solvent, [Pt(L)(dmso)]OTf (with OTf = trifluoromethanesul-
fonate) was prepared in situ by treatment of the chlorido
complex 11 with silver triflate. The '**Pt NMR recorded for
this species after filtration from the silver chloride which had
precipitated showed a single peak at —3650 ppm, significantly
shifted relative to the approximately —310S5 ppm observed for
all platinum(II) triazolate compounds (21, 25, 26, and 24)

studied in this work. On the other hand, when the N1 isomer
22 was heated to 50 °C in DMSO-d, for 2 days, only one peak
at —3105 ppm was observed, as expected for the coordinated
N2 isomer, while there was no signal in the —3600 to —3700
ppm range (Figure S1). Furthermore, the color of [Pt(L)-
(dmso)]OTSf is distinctly different from that of triazolate
complexes 22 and 25 (Figure S2).

Additional evidence for the robust coordination of the
triazolate ligand to the platinum center is provided by ESI mass
spectrometry. In the case of palladium compound 18, the most
intense signal is due to [M — triazolate + CH;CN]*, together
with the slightly less intense peaks of the adducts [M + H]*
and [M + Na]* as well as those of the cluster ions [2M —
triazolate]" and [2M + Na]*, plus minor signals resulting from
higher cluster ions [3M — triazolate]* and [3M + Na]".
However, in the ESI mass spectrum of 22/25 (as it is not
possible to distinguish the constitutional N1 and N2 isomers in
the mass spectra), the [M — triazolate + CH;CN]" species is
absent, which is in line with the slower ligand exchange kinetics
of Pt vs Pd and the dominant peaks are [M + Na]* and [M +
H]*, together with the weaker signals of the cluster ions [2M —
triazolate] *, [2M + Na]*, [2M + K]*, and [3M + Na]* (see
the Supporting Information).

In the case of the reaction of platinum azido complex 13
with trifluoromethyl-substituted alkyne 14, '°F NMR offers an
additional handle to follow the course of the iClick reaction.
Therefore, spectra were recorded in 5 min intervals for 0.5 h
and after overnight incubation. Interestingly, already in the first
spectrum collected after about S min, which is the minimum
time required for sample preparation and setting up the
instrument, in addition to the signal of the alkyne precursor at
—50.93 ppm, there are two additional prominent peaks at
—54.85 and —58.46 ppm (Figure 2).

-50 -52 -54 -56 -58 -60
Jin ppm

Figure 2. Changes in the 376 MHz F NMR spectrum of an
equimolar mixture of 13 and 14 in DMSO-ds with increasing
incubation time at room temperature (from front to back: S min,
black trace; 10 min, blue trace; 20 min, purple trace; 25 min, magenta
trace; 30 min, orange trace; 14.6 h, red trace).

The alkyne signal fully disappeared within 20 min, while the
intensity of the other two peaks decreased more slowly and it
took about 15 h for them to go close to zero. During this time,
a new signal at —58.71 ppm grew in and became by far the
most prominent peak at the end of the incubation time (Figure
2).
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Scheme 3. Proposed Stepwise Mechanism of the iClick Reaction of Azido Complex 13 with Trifluoromethyl-Substituted
Alkyne 14 To Account for Three Major Groups of Signals Observed in the '’F NMR of the Reaction Mixture
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Figure 3. (A) Changes in the 200 MHz 'H NMR spectra of a mixture of platinum(II) azido complex 13 (6 mM), dimethyl acetylenedicarboxylate
15 (DMAD, 6 mM), and 1,3,5-trioxane (6 mM) in DMSO-d4 at room temperature for up to 20 h. (B) Linear fit of the change of the intensity of
the DMAD methyl ester proton signal at 3.81 ppm to the second-order rate law (see main text for details). Due to a lag time between mixing of the
reactants and recording of the first spectrum, no data was collected during the initial 5 min.

The chemical shift of this signal is similar to that of the as-
isolated compound 21 and is thus assigned to the N2-
coordinated triazolate (generalized structure shown in Chart
1B, center). In contrast, the peak at —$8.46 ppm is assigned to
the N1 (or N3) linkage isomer, as its chemical shift is very
similar to that of the N2 species and it appears first, then
gradually isomerizing to the more stable N2 form.'*'® Rather
unexpected is the additional prominent third signal at —54.85
ppm, with a chemical shift midway between the alkyne and
triazolate peaks, which, on close inspection, is also accom-
panied by a much smaller peak at —55.02 ppm. The
significantly shifted peak position relative to the other two
product signals argues against this being the N3 isomer.
Instead, we assign it to a linear intermediate, as shown in
Scheme 3, top right, with the nucleophilic attack of the distal
azido N3 atom preferentially taking place at the C3 carbon
atom of the 2-butynoic acid ester due to the stronger electron-
withdrawing character of the adjacent trifluoromethyl group.
Some additional signals in the —60 to —80 ppm range are of
very low intensity and therefore were not assigned. On the

other hand, except for some very minor additional peaks in the
F NMR of complex 17, no signs of the N1 isomer or any
other species were found for the as-isolated palladium
complexes 18—20. Therefore, we carried out a detailed kinetic
study of the iClick reaction of selected azido complex/alkyne
combinations for both the palladium(II) and platinum(1I)
complexes using 'H and 'F NMR.

Kinetic Studies. The second-order rate constant for the
iClick reaction of platinum(II) azido complex 13 with
dimethyl acetylenedicarboxylate (DMAD, 15) was determined
by 'H NMR using 1,3,5-trioxane as an internal standard. First,
alkyne and standard were mixed in DMSO-dy and the ratio of
the integrals of the 3.81 and 5.12 ppm peaks was determined,
which are assigned to the DMAD methyl ester and standard
methylene groups, respectively. Then, platinum(II) azido
complex 13 dissolved in the same solvent was added to give
a final concentration of all species of approximately 6 mM and
"H NMR spectra were recorded over 20 h at regular intervals.
The peak of the methyl ester protons of DMAD at 3.81 ppm
gradually disappeared with increasing incubation time while a
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new signal grew in at 3.83 ppm, which is assigned to the
symmetry-equivalent methyl ester groups in the 4- and S-
positions of the N2-coordinated triazolate iClick product 2§
(Figure 3A). Since the DMSO solvent is different from the
acetone used in the preparative-scale reaction, no N1 triazolate
formation is evident. The change in the normalized intensity of
the DMAD methyl ester peak with increasing incubation time ¢
was then fit to the second-order rate law
1 1

— e — =yt
A A,

to obtain the rate constant k, from the slope of the fit with a
very high correlation coefficient of >99% (Figure 3B). Similar
kinetic experiments were also carried out for the reaction of 13
with alkynes 3 and 16, but the intensity of the semi-
thiocarbazone methyl group peak was monitored instead,
which shifts from 2.45 ppm in the azido complex 13 to 2.60
ppm in the triazolate products 24 and 26 (Figures S3 and S4).
This is due to difficulties in the proper integration of the
multiplet peaks of the ethyl ester and ethylene groups in
alkynes 3 and 16, respectively. The resulting second-order rate
constants are collected in Table 1.

Table 1. Second-Order Rate Constants for the
Cycloaddition Reaction of Electron-Poor Alkynes 3 and
14—16 with Palladium(II) and Platinum(II) Azide
Complexes [M(N;)(L)] 12 and 13

complex metal alkyne substituent k, (M~ s7h)
12 Pd 3 COOCH,CH,0CH,  >038
12 Pd 14 CF;, COOEt >3.7
12 Pd 1S  COOCH, >0.8
12 Pd 16 COOEt >0.8
13 Pt 3 COOCH,CH,0CH; (3.0  0.2) X 1072
13 Pt 14 CF;, COOEt >0.6
13 Pt 15 COOCH;, (7.7 £ 0.1) X 1072
13 Pt 16 COOEt (34 +£0.1) x 1072

The reaction of platinum(1l) azido complex 13 with the
trifluoromethyl-substituted alkyne 14 under addition of
tetrabutylammonium hexafluorophosphate as an internal
standard was investigated by '"F NMR with all final
concentrations adjusted to 5 mM. However, the signal of the
starting material 14 had already fully disappeared after 10.5
min and, therefore, no meaningful fit was possible, as the cycle
time of the NMR experiment is approximately 3—4 min.
However, assuming a half-time of the reaction of less than 5.25
min, a lower limit for the rate constant can be estimated (Table
1).

In the case of the reaction of palladium(II) azido complex
12 with the trifluoromethyl-substituted alkyne 14, the '°F
NMR spectrum measured immediately after mixing of the
reactants showed no trace of the CF; signal at —50.94 ppm.
With a lag time between mixing of the compounds and
recording of the first spectrum of approximately 3 min, this
reaction apparently is too fast to be monitored by NMR.
However, with an estimated half-time of less than 1.5 min,
again a lower limit for the rate constant can be calculated
(Table 1). The same estimation was also applied to the iClick
reaction of the palladium(II) azido complex 13 with alkynes 3,
15, and 16, as all of them were too fast to be monitored by
NMR spectroscopy.

However, from these studies, a number of clear trends
emerged. First of all, the palladium(II) azido complex
consistently reacted at least one order of magnitude faster
than its platinum(II) congener, reflecting a higher reactivity of
the 4d relative to the Sd complexes also observed in the
comparison of molybdenum(II) vs tungsten(II) compounds.”’
Second, the mixed-substituent trifluoromethyl-functionalized
F;C—-C=C—-COOEt 14 showed a significantly higher rate
constant in comparison to the related diesters ROOC—C=
C—COOR. Finally, a small but statistically significant decrease
in the speed of the reaction was observed with increasing
length of the ester substituents R in the order COOCH; >
COOQOEt > COOCH,CH,0OCHj; (Table 1). Furthermore, the
square-planar Pd(II) and Pt(II) azido complexes 12 and 13
consistently react more quickly than the linear gold(I) azido
species originally reported by Velge, for which k was
determined as 7.6 X 107> M~ s7'.*

Biological Activity. Ghoblastomas are the most malignant,
invasive, and difficult to treat primary brain tumors in adults
with an unfavorable prognosis of only 14.6 months median
survival.”® Since chemotherapeutic options are limited in these
devastating tumors and platinum-based compounds have
already shown therapeutic efficacy in vivo,”* we evaluated
the anticancer activity of some of the title complexes on the
human GaMG glioblastoma cell line using the standard MTT
assay.”” The study was restricted to palladium(II) triazolates
17—20 as well as platinum(II) complex 21, as the other
compounds were either expected to undergo slow N1 to N2
isomerization in solution (22 and 23) or were not available in
sufficient amount for biological studies (24). All compounds
tested were quite active and exhibited ECs, values in the low
micromolar range, between 2 and 16 uM, although their
potency was less than that of cisplatin used as a reference,
which has an ECg; value of 0.9 yuM under similar conditions
(Table 2).

Table 2. EC;, values determined with the MTT Assay upon
Exposure of GaMG Brain Cancer Cells to Selected Metal
Complexes 17—21“

complex metal C4, CS triazolate substituents ECyo (uM)
17 Pd CF;, COOEt 162 + 0.1
18 pd COOCH, 52401
19 Pd COOEt 4.8 +£ 0.1
20 Pd COOCH,CH,OCH, 37 + 0.1
21 Pt CF;, COOEt 24 + 0.1
cisplatin 0.9 + 0.1

“Shown is the mean =+ standard deviation of three independent
experiments.

Sur(pnsmgly, the palladium compounds were quite ac-
tive,””” although by a factor of about 7 lower than the
corresponding platinum analogue (17 vs 21). Within the
palladium series, a clear trend is evident, as the anticancer
activity increases with the chain length of the substituents in
the 4- and S-positions of the triazolate in the order CF;/
COOEt < COOCH; < COOEt < COOCH,CH,0CH;, but
ECj, values varied only by a factor of 3—4.

B CONCLUSION

Two square-planar palladium(II) and platinum(II) azido
complexes with a N"N”S chelating semithiocarbazone coligand
were prepared in good yield and evaluated as a coupling
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partner in the [3 + 2] cycloaddition “iClick” reaction with a
variety of electron-poor alkynes of the general structure R—
C=C-R’ with R = R’ = COOCH,;, COOEt,
COOCH,CH,0CH; or R = CF;, R" = COOEt. A total of
eight triazolate cycloaddition products were easily isolated by
simple precipitation and/or washing in high purity and good
yield. In most of the complexes, the triazolate ligand is
coordinated via the central N2 atom. However, the two
platinum compounds resulting from the reaction with dimethyl
or diethyl acetylenedicarboxylate (DMAD or DEAD, respec-
tively) showed two sets of signals in the 'H and *C NMR for
the methyl or ethyl ester protons and thus are rare examples of
a Nl-coordinated triazolate resulting from an iClick reaction.
The fortuitous isolation of the N1 isomer is due to the very low
solubility of the COOCHj;- and COOEt-substituted triazolate
complexes in the acetone solvent utilized in this reaction, while
the more polar COOCH,CH,0OCH;- and CF;/COOEt-
functionalized compounds remain in solution, where they
quickly isomerize to the more stable N2 isomer. However,
isomerization of the Nl-coordinated complexes could be
studied in DMSO-d; solution due to the slow kinetics, in which
conversion to the N2 species required several days to go to
completion.

As far as we are aware, this is one of the very rare instances
in which a N1-coordinated triazolate has been isolated as the
product of an iClick reaction of a metal azido complex. Werner
and co-workers reported on the formation of [Os(Nj)-
(triazolate“OOCH3 COOCH3 N1) (arene) (PiPr;)] from the corre-
sponding bis-azido complex upon reaction with DMAD and its
isomerization to the more stable N2 (product within 2.5 h but
did not study the kinetics in detail.'® On the other hand, the
very slow N1 — N2 isomerization reported in this work, on a
time scale of several days in DMSO solution, is without
precedence in the field so far. The cycloaddition of the
platinum(II) azido complex with F;C—C=C—COOEt was
also studied by 'F NMR. While the signal of the
trifluoromethyl-substituted alkyne fully disappeared within 20
min at room temperature, three new signals grew in. However,
two of them were only transient and gradually disappeared
again at later stages, with only the signal of the N2-coordinated
triazolate remaining at the end of the experiment. While one of
the two intermittent peaks is the N1 isomer initially formed
from the end-on coordinated azido ligand, the third signal is
tentatively assigned to a linear intermediate not described so
far.

The kinetics of the iClick reaction were studied for all eight
combinations of the two azido complexes and four alkynes by
'H or "F NMR spectroscopy. However, triazolate formation
was very fast in the case of the palladium(II) azido complexes
and thus only a lower limit of the rate constant could be
estimated. The platinum(II) azido compounds, on the other
hand, reacted more slowly and second-order rate constants
were determined for all four reactions. Rate constants generally
increased in the order Pd > Pt and CF;/COOEt > COOR with
R = CH,; Et, CH,CH,OCH;, both by a factor of
approximately S—10. With k, > 3.7 M~ s™" determined for
the reaction of [Pd(N;)(L)] with F;C—C=C—COOEt, this is
the fastest rate constant determined for an iClick reaction so
far, more than 2 orders of magnitude faster than the initial k,
value reported by Veige et al. for the iClick reaction of a linear
gold(I) azido complex with a gold(I) acetylide® and three
orders of magnitude faster than that recently reported for the
reaction of molybdenum(II) and tungsten(II) allyl as well as

Cp* rhodium(III) azido complexes with the same alkynes as
used in this study.”””® The speed of the iClick reaction
reported herein compares favorably with that of the most
evolved strained alkynes reported for the SPAAC (strain-
promoted azide—alkyne cycloaddition) so far’ and approaches
that of the copper-catalyzed variant (CuAAC) as well as
simple, nonoptimized tetrazine ligations.

A selection of the new palladium(Il) and platinum(II)
triazolate complexes easily obtained in high purity by this facile
method was then evaluated for their biological activity on a
human glioblastoma brain cancer cell line. Using the standard
MTT assay, ECs, values in the low micromolar range (2—16
uM) were determined. Although the potency of the title
compounds was smaller than that of cisplatin used as a
reference (ECy, = 0.9 puM under similar conditions), in
particular the palladium(II) complexes turned out to be
surprisingly active relative to related species,”*°™>* and a clear
trend emerged, with the anticancer activity increasing with the
chain length of the substituents in the 4- and S-positions of the
triazolate. Current studies are under way to expand this series
of compounds for further biological testing and also utilize the
fast kinetics for the preparation of bioconjugates.

B EXPERIMENTAL SECTION

Materials and Methods. Palladium(II) chloride and potassium
tetrachloroplatinate(II) were obtained from Strem. All other
chemicals were purchased from commercial sources and used as
received. 4,4,4-Trifluoro-2-butynoic acid ethyl ester was prepared
according to a published procedure.” Caution! Azides and azido
complexes are potentially explosive. Although no problems were
encountered with the preparations mentioned below, synthesis should
only be performed on a very small scale (<100 mg) and in particular
heating of the solid compounds avoided. NMR spectra were recorded at
room temperature (298 K) on Bruker Avance 200, 400, and 500
spectrometers ("H at 200.13, 400.40, and 500.13 MHz, respectively;
13C at 100.68 and 125.76 MHz; F at 376.76 and 470.59 MHz; '**Pt
at 107.51 MHz). Solution chemical shifts § in ppm represent a
downfield shift relative to tetramethylsilane (TMS) and were
referenced relative to the signal of the solvent.’” The °F and '**Pt
NMR shifts are reported relative to CCL,F and 1.2 M Na,[PtCly] in
D,0, respectively.”” Coupling constants J are given in Hertz. Peak
multiplicities are marked as singlet (s), doublet (d), doublet of
doublets (dd), doublet of doublets of doublets (ddd), doublet of
triplets (dt), triplet (t), and multiplet (m), respectively. IR spectra of
pure solid samples were recorded on a Nicolet 380 FT-IR
spectrometer fitted with a smart iTR ATR accessory. ESI mass
spectra were recorded for selected compounds dissolved in
acetonitrile on a Thermo Fisher Exactive Plus Orbitrap mass
spectrometer in positive ion mode at a solvent flow rate of 50 uL
min~". The elemental composition of the compounds was determined
with an Elementar Vario MICRO cube CHN analyzer. Addition of
V,0O; was usually required to obtain proper results in the case of the
metal complexes.

Synthesis of Metal Complexes. [Pd(N;)(L)] (12). In a round-
bottom flask, [PdCI(L)] (120 mg, 0.29 mmol) was dissolved in
acetone (80 mL) with heating to 75 °C. To the clear orange solution
was added sodium azide (325 mg, 5.00 mmol) in water (15 mL), and
heating was continued for 6 h. The volume of the resulting solution
was decreased to about 20 mL, upon which a yellow precipitate
formed, which was collected, washed with water (3 X 10 mL), and
dried under vacuum for 1 day. Yield: 87% (106 mg, 0.25 mmol). IR
(ATR): 3271, 3085, 2048, 1599, 1550, 1502, 1457, 1435, 1317, 1254,
1156, 1073, 757, 735 cm™. '"H NMR (500.13 MHz, DMSO-dy): 6
10.20 (s, 1H, NH-phenyl), 8.23—8.21 (m, 1H, py-H6), 8.19 (dd, 1H,
3]H4,H3/H5 =79 Hz, 4]H4,H6 = 1.7 Hz, py-H4), 7.93 (d, 1H, 3]}13,1-14 =
7.9 Hz, py-H3), 7.66 (ddd, 1H, ¥Jyspe = 7.7 Hz, Jyspe = 5.3 He,
Tusps = 12 Hz, py-HS), 7.61 (d, 2H, *Jus/us,mome = 7.7 Hz,
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phenyl-H3'/HS'), 7.33 (t, 2H, ¥J 113 /1¢»13/1s' = 8.0 Hz, phenyl-H2’/
H6'), 7.04 (t, 1H, Yy sy ms = 7.4 Hz, phenyl-H4'), 245 (s, 3H,
CH;) ppm; C NMR (125.76 MHz, DMSO-dg): § 172.68 (C-S),
159.30 (C=N), 157.57 (py-C2), 147.20 (py-C6), 141.09 (phenyl-
Cl’), 14021 (py-C4), 128.72 (phenyl-C3'/CS’), 12691 (py-CS),
125.57 (py-C3), 123.21 (phenyl-C4’), 119.89 (phenyl-C2"'/C6’),
13.61 (CH,) ppm; Anal. Calced for C,,H3N,PdS (417.79 g mol™):
C, 40.25; H, 3.14; N, 23.47; S, 7.68. Found (%): C, 40.29; H, 3.33; N,
23.16; S, 7.63.

[Pt(N3)(L)] (13). In a round-bottom flask, [PtCI(L)] (80 mg, 0.16
mmol) was dissolved in acetone (40 mL) with heating to 75 °C. To
the clear dark red solution was then added sodium azide (259 mg,
3.98 mmol) in water (10 mL), and heating was continued for 6 h. The
volume of resulting solution was decreased to about 15 mL, upon
which a red precipitate formed, which was collected, washed with
water (3 X 10 mL), and dried under vacuum for 1 day. Yield: 88% (72
mg, 0.14 mmol). IR (ATR): = 3279, 3137, 3086, 2061, 1600, 1550,
1493, 1458, 1434, 1317, 1252, 1154, 1073, 755, 735 em™". 'H NMR
(500.13 MHz, DMSO-dg): 6 10.30 (s, 1H, NH-phenyl), 8.44 (ddd,
1H, Juus= 54 Hz, Yugus = 1.5 Hz, JJuenz= 0.7 Hz, py-H6), 8.21
(dt, 1H, Jugnz/ms = 7.9 Hz, Juyns = 1.6 Hz, py-H4), 7.87 (d, 1H,
Tusme = 8-0 Hz, py-H3), 7.69 (ddd, 1H, ¥y s = 7.7 Hz, Jigs e = S-S
Hz, Jusus = 1.3 Hz, py-HS), 7.62 (d, 2H, *Juz/u542/m6 = 7.7 Hz,
phenyl-H3'/HS'), 7.35 (t, 2H, *Juy /ue 53ms' = 8.0 Hz, phenyl-H2'/
H6'), 7.05 (t, 1H, YJuy pzyus = 7.4 Hz, phenyl-H4'), 2.45 (s, 3H,
CH,) ppm. *C NMR (125.76 MHz, DMSO-dg): § 175.42 (C-S),
159.57 (C=N), 158.72 (py-C2), 146.02 (py-C6), 140.72 (phenyl-
Cl’), 14024 (py-C4), 128.68 (phenyl-C3'/CS’), 127.65 (py-CS),
126.24 (py-C3), 123.39 (phenyl-C4’), 120.14 (phenyl-C2'/C6’),
13.64 (CH;) ppm. Pt NMR (107.51 MHz, DMSO-dg): § —3101
ppm. Anal. Caled for C;H;N,PtS (506.45 g mol™'): C, 33.20; H,
2.59; N, 19.36; S, 6.33. Found: C, 33.38; H, 2.84; N, 19.34; S, 6.29.

[Pd(triazolate“™>COFN)(1)] (17). In a large glass vial, [Pd(Nj;)-
(L)] (35 mg, 0.08 mmol) was suspended in acetone (20 mL) at room
temperature. Then, 4,4,4-trifluoro-2-butynoic acid ethyl ester (30 uL,
38.1 mg, 0.23 mmol) was added to the orange suspension and stirring
was continued at room temperature until the solution became clear,
which took about 3 h. The resulting clear dark orange solution was
then evaporated to dryness. The orange solid obtained was washed
with n-hexane (S X S mL) and dried under vacuum for 1 day. Yield:
75% (37 mg, 0.06 mmol). IR (ATR): 3333, 1709, 1601, 1544, 1510,
1466, 1438, 1310, 1191, 1134, 1060, 763, 746 cm™'. 'H NMR
(500.13 MHz, DMSO-dy): 6 10.22 (s, 1H, NH-phenyl), 8.91 (dd, 1H,
Muens= 54 Hz, e ny= 1.1 Hz, py-H6), 8.24 (dt, 1H, *Juyy iz /us = 7.9
Hz, *Juyus = 1.6 Hz, py-H4), 8.00 (d, 1H, *Jy3 4 = 8.0 Hz, py-H3),
7.72 (ddd, 1H, ¥Jyspq = 7.7 Hz, *Jusus = 5.5 Hz, Jys 3 = 1.3 Hz, py-
HS), 7.60 (d, 2H, *Juy /s 1o /me = 7-8 Hz, phenyl-H3'/HS'), 7.33 (t,
2H, Juy/menyms = 7.7 Hz, phenyl-H2'/H6'), 7.05 (t, 1H,
Ny nzyms = 74 Hz, phenyl-H4'), 431 (q, 2H, ¥ = 7.1 Hz,
CH,CH,), 2.53 (s, 3H, CH,), 1.30 (t, 3H, ¥ = 7.1 Hz, CH,CH,)
ppm. *C NMR (125.76 MHz, DMSO-d;): 6 172.89 (C-S), 160.69
(C=N), 159.70 (COOE), 157.76 (py-C2), 149.36 (py-C6), 141.30
(phenyl-C1’), 140.13 (py-C4), 137.88 (triazolate-C4), 136.64
(triazolate-CS), 128.77 (phenyl-C3'/CS’), 12691 (py-CS), 125.98
(py-C3), 123.26 (phenyl-C4’), 12141 (q, Jcg= 268.1 Hz, CF,),
119.88 (phenyl-C2'/C6'), 60.74 (CH,CH;), 14.00 (CH,), 13.99
(CH,CH;) ppm. F NMR (470.59 MHz, DMSO-ds): § —58.58
(CF;) ppm. Anal. Calcd for C,oH F;N,0,PdS (583.89 g mol™): C,
41.14; H, 3.11; N, 16.79 S, 5.49. Found: C, 41.23; H, 3.09; N, 16.21;
S, 5.43.

[Pt(triazolate“>OCF_N2)(L)] (21). In a large glass vial, [Pt(N;)(L)]
(25 mg, 0.05S mmol) was suspended in acetone (20 mL) at room
temperature. Then, 4,4,4-trifluoro-2-butynoic acid ethyl ester (10 uL,
12.7 mg, 0.07 mmol) was added to the red suspension and stirring
was continued at room temperature for 2 d. The resulting clear red
solution was evaporated to dryness. The red solid obtained was
washed with n-hexane (S X § mL) and dried under vacuum for 1 day.
Yield: 80% (25 mg, 0.04 mmol). IR (ATR): 3336, 1710, 1546, 1499,
1467, 1437, 1311, 1192, 1135, 1061, 760, 747 cm™. '"H NMR
(500.13 MHz, DMSO-dg): 6 10.30 (s, 1H, NH-phenyl), 9.21 (ddd,

1H, Juens= S-S Hz, “Jugus = 1.5 Hz, YJygus= 0.6 Hz, py-H6), 8.23
(dt, 1H, Jugns/ms = 7.9 Hz, Juyns = 1.6 Hz, py-H4), 7.92 (d, 1H,
*Tus e = 7.4 Hz, py-H3), 7.72 (ddd, 1H, *Jys 4 = 7.7 Hz, Jys e = 5.6
Hz, 4]HS,H3 = 1.3 Hz, PY'HS)J 7.60 (d: 2H, 3]H3’/H5’,H2’/H6’ = 7.7 Hz,
phenyl-H3'/HS'), 7.34 (t, 2H, *Juy /ng 13 ms' = 8.0 Hz, phenyl-H2'/
H6'), 7.0 (t, 1H, *Juy 3 us = 7.4 Hz, phenyl-H4'), 4.32 (q, 2H, ] =
7.1 Hz, CH,CHj,), 2.56 (s, 3H, CH,), 131 (t, 3H, 3] = 7.1 Hg,
CH,CHj,) ppm. *C NMR (125.76 MHz, DMSO-d,): 6 175.24 (C-S),
161.21 (C=N), 159.42 (COOEt), 158.72 (py-C2), 148.70 (py-C6),
140.85 (phenyl-C1’), 140.14 (py-C4), 138.17 (q, YJcp= 37.8 Hg,
triazolate-C4), 136.74 (q, 3]C,F: 0.9 Hz, triazolate-CS), 128.67
(phenyl-C3'/Cs’), 127.51 (py-CS), 126.53 (py-C3), 123.34
(phenyl-C4'), 121.14 (q, ‘Jop= 2682 Hz, CF;), 120.07 (phenyl-
C2'/C6'), 61.80 (CH,CH,), 13.95 (CH;), 13.76 (CH,CH,) ppm. °F
NMR (470.59 MHz, DMSO-dy): § —58.71 (CF;) ppm. **Pt NMR
(107.51 MHz, DMSO-d¢): 6 —3108 ppm. Anal. Calcd for
CyoH sF3N,0,PtS (672.55 g mol™): C, 35.72; H, 2.70; N, 14.58;
S, 4.77. Found: C, 35.78; H, 2.55; N, 14.24; S, 4.60.
[Pd(triazolate®COH3CO0CH _N2)(1)] (18). In a large glass vial,
[Pd(N;)(L)] (40 mg, 0.10 mmol) was suspended in acetone (16
mL) at room temperature. Then, dimethyl acetylenedicarboxylate (20
uL, 23.1 mg, 0.16 mmol) was added to the orange suspension and
stirring was continued at room temperature for 15 h. The resulting
orange precipitate was filtered off, washed with n-hexane (5 X 5 mL),
and dried under vacuum for 1 day. Yield: 70% (39 mg, 0.07 mmol).
IR (ATR): 3308, 3092, 1730, 1709, 1602, 1553, 1502, 1460, 1437,
1396, 1294, 1159, 1090, 828, 800, 770, 756 cm™'; '"H NMR (500.13
MHz, DMSO-d): § 10.18 (s, 1H, NH-phenyl), 8.91 (ddd, 1H,
3]Hs,Hsz 5.4 Hz, 4]1-16,1-14 = 1.6 Hz, 5]H6,H3: 0.5 Hz, py-Hé), 8.24 (dt,
1H, 3]H4,H3/H5 =7.9 Hz, 4]H4,H6 = 1.6 Hz, PY'H4); 7.97 (d, 1H, 3]H3,H4
= 7.5 Hz, py-H3), 7.69 (ddd, 1H, ¥Jysus = 7.7 Hz, Juspe = 54 He,
4]Hs,m = 13 Hz, PY‘HS); 7.58 (d’ 2H, 3]H3'/H5’,H2’/H6’ = 7.7 Hz,
phenyl-H3'/HS’), 7.32 (t, 2H, 3]H21/H63H3//H51 = 8.0 Hz, phenyl-H2'/
H6'), 7.04 (t, 1H, *Juy yy/us = 74 Hz, phenyl-H4'), 3.81 (s, 6H,
COOCH;,), 2.52 (s, 3H, CH;) ppm. “C NMR (125.76 MHz,
DMSO-dy): 6 17321 (C-S), 161.99 (COOCH,), 160.47 (C=N),
157.78 (py-C2), 149.47 (py-C6), 141.24 (phenyl-C1’), 140.17 (py-
C4), 139.40 (triazolate-C4/CS), 128.80 (phenyl-C3’/C5’), 12.89
(py-CS), 125.92 (py-C3), 123.31 (phenyl-C4’), 120.04 (phenyl-C2'/
C6'), 52.05 (COOCH,), 14.01 (CH,) ppm. MS (ESI*, CH,CN):
416.0149 [M — triazolate + CH,CN]", 560.0325 [M + H]", $82.0143
[M + Nal*, 936.0145 [2M — triazolate]*, 1143.0409 [2M + Na]*.
Anal. Caled for C,0H;oN,0,PdS (559.90 g mol™"): C, 42.90; H, 3.42;
N, 17.51; S, 5.73. Found: C, 42.85; H, 3.79; N, 17.58; S, 5.62.
[Pt(triazolatePCH3COOCHI_N) ()] (22). In a large glass vial,
[Pt(N;)(L)] (30 mg, 0.06 mmol) was suspended in acetone (15
mL) at room temperature. Then, dimethyl acetylenedicarboxylate (30
UL, 34.7 mg, 0.24 mmol) was added to the red suspension and stirring
was continued at room temperature for 11 days. Then the volume of
solution was decreased to about 7 mL and the resulting orange
precipitate was filtered off, washed with n-hexane (3 X § mL), and
dried under vacuum for 1 day. Yield: 60% (23 mg, 0.04 mmol). IR
(ATR): 3013, 1730, 1728, 1560, 1512, 1461, 1440, 1322, 1259, 1202,
1154, 1108, 1037, 758 cm™. '"H NMR (400.40 MHz, DMSO-dy): 6
1042 (s, 1H, NH-CHy), 8.28 (t, 1H, *Jyyyp3/ms= 84 Hz, py-H4),
8.00—=7.96 (m, 2H, py-H3, py-H6), 7.69—7.64 (m, 3H, py-HS,
phenyl-H3'/HS’), 7.36 (t, 2H, *Ju /16 p3ms = 7.7 Hz, phenyl-H2'/
H6'), 7.06 (t, 1H, *Juy yy/us = 7.6 Hz, phenyl-H4'), 3.84 (s, 3H,
triazolate-CS-COOCH;), 3.80 (s, 3H, triazolate-C4-COOCH,;), 2.61
(s, 3H, CH,) ppm. No *C and '**Pt NMR spectra could be recorded
due to the low solubility of the compound in common solvents. Anal.
Caled for CyoH oN,O,PtS (648.56 ¢ mol™'): C, 37.04; H, 2.95; N,
15.12; S, 4.94. Found (%): C, 36.95; H, 3.03; N, 15.22; S, 4.94.
[Pt(triazolateCOH3COOCHI_N2) ()] (25). A suspension of [Pt-
(triazolate©OOCH3COOCHI_NIY ()] (approximately 10 mg) in
DMSO-ds was kept in an NMR tube at room temperature for 7
days, during which time the light orange suspension turned to a clear
dark red solution. 'H NMR (500.13 MHz, DMSO-d,): & 10.30 (s,
1H, NH-C¢Hy), 924 (ddd, 1H, ¥Jyens= 5.6 Hz, YJygus = 1.5 Hz,
STueus= 0.6 Hz, py-H6), 8.25 (dt, 1H, *Jyz s = 7.9 Hz, 35 = 1.6
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Hz, py-H3), 7.93 (d, 1H, ¥y n3/us = 7.4 Hz, py-H4), 7.75 (ddd, 1H,
Tusia = 77 Hz, Juspe = 5.6 Hz, sz = 1.4 Hz, py-HS), 7.61 (d,
2H, *Jusy/nsmrme = 7.7 Hz, phenyl-H3'/H-S'), 7.35 (t, 2H,
3]H2’/H6’,H3’/H5’ = 8.0 Hz, phenyl-H2'/H-6'), 7.06 (t, 1H, 3]H4’,H3’/H5’
= 7.4 Hz, phenyl-H4'), 3.83 (s, 6H, COOCHj), 2.57 (s, 3H, CH,)
ppm. *C NMR (125.76 MHz, DMSO-dg): § 175.59 (C-S), 161.64
(COOCH,), 161.03 (C=N), 158.76 (py-C2), 148.76 (py-C6),
140.87 (phenyl-C1’), 140.1S (py-C4), 139.54 (triazolate-C4/CS),
128.71 (phenyl-C3'/CS’), 127.61 (py-CS), 126.52 (py-C3), 123.43
(phenyl-C4’), 120.25 (phenyl-C2'/C6’), 52.07 (COOCH,), 13.76
(CH;) ppm. '*Pt NMR (107.51 MHz, DMSO-dg): 5 —3105 ppm;
MsS (ESIY, CH,CN): 649.0937 [M + HJ*, 671.0758 [M + Na]*,
11121356 [2M — triazolate]*, 1319.1622 [2M + Na]*, 1335.1353
[2M + K]*.

[Pd(triazolateCCECOF_N2)(1)] (19). In a large glass vial, [Pd(N;)-
(L)] (12 mg, 28.7 umol) was suspended in acetone (9 mL) at room
temperature. Then, diethyl acetylenedicarboxylate (24 uL, 25.5 mg,
150 pmol) was added to the orange suspension and stirring was
continued at room temperature for 14 h. The resulting yellow
precipitate was filtered off, washed with n-hexane (5 X 5 mL), and
dried under vacuum for 1 day. Yield: 89% (15 mg, 25.5 ymol). IR
(ATR): 3303, 1727, 1602, 1498, 1461, 1437, 1293, 1194, 1155, 1090,
762, 742 cm™'. 'TH NMR (500.13 MHz, DMSO-dg): § 10.23 (s, 1H,
NH-phenyl), 8.92 (ddd, 1H, *Jyeus= 54 Hz, g = 1.6 Hz, *Jyeus=
0.6 Hz, py-H6), 8.25 (dt, 1H, *Jyyy 1135 = 7.9 Hz, Yy 6 = 1.6 Hz, py-
H4), 8.02 (d, 1H, *Ju3p = 7.4 Hz, py-H3), 7.75 (ddd, 1H, ¥Jyys s =
7.7 Hz, 3]1—[5,H6 = 54 Hz, 4]Hs,Hs = 13 Hz, py-Hs), 7.62 (d, 2H,
Jusus mame = 7.7 Hz, phenyl-H3'/HS’), 7.35 (t, 2H,
3]H2’/H6’,H3’/H5’ = 8.0 Hz, phenyl-H2'/ H'6/): 7.06 (t; 1H, 3]H4’,H3’/Hs'
= 7.4 Hz, phenyl-H4'), 4.28 (q, 4H, %] = 7.1 Hz, COOCH,CH};), 2.54
(s, 3H, CH,), 1.28 (t, 6H, ] = 7.1 Hz, COOCH,CH,) ppm. *C
NMR (100.68 MHz, DMSO-dy): § 173.18 (C-S), 161.58
(COOCH,CHj,), 160.40 (C=N), 157.75 (py-C2), 149.39 (py-C6),
141.21 (phenyl-C1’), 140.14 (py-C4), 139.53 (triazolate-C4/CS),
128.73 (phenyl-C3'/CS’), 126.84 (py-C5), 125.88 (py-C3), 123.24
(phenyl-C4’), 119.96 (phenyl-C2'/Cé6’), 60.65 (CH,CH,), 14.03
(CH,CH;,), 13.95 (CH;) ppm. Anal. Caled for C,,H,;N,0,PdS: C,
44.94; H, 3.94; N, 16.68; S, 5.45. Found: C, 44.80; H, 4.01; N, 16.57;
S, 5.37.

[Pt(triazolate®COFvCCOF_NT)(1)] (23). In a large glass vial, [Pt(N;)-
(L)] (20 mg, 39.5 pmol) was suspended in acetone (10 mL) at room
temperature. Then, diethyl acetylenedicarboxylate (40 uL, 42.5 mg,
250 pmol) was added to the red suspension and stirring was
continued at room temperature for 4 days. The resulting light red
precipitate was filtered off, washed with n-hexane (S X § mL), and
dried under vacuum for 1 day. Yield: 41% (11 mg, 16.3 ymol). IR
(ATR): 3252, 2987, 1721, 1605, 1559, 1503, 1462, 1440, 1337, 1259,
1191, 1156, 1105, 758 cm™. 'H NMR (400.40 MHz, DMSO-d,): 6
10.39 (s, 1H, NH-phenyl), 8.27 (t, IH, *Jyyp3/us= 7.6 Hz, py-H4),
7.98 (d, 1H, *Jy3 4= 7.7 Hz, py-H3), 7.88 (d, 1H, *Jygus= 54 Hz py-
H6), 7.68—7.64 (m, 3H, py-HS, phenyl-H3'/HS'), 7.36 (t, 2H,
oo /me 13 /ms = 7.9 Hz, phenyl-H2'/H6'), 7.06 (t, 1H, Yy 3 /us =
7.2 Hz, phenyl-H4'), 4.32—4.24 (m, 4H, triazolate-C4-
COOCH,CH,/triazolate-C5-COOCH,CH;), 2.61 (s, 3H, CH,),
1.28—1.23 (m, 6H, triazolate-C4-COOCH,/triazolate-C5-
COOCH,CH;) ppm. *C NMR (100.68 MHz, DMSO-dy): &
162.30 (triazolate-CS-COOCH,CHj;), 160.79 (triazolate-C4-
COOCH,CHj;), 15848 (py-C2), 147.81 (py-C6), 141.00 (phenyl-
Cl’), 140.82 (py-C4), 128.71 (phenyl-C3'/CS’), 128.14 (py-CS),
126.70 (py-C3), 123.53 (phenyl-C4’), 120.22 (phenyl-C2'/C6'),
61.51 (triazolate-C5-COOCH,CH;), 60.31 (triazolate-C4-
COOCH,CHj), 14.08 (triazolate-C5-COOCH,CH,), 13.90 (CHy),
13.86 (triazolate-C4-COOCH,CH;) ppm. The C—S and C=N, as
well as triazolate C4 and CS carbon atoms, all expected to have low
signal intensity, were not observed due to low solubility of the
compound. Furthermore, no Pt NMR could be obtained for this
compound for the same reason. Anal. Calcd for C,,H,;N,O,PtS
(676.61 g mol™"): C, 39.05; H, 3.43; N, 14.49; S, 4.74. Found: C,
39.03; H, 3.51; N, 14.63; S, 4.63.

[Pt(triazolateCOEtCOOEN2) (1 )] (26). A suspension of [Pt-
(triazolate“O°E*COOEN)(L)] (approximately 10 mg) in DMSO-d,
was kept in a NMR tube at room temperature for 7 days, during
which time the light orange suspension changed to a clear dark red
solution. 'H NMR (500.13 MHz, DMSO-d,): § 10.30 (s, 1H, NH-
phenyl), 9.24 (ddd, 1H, *Jyus= 5.5 Hz, Yyens = 1.5 Hz, “Jyye3= 0.6
Hz, PY'Hé)J 824 (dtr 1H, 3’]H4,H3/H5 =79 Hz, 4]H4,H6 = 1.6 Hz, py-
H4), 7.93 (d, 1H, ¥Jy3 4 = 7.4 Hz, py-H3), 7.74 (ddd, 1H, *Jyspy =
7.7 Hz, *Jysps = 5.6 Hz, Yysus = 1.4 Hz, py-HS), 7.61 (d, 2H,
3]H3//H5,'H2//H6, = 7.7 Hz, phenyl-H3'/HS’), 7.35 (t, 2H,
3]H2’/H6’,H3’/H5’ = 8.0 Hz, phenyl-H2'/H6'), 7.05 (t, 1H, 3]H4/1H3//H51
= 7.4 Hz, phenyl-H4'), 4.29 (q, 4H, % = 7.1 Hz, COOCH,CHj), 2.58
(s, 3H, CH;), 1.29 (t, 6H, ’] = 7.1 Hz, COOCH,CH,) ppm. *C
NMR (125.76 MHz, DMSO-dg): § 175.55 (C-S) 161.29 (COOCH,;),
161.01 (C=N), 158.76 (py-C2), 148.72 (py-C6), 140.85 (phenyl-
Cl’), 140.16 (py-C4), 139.68 (triazolate-C4/CS), 128.68 (phenyl-
C3'/Cs’), 127.54 (py-CS), 126.51 (py-C3), 123.39 (phenyl-C4’),
120.22 (phenyl-C2'/Cé6'), 60.75 (CH,CH,), 14.02 (CH,CHj,), 13.76
(CH;) ppm. '**Pt NMR (107.51 MHz, DMSO-dg): § —3104 ppm.

[Pd(t”'azolateCOOCHZCHZOCH.?,COOCH2CHZOCH3_N2)(L)] (20) In a large
glass vial, [Pd(N;)(L)] (21 mg, 50.4 gmol) was suspended in acetone
(10 mL) at room temperature. Then, 2-butynedioic acid 1,4-bis(2-
methoxyethyl) ester (11.0 4L, 12.9 mg, 56.0 ymol) was added to the
orange suspension and stirring was continued at room temperature for
1 day. The resulting clear orange solution was evaporated to dryness,
and the orange solid product washed with diethyl ether (S X § mL)
and dried under vacuum for 1 day. Yield: 67% (22 mg, 34.0 gmol). IR
(ATR): 3340, 2939, 1727, 1600, 1502, 1458, 1435, 1292, 1188, 1077,
753 cm™. 'H NMR (500.13 MHz, DMSO-d;): 6 10.19 (s, 1H, NH-
phenyl), 8.90 (dd, 1H, *Jysns= 54 Hz, YJyeus = 1.2 He, py-H6), 8.21
(dt, TH, Jisszms = 7:9 Hz, Juas = 1.6 Hz, py-H4), 7.98 (d, 1H,
us,ue = 7.7 Hz, py-H3), 7.67 (ddd, 1H, ¥4 = 7.7 Hz, s e = S-S
Hz, Yysus = 1.3 Hz, py-HS), 7.59 (d, 2H, ¥Jus s nay/me = 7.7 Hz,
phenyl-H3'/HS"), 7.32 (t, 2H, i /16 13ms = 8.0 Hz, phenyl-H2'/
H6'), 7.04 (t, 1H, *Juy p3/us = 7.4 Hz, phenyl-H4'), 4.35 (t, 4H, *] =
4.7 Hz, OCH,CH,0CH,), 3.62 (t, 4H, *] = 4.8 Hgz,
OCH,CH,0CH;), 329 (s, 6H, OCH;) 2.53 (s, 3H, CH;) ppm.
3C NMR (125.76 MHz, DMSO-d): & 173.12 (C-S), 161.48
(COOCH;), 16043 (C=N), 157.77 (py-C2), 149.36 (py-C6),
141.22 (phenyl-C1’), 140.14 (py-C4), 139.41 (triazolate-C4/CS),
128.73 (phenyl-C3'/CS’), 126.75 (py-CS), 125.90 (py-C3), 123.23
(phenyl-C4’), 119.97 (phenyl-C2'/C6’), 69.64 (OCH,CH,0OCH;),
63.81 (OCH,CH,OCHj,), 58.12 (OCH;) 13.99 (CH;) ppm. Anal.
Calcd for Cy,H,,N,0,PdS (648.01 g mol™"): C, 44.48; H, 4.20; N,
15.13; S, 4.95. Found: C, 44.20; H, 4.35; N, 14.69; S, 4.92.

[Pt(triazolateCOOCH2CH20CH3,CO0CH2CH20CH3 N2y )] (24). Tn a large
glass vial, [Pt(N;)(L)] (10 mg, 19.3 ymol) was suspended in acetone
(8 mL) at room temperature. Then, 2-butynedioic acid 1,4-bis(2-
methoxyethyl) ester (4.4 uL, 5.1 mg, 22.3 ymol) was added to the red
suspension. Stirring was continued at room temperature for 9 days,
during which the reaction mixture slowly cleared up. The resulting red
solution was evaporated to dryness, and the solid red product was
washed with diethyl ether (5 X $ mL), and dried under vacuum for 1
day. Yield: 63% (9 mg, 12.2 umol). IR (ATR): 3341, 2947, 1738,
1599, 1502, 1463, 1435, 1294, 1250, 1191, 1190, 1078, 1028, 867,
753; '"H NMR (500.13 MHz, DMSO-dy): 6 10.30 (s, 1H, NH-
phenyl), 9.22 (ddd, 1H, *Juepus= 5.6 Hz, Jugus = 1.5 Hz, “Jyeus= 0.6
Hz, py-H6), 8.23 (dt, 1H, >y 135 = 7.9 Hz, Yyupe = 1.6 Hz, py-
H4), 7.92 (d, 1H, *Jy3 4 = 7.4 Hz, py-H3), 7.70 (ddd, 1H, *Jyspy =
7.6 Hz, 3]Hs,Hé = 5.6 Hz, 4]Hs,m = 1.4 Hg, py-Hs), 7.61 (d, 2H,
Jus us mame = 7.7 Hz, phenyl-H3'/HS’), 7.34 (t, 2H,
3]H2’/H6',H3’/H5’ = 8.0 Hz, phenyl-H2'/H6'), 7.05 (t, 1H, 3]H4’,H3’/H5’
= 7.4 Hz, phenyl-H4'), 4.36 (t, 4H, ] = 4.7 Hz, O—CH,—CH,—O—
CHy), 3.62 (t, 4H, ] = 4.7 Hz, O—CH,—CH,—0—CHjy), 3.30 (s, 6H,
O—CH;) 2.58 (s, 3H, CH;) ppm. *C NMR (125.76 MHz, DMSO-
dg): 6 175.52 (C-S) 161.20 (COOCH,;), 161.06 (C=N), 158.79 (py-
C2), 148.70 (py-C6), 140.88 (phenyl-C1’), 140.17 (py-C4), 139.58
(triazolate-C4/CS), 128.70 (phenyl-C3'/CS’), 127.48 (py-CS),
126.53 (py-C3), 123.42 (phenyl-C4’), 120.26 (phenyl-C2'/C6’),
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69.62 (0O—CH,—CH,-O—CH,), 63.91 (O-CH,—CH,~O—-CH,),
58.13 (O-CH;) 13.79 (CH,) ppm. Pt NMR (107.51 MHz,
DMSO-dg): 5§ —3106 ppm. Anal. Calcd for C,,H,,N,O4PtS (736.67 g
mol™): C, 39.13; H, 3.69; N, 13.31; S, 4.35. Found: C, 38.94; H,
3.66; N, 12.93; S, 4.24.

Kinetic Studies. The second-order rate constants were
determined by monitoring changes in the intensities of representative
alkyne and azido complex signals relative to 1,3,5-trioxane or tert-
butylammonium hexafluorophosphate serving as an internal standard
with 'H or "’F NMR at room temperature (298 K) on Bruker Avance
200 and 400 spectrometers ('H at 199.93 and 400.40 MHz; °F at
188.12 and 376.76 MHz). For sample preparation, in a small glass
vial, 1,3,5-trioxane (approximately 15 mg) or tert-butyl ammonium
hexafluorophosphate (approximately S mg) and alkyne (2 uL) were
dissolved in DMSO-dg. Then, a 'H or "’F NMR spectrum was
recorded and the precise molar amount of standard calculated from
comparison of the alkyne methyl ester proton or CF; signal intensities
relative to the 1,3,5-trioxane or hexafluorophosphate peak integrals. In
a second vial, a precisely weighed amount of an azido complex was
dissolved in DMSO-dg. Then, the NMR measurement was set up and,
right next to the spectrometer, a stock solution of the alkyne/standard
mixture was added to that of the metal azido complex directly in a
NMR tube. The amount of both solutions was adjusted to give a final
alkyne to azido complex ratio of 1:1 (approximately 6 mM each).
Then, the tube was immediately inserted into the spectrometer and an
initial NMR spectrum recorded. Further measurements were done at
regular intervals of approximately 6—30 min, depending on the rate of
the reaction. The time lag between mixing of the reaction partners
and recording of the first NMR spectrum was estimated to be
approximately 1.5 min, which was considered in the determination of
the rate constants.

Biological Assays. The human glioblastoma cell line GaMG
(DSMZ) was cultured in 75 cm?” cell culture flasks (Corning) in
Dulbecco Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum, 2% nonessential amino acids, and 0.4% penicillin/
streptomycin (all from Gibco) in a cell culture incubator at 37 °C and
5% CO,. For the MTT assay (Cell Proliferation KIT I (MTT) from
Roche), 3000 cells resuspended in 100 uL of medium were plated
into the wells of a 96-well plate (Sarstedt) each and incubated
overnight so that the cells could adhere. Metal complexes 17—21 were
dissolved in dimethyl sulfoxide (Roth) and diluted in medium. The
medium in the 96-well plates was replaced by 100 yL of medium
containing the metal complexes in different concentrations ranging
from 0.25 to S0 uM. After an incubation period of 72 h, the MTT
assay was performed according to the manufacturer’s manual and
measured with an ELISA Reader (Tecan). ECs, values were
calculated with Graph Pad Prism 6.
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