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A series of cationic [Rh(dfppz)>(NAN)I* complexes, incorporating cyclometallating 1-(2,4-difluorophenyl)-
1H-pyrazolato and a-diimine ligands [2,2'-bipyridine, 1,10-phenanthroline and their derivatives], were syn-
thesized as PFg™ salts via cleavage of the p-dichloro-bridged dimer [(dfppz),Rh-p-Cll, with the respective
NAN ligands. The complexes were fully characterized by NMR spectroscopy, electrospray ionization mass
spectrometry, and single-crystal X-ray diffraction. Time-dependent DFT (TDDFT) studies were performed
to gain insight into their electronic structures. At 77 K in 1:1 MeOH/EtOH glass matrices, the complexes
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exhibit intense luminescence, whereas in MeCN at ambient temperature, they are weakly emissive or
non-emissive. Their photophysical behavior was systematically compared with that of non-fluorinated [Rh
(pp2)2(NAN)I* analogues to evaluate the impact of fluorination on the emission properties. Preliminary

rsc.li/dalton DNA-binding studies were also conducted using emission titrations.
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Introduction

Rhodium(m) complexes are being increasingly explored in
diverse fields, particularly as catalysts in organic synthesis®
and as potential anticancer agents in biomedicine.>”” Since
DNA remains a primary target for many anticancer drugs,
numerous studies have been carried out to investigate the
interactions of Rh(m) complexes with different DNA sequences
to elucidate their mechanisms of action.®** The binding
mode and affinity depend strongly on the ligand structure,
charge, and steric properties of the complex. Studies have
shown that the greatest intercalation ability is demonstrated
by complexes containing a-diimine ligands, such as 1,10-phe-
nanthroline, 2,2"-bipyridine, and their derivatives with fused
ringS.8’10'15_17

Owing to their isoelectronic configuration with Ir(m) and Pt
(iv) ions, Rh(m) complexes serve as valuable analogues for
exploring how subtle electronic and structural modifications
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influence their photophysical properties and the nature of the
excited state. In contrast to Ir(m) complexes, renowned for
their strong phosphorescence,’® Rh(m) analogues typically
exhibit low luminescence efficiency at room temperature.*®
According to the literature, heteroleptic Rh(m) complexes of
the [Rh(C"N),(N"*N)]" type, where C*N denotes a cyclometallat-
ing ligand and N”N an ancillary a-diimine ligand, are generally
weakly emissive, with quantum yield values not exceeding a
few percent, %> or non-emissive at room
temperature.**>>**72 The emission lifetime can be very
short when the emission originates from a singlet excited
state, as in the case of most [Rh(C*N),(dppz)]" complexes,' or
falls within the microsecond range when it arises predomi-
nantly from a triplet excited state (ILCT), with some mixing of
MLCT dn(Rh) — n*(C"N) character.>®*" In a glass matrix at
77 K, the emission spectra of Rh(u) complexes exhibit a well-
resolved vibrational structure, and the emission lifetimes at
this temperature are long, reaching up to several
milliseconds.?***2°%” Recent studies employing high-through-
put synthesis and screening (HTSS) methods have shown that
the luminescence properties of Rh(m) complexes are largely
controlled by the identity of the ancillary diimine ligand and
can be modulated through rational ligand design."®
Fluorination of ligands is known to significantly affect both
the photophysical®**? and biomedical**** properties of cyclo-
metallated complexes. The introduction of fluorine atoms into
aromatic or heteroaromatic frameworks can markedly influ-
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ence metal-ligand bonding, redox potential, and the relative
energies of charge-transfer states. In particular, fluorinated
cyclometallating ligands have been shown to modulate
both emissive properties and chemical stability in a variety of
Ir(m) and Pt(u/v) systems, highlighting fluorine’s ability
to fine-tune excited-state energies and deactivation
pathways.?*3>3 Despite these advances, systematic studies on
fluorinated Rh(ur) complexes remain limited, leaving an
incomplete understanding of how such electronic modifi-
cations affect the photophysical behaviour of these isoelectro-
nic systems.

Herein, we report a new series of cationic [Rh(C"N),(N*N)]*
complexes employing C-deprotonated 1-(2,4-difluorophenyl)-
1H-pyrazole (dfppz™) as a cyclometallating ligand and a set of
a-diimine (N”N) ligands with varying electron-acceptor
strengths as ancillary ligands (Scheme 1a). Our recent work
has focused on cyclometallated complexes of the [M
(C*N),(N*N)]"** type with a-diamine ligands, in which the
central metal ion was Ir(m),>>*® and its isoelectronic ions are
Rh(m)*” and Pt(iv) (Scheme 1b).*® The photoluminescence pro-
perties of these analogous series of complexes, which share
very similar geometries and other structural features, have
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been thoroughly investigated and compared. Despite their
structural similarity, these complexes exhibit markedly
different emission behaviours at both 298 K and at 77 K.
Whereas Ir(in) derivatives are strongly luminescent, their Rh(ur)
and Pt(iv) analogues are weakly emissive or non-emissive at
room temperature. In the case of [Rh(ppz),(N*N)]" complexes
(Hppz = 1-phenyl-1H-pyrazole), the emission quenching at
298 K has been explained by the presence of a thermally acti-
vated deactivation channel associated with a low-lying triplet
metal-centered (*"MC) state.’” In contrast, for the Pt(iv) deriva-
tives, nonradiative deactivation at this temperature has been
attributed to the population of a ligand-to-metal charge trans-
fer (LMCT) state.®

We further compared the spectroscopic and photophysical
properties of these new [Rh(dfppz),(N*N)]" complexes with
those of non-fluorinated Rh(m) analogues. Our systematic
approach aims to elucidate how fluorine substitution influ-
ences the spectroscopic and photophysical properties of Rh(ur)
complexes. In addition to the spectroscopic and photophysical
characterization, we also examined the DNA-binding pro-
perties of these fluorinated Rh(i) complexes, providing comp-
lementary insight into their potential bioactivity.
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Scheme 1 (a) Synthetic routes for the preparation of the [Rh(dfppz),(NAN)I(PFs) complexes and the chemical structures of the CAN and NAN
ligands used in this study: 1-(2,4-difluorophenyl)-1H-pyrazole — Hdfppz; 2,2'-bipyridine — bpy; 1,10-phenanthroline — phen; 3,4,7,8-tetramethyl-
1,10-phenanthroline — tmphen; 4,7-diphenyl-1,10-phenathroline — dpphen; dipyrido[3,2-d:2’,3'-f]-quinoxaline — dpq; and dipyridol[3,2-a:2',3'-c]
phenazine — dppz. The numbering of the received complexes is as follows: [Rh(dfppz),(bpy)l(PFs) — Rh1; [Rh(dfppz).(phen)l(PFs) — Rh2; [Rh

(dfppz),(tmphen)](PFg) — Rh3; [Rh(dfppz),(dpphen)l(PFg) —

Rh4; [Rh(dfppz).(dpg)l(PFs) —

Rh5; and [Rh(dfppz),(dppz)I(PF¢) — Rh6. (b) Chemical struc-

tures of previously studied series of complexes: [Ir(ppz)2(NAN)I(PFe), [Ir(dfppz)2(NAN)I(PFe), [Pt(ppz)2(NAN)I(OTS), and [Rh(ppz)(NAN)I(PFg).
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Results and discussion

Synthesis and structure of cyclometallated [Rh(dfppz),(N"N)](PF)
compounds

The synthetic routes and structures of the ligands are shown
in Scheme 1a. The [Rh(dfppz),(N*N)](PFs) complexes were pre-
pared in two steps. First, the p-dichloro-bridged dimer,
[(dfppz),Rh-p-Cl],, was synthesized following a literature
procedure.’*™! In the second step, the heteroleptic complexes
[Rh(dfppz),(N~N)](PFs) were obtained via cleavage of the dimer
with N*N ligands, followed by anion exchange (CI~ — PFq").
The complexes were isolated in high yields, and their struc-
tures were confirmed by 'H, *C, °F and *'P NMR spec-
troscopy (Fig. 1 and Fig. S1-S6). Their ESI mass spectra in
CH;CN displayed the expected molecular ions (Fig. S7). The
spectroscopic data are consistent with the proposed structures
of the complexes.

The "H NMR spectra of [Rh(dfppz),(N*N)]" closely resemble
those reported for the corresponding [Rh(ppz),(N*N)]" ana-
logues,®” consistent with pseudo C, symmetry and similar
ligand arrangement. The two cyclometallating dfppz~ ligands
are magnetically equivalent, giving a single set of proton
signals (five, as labelled in Fig. 1a), whose integrated intensi-
ties correspond to the expected ten protons of both dfppz~
ligands. Comparison with non-fluorinated analogues reveals
significant differences. As expected, the phenyl proton signals
H, and Hy, corresponding to fluorine-substituted positions,
are absent in the spectra of [Rh(dfppz),(N"N)]" cations.

2 [Rh(ppz),(tmphen)](PFe)
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Furthermore, the signals of H, and H, protons, attached to the
dfppz” carbon atoms adjacent to the fluorine-substituted
carbons (5 ~5.8-5.9 ppm and 6.9 ppm, respectively), are
shifted upfield relative to the corresponding signals in the
spectra of [Rh(ppz),(N*N)]" (§ ~6.3-6.4 ppm and 7.2 ppm,
respectively),37 with A§ = 6[Rh(dfppz)2(NAN]]+ - 5[Rh(ppz)2(NAN)]+ =
—0.3 and —0.5 ppm, respectively (Fig. 1a). A similar fluorine-
induced effect was also observed in the spectra of the uncoor-
dinated Hdfppz and Hppz ligands.*?

The remaining aromatic signals in the 'H NMR spectra
correspond well to the coordinated N”N ligands. Their
numbers, relative intensities, and splitting patterns indicate
equivalence of the two halves of the N*N ligands, with all reso-
nances showing the expected multiplicities and J-coupling con-
stants. These results are fully consistent with the proposed C,
symmetric structures of the [Rh(dfppz),(N*N)]" complexes.

The “C{'H} NMR spectra of all investigated complexes
show the expected number of signals corresponding to the
symmetry-related carbon atoms of the coordinated ligands
(Fig. 1b and Fig. S1-S6). A distinctive feature of these spectra
is the presence of "*C-'°F couplings to the aromatic carbons.
In particular, signals at § ~ 150 and 160 ppm exhibit large
coupling constants (Jc_r & 251 and 254 Hz), confirming the
presence of fluorine substituents. These resonances are
shifted downfield relative to the corresponding signals in the
spectra of [Rh(ppz),(N*N)]* (Fig. 1b).*” Similar to the com-
plexes containing ppz~ cyclometallating ligands, a character-
istic doublet at § ~ 153-154 ppm with Jc_rn & 31 Hz confirms
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Fig. 1 'H NMR spectra (a) and *C NMR spectra (b) of the [Rh(ppz),(tmphen)]* and [Rh(dfppz),(tmphen)]* complexes in CD3CN solution. The letters
a—g indicate the signals assigned to the protons of the ppz™~ or dfppz™ ligand, respectively. The asterisk * indicates the signal assigned to acetonitrile.
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the cyclometallation of the Rh(m) ion. In the [Rh
(dfppz),(N~N)]" spectra, however, this signal is shifted several
ppm downfield compared to the non-fluorinated analogues.

In the ">F NMR spectra of the studied complexes, three
well-resolved resonances are observed. The signal at approxi-
mately —73 ppm, characterized by a typical coupling constant
(~706-707 Hz), is attributed to the PFs counterion. The
remaining two fluorine resonances, detected at —113.5 to
—113.8 ppm and —123.6 to —123.8 ppm, are assigned to the
fluorine substituents of the cyclometallating dfppz~ ligands.
The chemical shift values are in good agreement with those
reported for structurally related fluorinated ligands,** thereby
supporting the proposed coordination in the complexes. These
findings are further supported by the *'P NMR spectra. All
investigated [Rh(dfppz),(N"N)](PFs) complexes display very
similar features with a characteristic septet at § ¥ —144.7 ppm
with Jpr & 706-707 Hz, corresponding to the PFs~ counter
anion.

Single-crystal X-ray diffraction analyses were performed for
selected [Rh(dfppz),(N*N)]" complexes. Perspective views of
the molecular structures are shown in Fig. 2 and selected bond
distances are summarized in Table 1. These complexes exhibit
the expected octahedral coordination geometry, with two
dfppz-chelating ligands occupying four coordination sites and
the N*N-chelating ligand occupying the remaining two coordi-
nation positions. The trans bond angles at the rhodium center
(Nagppz~Rh-Ngpp, and Nysy—Rh-Cagpp) fall within the range of
170.7-174.3°, indicating only minor deviations from an ideal
octahedral geometry. Similarly, with respect to the related [Rh
(ppz)(N"N)]" complexes, the pyrazole nitrogen atoms of the
cyclometallating dfppz ligands adopt a mutual trans arrange-
ment, while the Rh-Cgg,p,, bonds are oriented cis to one
another. The Rh-Ny~y bond lengths (~2.14-2.16 A) are signifi-
cantly longer than the Rh-Nggpp, bond lengths (~2.01-2.03 A),
consistent with the trans-influence of the cyclometallating
carbon atoms.** Comparable bond-length differences have
been reported for other cyclometallated rhodium(ur) polypyri-
dine complexes.'”**?° Comparison of [Rh(dfppz),(N*N)]* with
the analogous [Rh(ppz),(N*N)]" complexes reveals only subtle
structural differences, with the Rh-Ny~y bonds in the dfppz
derivatives being shorter by approximately 0.01 or 0.02 A.>”

As shown in Fig. S8-S12 (c¢f. the SI), apart from obvious
electrostatic interactions, significant numbers of weak C-H:--F
hydrogen bonds between [Rh(dfppz),(N*N)]" complex cations
and PFs~ anions are present in the crystal structures. In the
structure of the [Rh(dfppz),(bpy)](PFs) complex, PFs~ anions
are located in the cavities formed between the neighboring
complex cations (Fig. S8).

There are two symmetry-independent cation complexes and
PF,~ anions in the unit cell of [Rh(dfppz),(phen)](PFs). Each
symmetry-independent cation forms homo-molecular centro-
symmetric dimers of A-A or B-B type via m-m interactions
between dfppz ligands. The dimers are further arranged along
the [011] crystallographic direction into columns of the type
--=A-A-B-B-A-A-B-B---- via n-n interactions between phen
ligands. Finally, columns of cations are arranged in layers that

738 | Dalton Trans., 2026, 55, 735-747
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are separated by layers of anions. The layers are parallel to the
bc crystallographic plane. Solvent molecules are located in the
complex cation layer between the cations (Fig. S9). The [Rh
(dfppz),(dpphen)](PFs) compound crystallizes with one chloro-
benzene molecule per molecule of salt. Complex cations form
infinite ribbons vie multiple C-H:--n interactions between
dfppz and dpphen ligands along the [101] crystallographic
direction. Ribbons are arranged in such a way that the dpphen
ligands penetrate the interlayer space forming channels filled
with alternately arranged PFs~ anions and CgHsCl solvent
molecules connected by weak C-H---F interactions (Fig. S10).
The [Rh(dfppz),(dpq)](PFe) and [Rh(dfppz),(dppz)](PFs) crys-
tals are isostructural. The Rh5 and Rh6 complex cations are
arranged in columns along the ¢ crystallographic axis via n-=n
stacking interactions between the dpq or dppz ligands.
Additionally, between the dfppz ligands of neighboring
columns of Rh5 cations, -t and C-H---n interactions occur
and PF¢~ anions are located in the cavities formed between the
cation columns. These cavities are interconnected by small
(unoccupied) cavities to form irregular channels that are paral-
lel to the columns (Fig. S11). In turn, PFs~ anions in the Rh6
structure are located in the channels formed between the
cation columns and are parallel to the columns (Fig. S12). The
lack of =—r and C-H---x interactions between the dfppz ligands
of adjacent cation columns in the case of this complex is due
to the size difference between these two ligands.

The structures of the investigated complexes were opti-
mized using the DFT/B3PW91 functional, and the resulting
bond lengths are summarized in Table 1. The calculated
values reproduce the X-ray crystal structures well, with devi-
ations of only 0.01-0.05 A in the S, geometries. Slightly longer
Rh-Ny~x bond lengths are observed but generally do not
exceed 0.1 A, which is typical for such complexes. Overall, the
good agreement between the computed and experimental data
validates the computational protocol for investigating the opto-
electronic properties.

Electronic absorption spectra

UV-vis absorption spectra of [Rh(dfppz),(N*N)](PF) complexes
were recorded in acetonitrile solution (¢ = 0.16 mM) at 298 K.
The absorption maxima of all Rh(ur) complexes are summar-
ized in Table 2, and the corresponding spectra of these com-
plexes are shown in Fig. S13 (¢f. the SI). The electronic absorp-
tion spectra display intense high-energy bands and shoulders
between 200 and 310 nm as well as weaker, lower-energy
absorption signals in the lower-energy bands of rather low
intensity in the 330-380 nm region. With reference to previous
studies on the [(dfppz),Rh-p-Cl], precursor*’ and related Rh
(m) complexes,”®***” the high-energy bands and shoulders
(with maximum molar absorption coefficients ¢ in the order of
10* M™" em™) are attributed to the 'IL (x — n*) transitions of
the diimine and dfppz~ ligands. In the lower energy region,
the weaker absorption bands (¢ in the order of several thou-
sand M~' em ™), absent in the spectra of the free Hdfppz and
N”N ligands and in the [(dfppz),Rh-p-Cl], precursor, are
assigned to spin-allowed '"MLCT (d.(Rh) — n*(diimine and

This journal is © The Royal Society of Chemistry 2026
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(a) Rh1
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C21A

(d) Rh5

(e) Rh6

Fig. 2 Molecular structures of the complexes [Rh(dfppz).(bpy)l* (a), [Rh(dfppz).(phen)* (b), [Rh(ppz).(dpphen)]* (c), [Rh(ppz).(dpg)l* (d), and [Rh
(pp2z)2(dpp2z)]* (e) with atomic labelling and displacement ellipsoids drawn at the 50% probability level. Hydrogen atoms have been omitted for

clarity.

dfppz)) transitions. The lowest-energy bands of the [Rh
(dfppz),(N~N)](PF,) series are located at slightly different wave-
lengths, depending on the electron-withdrawing properties of
the coordinated N”N ligand (Table 2). The exception is [Rh
(ppz)2(dppz)](PFs), where the extensive m-aromatic system
leads to overlap of MLCT and ligand-centered (LC) transitions.
A comparison of the absorption spectra of the investigated [Rh
(dfppz),(N~N)](PFs) complexes with their non-fluorinated ana-
logues ([Rh(ppz),(N"N)](PFe)) reveals very similar absorption

This journal is © The Royal Society of Chemistry 2026

profiles, with the principal distinction being a modest hypso-
chromic shift of the highest-energy bands in the fluorinated
complexes (Fig. S13).

For more detailed information, DFT and TDDFT -calcu-
lations were carried out on the investigated [Rh(dfppz),(N*N)]"
complexes at the optimized ground state geometries in the
presence of CH,Cl, solvent. The HOMO and LUMO for these
complexes are shown in Fig. S18-S23 (¢f. the SI). The compu-
tation results point to the presence of a series of singlet and

Dalton Trans., 2026, 55, 735-747 | 739
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Table 1 Selected metal—ligand bond lengths (A) in the So and T, states for the investigated [Rh(dfppz)»(NAN)I* complexes. Data from DFT compu-

tations and X-ray investigations

Metal-ligand bond lengths

CH,ClI, solution, S, CH,CI, solution, T, X-ray data
Complex Rh—CdfppZ Rh_NdfppZ Rh—NNAN Rh—CdprZ Rh—NdprZ Rh—NNAN Rh—CdfppZ Rh_NdfppZ Rh—NNAN
Rh1 2.000 2.030 2.176 2.002 2.030 2.159 1.996(6) 2.015(5) 2.148(4)
2.000 2.030 2.175 2.002 2.030 2.159 2.002(6) 2.014(5) 2.137(5)
Rh2 1.998 2.030 2.168 1.999 2.029 2.182 2.005(5) 2.015(4) 2.142(4)°
1.998 2.030 2.168 1.999 2.029 2.182 2.002(4) 2.003(4) 2.137(3)
Rh3 1.999 2.032 2.179 2.000 2.032 2.178
1.999 2.032 2.179 2.000 2.032 2.178
Rh4 1.999 2.030 2.173 1.999 2.029 2.138 2.004(3) 2.015(3) 2.138(2)
1.999 2.030 2.173 2.007 2.032 2.178 2.014(3) 2.019(3) 2.142(2)
Rh5 1.998 2.028 2.183 1.976 2.029 2.162 2.004(3) 2.031(3) 2.137(3)
1.998 2.028 2.183 1.976 2.029 2.162 2.008(3) 2.008(3) 2.161(3)
Rh6 1.997 2.029 2.181 1.999 2.029 2.138 2.002(5) 2.017(4) 2.151(3)
1.997 2.029 2.181 2.007 2.032 2.176 1.999(4) 2.016(4) 2.143(4)

“In the case of the [Rh(dfppz),(phen)]" complex, there are two complex molecules with slightly different bond lengths in the unit cell. The
second set of bond lengths is as follows: Rh-Capp: 2.005(4) A, Rh—Cyqgpp,: 2.007(4) A, Rh—Nggppy: 2.014(4) A, Rh-Nggpp,: 2.013(4) A, Rh-Nyan: 2.142

(4) A, and Rh-Ny~y: 2.146(3) A.

Table 2 Absorption maxima and molar extinction coefficients in acetonitrile solution and emission properties (position of emission maxima (iem)
and emission lifetimes (zom)) of the investigated [Rh(dfppz),(NAN)](PFs) complexes; data at 77 K in MeOH/EtOH 1:1 glass

77 K
298 K

Complex Aabs/NM (Emax/10* M~ em™) Jem/NM Tem/HS
Rh1 223.5 (5.1), 245 (3.4), 296.5 (1.9), 307 (1.8) 438, 469, 494, 504, 533 671
Rh2 226.5 (6.4), 270 (4.2), 289sh (1.7), 331 (0.17), 348 (0.13) 449, 480, 516, 556 19100
Rh3 209 (7.2), 224 (5.8), 276 (5.2), 303sh (1.6), 334 (0.27), 351 (0.10) 462, 495,532, 576 40 000
Rh4 223 (7.5), 283 (5.6), 309sh (2.3), 341sh (0.57), 360 (0.35) 477,512, 550, 596 11000
Rh5 222 (5.5), 256 (7.0), 282sh (2.9), 326 (0.56), 342 (0.50) 421, 450, 482, 517sh, 548sh 395
Rh6" 220sh (5.9), 275 (8.4), 359 (1.3), 377 (1.5) 541, 586, 638, 699sh 158 000

“Room-temperature data in deoxygenated acetonitrile solution: Ay, = 557, 601, and 649sh nm; ¢ep, = 0.21%.

triplet transitions in the low-energy part of the UV-vis absorp-
tion spectra following vertical photoexcitation of the S, state.
In all complexes, the HOMO is distributed across the metal
center and the cyclometallating dfppz~ ligands. The LUMO is
essentially a ©* orbital localized on the NN amine ligand.
Thus, the lowest energy S, — S; transitions of the discussed
complexes involve the HOMO and LUMO and can be assigned
mainly to the MLL'CT transition between [Rh(dfppz),]" and
the electron acceptor N*N ligand.

Emission properties

All studied [Rh(dfppz),(N"N)]" complexes are emissive in
MeOH/EtOH (1: 1, v/v) glass at 77 K (Table 2). These complexes
display highly structured emission bands with pronounced
vibrational progression (Fig. S14) and monoexponential decay
with very long emission lifetimes (several hundred micro-
seconds or even several dozen milliseconds, Table 2), which
have been observed for other Rh(m) complexes.”>*”*” The
emission bands of these complexes are shifted with respect to
one another and appear in a wavelength region distinct from
that of the emission band of the free pyrazole ligand.

740 | Dalton Trans., 2026, 55, 735-747

Furthermore, these spectra are almost identical in energy and
shape with those previously reported for [Rh(ppz),(N*N)]" ana-
logues, containing non-fluorinated cyclometallating ligands,®”
or free N°N ligands (Fig. S14).>*?7*>*¢ Therefore, it can be
assumed that the emitting state has a well-pronounced **LC
character localized mainly on the coordinated N*N ligand in
these heteroleptic complexes. The cyclometallating dfppz™
ligands do not contribute to the emission at 77 K, because the
3*LC(dfppz) state lies at higher energy than the emitting **LC
(N~N) states (Fig. S15). The results show that the substitution
of fluorine substituents in the cyclometallating ligands results
in a significant prolongation of the phosphorescence lifetime
compared to their non-fluorinated analogues. A similar effect
was observed in the case of cyclometallated Ir(m)
complexes.**°

To gain deeper insight into the emission properties of the
studied [Rh(dfppz),(N"N)]" complexes, DFT computations
were performed on the lowest triplet state (T,) luminescence
energies and corresponding spin densities (Fig. S17). The
simulated emission spectra obtained using a state-of-the art
method (adiabatic Hessian) match nicely with experimental

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5dt02369f

Published on 02 December 2025. Downloaded on 4/28/2026 12:30:21 AM.

Dalton Transactions

View Article Online

Paper

1.004 1.00
0.754 |'i 0.75-
oso-hL 0501
2 02591} 0.25
2 3
o 0.004~ 0.00-
£ 400 400
©
8 1.001 1.00
T
£ 0.757 0.754!
| - |
S z
Z 0.50- 0.50-
0.25- 0.25-
0.00 . 0.00+
400 600 800 400

600 800

Wavelength (nm)

Fig. 3 Experimental (77K, solid line) and simulated (dashed line) emission spectra of the [Rh(dfppz)2(NAN)I* complexes.

ones (Fig. 3). In analogy with the previously reported [Rh
(ppz)2(N*N)]" complexes,*” the lowest excited states of nearly
all complexes investigated here exhibit predominant LC char-
acter, localized mainly on the N*N ligand.

The situation is slightly different in the case of the [Rh
(dfppz)x(dpq)]” complex. The analysis of the computed spin
density redistribution within its excited *'[Rh(dfppz),(dpq)]*
triplet state indicates the MLCT nature, similar to that
observed for the non-fluorinated [Rh(dfppz),(dpq)]” analogue.
Due to the hindered solvent relaxation, the energy of the
*"MLCT state at 77 K is higher than the energy of the excited
state localized on the dpq ligand of the [Rh(dfppz),(dpq)]"
complex and therefore LC emission is observed under these
experimental conditions, similar to that observed for the other
complexes.

At room temperature, weak emission is observed only for
the [Rh(dfppz),(dppz)]" complex (footnotes below Table 3). In
MeCN solution at 298 K, this cation exhibits a structured emis-
sion band, red-shifted by a few nanometers relative to the
band observed at 77 K (Fig. S16). The measured emission
quantum yield of this complex (ley, = 0.21%) is approximately

Table 3 The Stern—Volmer quenching constant for the investigated [Rh
(dfppz)2(NAN)I(PFg) complexes

Complex Ksv pna [M7]
[Rh(dfppz),(bpy)](PFs) 2.38 x 10
[Rh(dfppz),(phen)](PFs) 1.74 x 10*
[Rh(dfppz),(tmphen)](PFs) 2.40 x 10*
[Rh(dfppz),(dpphen)](PFg) 2.81 x 10*
[Rh(dfppz),(dpq)](PFe) 2.96 x 10
[Rh(dfppz).(dppz)](PFs) 4.83 x 10

This journal is © The Royal Society of Chemistry 2026

twice that of the [Rh(ppz),(dppz)]" analogue (Aem, = 0.13%) but
still is very low.?” Considering the spectral structure, emission
wavelength, and very low quantum yield, this band can be ten-
tatively assigned to a *’LC transition localized on the dppz
ligand. The remaining complexes studied are almost non-emit-
ting in MeCN solution at 298 K. This is a consequence of the
presence of an additional, thermally activated deactivation
channel associated with a relatively low-lying excited *"MC
state and the higher energy of the *’ MLCT state. This makes
the S « *MC « *"MLCT deactivation channel operative
under this temperature regime,>**74147

Ethidium bromide (EB) displacement studies

The preliminary DNA-binding properties of the studied
rhodium(u) complexes were evaluated using emission titra-
tions. The fluorescence spectra of EB bound to CT-DNA in the
absence and presence of these [Rh(dfppz),(N*N)](PFs) com-
plexes are depicted in Fig. 4 and S24 (cf. the SI). Increasing the
concentration of the complexes led to hypochromism,
suggesting that the complexes can replace the EB molecules
and bind with DNA through an intercalation mode, which
suggests potential antitumor activities. However, further bio-
logical assays are required to evaluate the cytotoxic properties
of these promising compounds.

The Stern-Volmer constants (Ksy) for the studied complexes
are presented in Table 3 and follow the order Rh2 < Rh1 ~ Rh3
< Rh4 < Rh5 < Rh6. The intercalative interaction of Rh6 with
CT-DNA is the strongest in this series. It is evident that the
principal factor influencing the intercalating properties of
these complexes is the extension of the aromatic system of the
N”N ligand. The quenching constants determined for the Rh5
and Rh6 complexes are approximately twice and three times
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Fig. 4 Fluorescence emission spectra (1ex = 510 nm) of EB (black dotted line), the stock solution of EB—CT-DNA (black solid line), and the studied
[Rh(dfppz)(NAN)I(PFg) complexes with increasing amounts of ~2—20 pM (other lines). [EB] = 5 pM and [CT-DNA] = 100 uM. The arrows indicate
changes in the emission intensity upon aliquot addition of the studied complex solutions.

higher, respectively, than that of the Rh2 complex (Table 3 and
Fig. 5).

The different DNA-binding behaviours of these complexes
are also consistent with our DFT computations. The n—r stack-
ing interactions play an important role when complexes inter-
calate (or partially intercalate) into DNA,*® and theoretical
studies show that the DNA molecule acts as an electron donor
while the intercalative complex as an electron acceptor.**>°

742 | Dalton Trans., 2026, 55, 735-747

Among the group of complexes studied, those containing
dpq and dppz as auxiliary ligands show the greatest tendency
for n-n stacking interactions (Fig. 5). Therefore, factors
affecting DNA-binding affinities can be considered in terms of
the planarity and plane area of the intercalative ligand, and
the energy and electron population of the lowest unoccupied
molecular orbital (LUMO). A lower LUMO energy facilitates
electron acceptance from the HOMO of DNA base pairs, while

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Stern-Volmer plots of appropriate complex—EB-CT-DNA
systems at room temperature; data for [Rh(dfppz),(phen)l(PF¢), [Rh
(dfppz)2(dpq)l(PFe) and [Rh(dfppz).(dppz)l(PFe) are given.

greater LUMO electron density localized on the intercalative
ligand enhances orbital overlap. In this series, the planar area
of the intercalative ligand coordinated in the complex
increases in the order phen < dpq < dppz, whereas the LUMO
energies change in the opposite direction (¢f the SI).
Moreover, the LUMO electron density is more strongly loca-
lized on the dppz ligand of Rh6é than on the intercalative
ligands of the other complexes. Thus, the experimental trend
in the DNA-binding constants is fully supported by the theore-
tical results.

Conclusions

In summary, we prepared and characterized a new set of six
cyclometallated rhodium(m) complexes of the type [Rh
(dfppz),(N~N)](PFs), incorporating fluorine-substituted cyclo-
metallating ligands (dfppz) in combination with a family of
a-diimine (N~N) ancillary ligands. A detailed comparison with
their non-fluorinated analogues [Rh(ppz),(N"N)](PFs) reveals
that the introduction of fluorine substituents exerts a pro-
nounced influence on spectroscopic and photophysical pro-
perties, while leaving the overall distorted octahedral coordi-
nation geometry essentially unchanged. The Rh-Cqg,p,, bonds
adopt a cis-orientation as in the ppz analogues, and only
subtle variations are observed in the Rh—-Ny~y bond distances.
In the NMR spectra, characteristic upfield shifts of the signals
of protons attached to the dfppz™ carbon atoms adjacent to
the fluorinated carbons, together with downfield shifts of the
cyclometallating carbon and fluorine-substituted carbon
signals, clearly reflect the electronic impact of fluorination.
The absorption spectra of the fluorinated and non-fluori-
nated classes of complexes are very similar, with only a modest
hypsochromic shift of the highest-energy bands observed for

This journal is © The Royal Society of Chemistry 2026
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the dfppz complexes. At 77 K, both families of complexes
display nearly identical phosphorescence arising from intrali-
gand transitions localized on the N*N ligands. However, fluori-
nation significantly extends the phosphorescence lifetimes. At
room temperature, the complexes are weakly emissive or non-
emissive, a behaviour attributed to a thermally activated non-
radiative pathway involving a low-lying *"MC state, giving rise
to an operative >’ MLCT — *"MC — S, deactivation channel.

Finally, ethidium bromide displacement assays confirm
that the [Rh(dfppz),(N*N)](PFs) complexes interact with
CT-DNA, suggesting potential biological activity. In particular,
complexes bearing extended aromatic diimine ligands, such as
dpq and dppz, which combine favorable n-n stacking inter-
actions with lower LUMO energies, exhibit the strongest DNA-
binding affinity. Overall, this study highlights the fluorination
of cyclometallating ligands as an effective strategy for modulat-
ing the excited-state dynamics, emission lifetimes, and DNA-
interaction profiles of Rh(m) complexes. These insights may
serve as a useful platform for the rational design of new photo-
active and bioactive organometallic systems.

Experimental
Materials

Unless otherwise stated, rhodium(m) chloride, a-diimines
(bpy, phen, tmphen, dpphen, and dpq), and other required
chemicals were purchased from Sigma-Aldrich, Alfa Aesar, or
Trimen and used as received without further purification in
the syntheses and purification of the investigated complexes.
The dppz ligand was prepared according to the reported pro-
cedure.”’ The Hdfppz cyclometallating ligand was obtained
following a literature method.”> The dichloro-bridged
[(dfppz),Rh-p-Cl], complex was synthesized as described pre-
viously.** Solvents for UV-vis absorption and emission studies
(acetonitrile, methanol, and ethanol; Uvasol®, spectroscopic
grade) were purchased from Merck.

Spectroscopy and spectrometry

'H, *C, *'P and '°F NMR spectra were recorded using a Varian

400-MR spectrometer. Elemental analyses (C, H, and N) were
carried out using an Elementar Vario Micro Cube analyzer.
ESI-MS spectra of complexes (CH;CN solution) were obtained
using a micrOTOF-Q II (Bruker Daltonics). UV-vis absorption
spectra were obtained with a Shimadzu UV-3100 spectrometer
in the range of 200-600 nm using spectroscopic-grade solvents
(acetonitrile and MeOH/EtOH, 1:1 v/v). Corrected steady-state
emission spectra were recorded using a Gilden Photonics
FluoroSense fluorimeter. For emission studies at 298 K, solu-
tions of the complexes in acetonitrile (ACN) were placed in
1 cm fluorimeter quartz cuvettes and carefully deaerated
before measurement by prolonged saturation with prelimina-
rily purified and dried argon. The emission quantum yield ¢em,
values (with an estimated error of ca. +10%) were determined
in relation to a solution of quinine sulphate in 0.1 N H,SO,,
served as a reference luminophore with ¢, = 0.51.>* Low-
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temperature (77 K) measurements were performed in fused
silica “NMR-type” tubes (3 mm i.d.), which were placed in a
liquid-nitrogen Dewar flask equipped with a transparent
bottom window. Emission decay times were recorded using a
FluoroSense-P  fluorimeter configured for time-resolved
measurements in the microsecond range (temporal resolution:
0.01 ps). For lifetime experiments, the samples were excited at
350 nm, and the emission was monitored at the maxima of the
corresponding steady-state spectra. The experimental decay
curves were analysed by the single-curve method using the
reference convolution based on the Marquardt algorithm®*
with y? values, the distributions of residuals and the adjusted
coefficients of determined R’ values serving as the criteria in
the evaluation of the fit quality. Lifetime 7., values were deter-
mined with an estimated error of ca. +10%.

Computational details

All the computations were performed using the Gaussian 16
package® using the B3PW91 functional®®® in conjunction
with the LANL2DZ basis set, which includes a pseudopotential
to describe core electrons for large atoms, augmented by polar-
ization functions on all atoms except hydrogen atoms.>*™®!
This setup is known to provide accurate results concerning the
luminescence and excited properties from the excited states
for transition metal complexes. Relativistic effects have not
been explicitly taken into account. The solvent effects (CH,Cl,)
have been modelled using the PCM® solvation regime within
the UAKS topological model. All the ground and excited state
structures were optimized and checked to be at a true
minimum on the potential energy surface by diagonalizing the
Hessian matrix (no imaginary frequency). The emission
spectra were simulated with time-dependent DFT (TDDFT)
methodology. Triplet excited state structures were relaxed
using the unrestricted method. Post-treatment processes were
performed using Gaussview and VMS® software packages
(luminescence spectral analysis). Luminescence spectra and
band assignment were processed using in-house Python pro-
grams https://github.com/Cam-Zedd/gausssian-script.

X-ray structure determination

The X-ray diffraction data were collected from single crystals at
room temperature using a Bruker D8 FIXED-CHI diffract-
ometer with a microfocus sealed tube, a multilayer mirror as a
monochromator, and a Photon II 7 CPAD detector. All data
were integrated with SAINT V8.41.°* The diffractometer was
equipped with an Oxford Cryostream low-temperature device
and a Mo Ka radiation source (4 = 0.71073 A) was used. A
multi-scan absorption correction, using SADABS 2016/2, was
applied.®® The structures were solved by intrinsic phasing
methods with SHELXT 2018/2 and refined by full-matrix least-
squares methods against F> using SHELXL-2019/2.°>%” All non-
hydrogen atoms were refined with anisotropic displacement
parameters. All hydrogen atoms were refined isotropically on
calculated positions using a riding model with their Uy,
values constrained to 1.5 times the Ugq values of their pivot
atoms for terminal sp® carbon atoms and 1.2 times for all
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other carbon atoms. Crystallographic data for the structures
reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre.®® CCDC 2491211,
2491212, 2491213, 2491214 and 2491215 contain the sup-
plementary crystallographic data for this paper.

DNA interaction studies

A protein-free solution of calf thymus DNA (CT-DNA) was pre-
pared in Tris-HCl/NaCl buffer (pH ~7.2) and the concen-
tration was measured from its absorption intensity at 260 nm
using a molar absorption coefficient value of 6600 M~ cm™".
A solution of the complexes used in the experiments was also
prepared in Tris-HCI buffer containing no more than 3%
DMSO. The emission spectra of EB-DNA and the effect of
addition of rhodium(m) complexes to the equilibrium of EB-
DNA ([EB] = 5 pM, [CT-DNA] = 100 pM) were monitored. The
concentration of the compounds analysed varied from 1.5 to
20 puM (due to its solubility). Ethidium bromide (EB) displace-
ment experiments were performed by monitoring the changes
in the fluorescence intensity at excitation and emission wave-
lengths (Aex: 510; dem: 613 nm) after aliquot addition of the
studied complexes to an aqueous solution of EB-DNA. The
quenching constants for the complexes were calculated using
a literature method.®’

Preparation of the [Rh(dfppz),(N"N)](PFs) complexes

A series of six [Rh(dfppz),(N"N)](PFs) complexes were syn-
thesized under similar conditions. In a typical procedure,
84.7 mg (0.10 mmol) of the dinuclear precursor [(dfppz),Rh-p-
Cl], and the appropriate N*N ligand (2.1-2.5 equiv.) were
refluxed with stirring under an inert atmosphere in 20-25 ml
of dichloromethane for ca. 3-4 h. After the reaction was com-
pleted, the mixture was cooled to room temperature, and then
2 ml of 10% NH,4PFs solution in methanol was added. The
solution was filtered to remove precipitated inorganic salts,
and the product was then precipitated by addition of diethyl
ether. The solid was collected by filtration, washed with
diethyl ether, and dried. In order to obtain spectroscopically
pure complexes suitable for photophysical studies, the result-
ing crude products were purified by column chromatography
using silica gel 60 (63-200 pm mesh) with CH,Cl, followed by
mixtures of CH,Cl,/MeOH (100:1) and finally CH,Cl,/MeOH
(100:2.5) as eluents. The isolated complexes were then
recrystallized.

Rh1. Yield: 94%. "H NMR (400 MHz, CD;CN, ppm): § 8.51
(dt, Jiz-1 = 8.2, 1.0 Hz, 2H of bpy), 8.48 (d, Jiz—u = 2.9 Hz, 2H of
pyrazole ring), 8.21 (td, Jy_u = 7.9, 1.6 Hz, 2H of bpy), 8.15 (d,
Ju-u = 5.3 Hz, 2H of bpy), 7.56 (ddd, Jy_u = 7.6, 5.4, 1.2 Hz, 2H
of bpy), 7.06 (d, Ji-u = 2.4 Hz, 2H of pyrazole ring), 6.86 (ddd,
Juu = 11.8, 9.0, 2.5 Hz, 2H of phenyl ring), 6.59 (t, Jy_u = 2.7
Hz, 2H of pyrazole ring), 5.77 (ddt, Jyu = 7.9, 2.3, 1.1 Hz, 2H
of phenyl ring), (18 protons). ">C{"H} NMR (400 MHz, CD5CN,
ppm): 6 160.52 (ddd, jcr = 251.1, 10.3, 3.1 Hz), 155.82 (s),
153.97 (ddd, Jcrn = 30.9 Hz, Jcp = 5.4, 3.4 Hz), 152.18 (s),
150.27 (dd, Jo_p = 254.0, 12.2 Hz), 141.18 (s), 140.27 (s), 133.14
(d, Je-r = 14.8 Hz), 128.72 (s), 127.53 (m), 125.08 (s), 116.63

This journal is © The Royal Society of Chemistry 2026
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(dd, Jc-r = 20.2, 3.4 Hz), 110.28 (d, Jc-r = 1.9 Hz), 101.31 (dd,
Jor = 28.1, 23.8 Hz). ’F NMR (400 MHz, CD;CN, ppm): &
—72.96 (d, J = 706.1 Hz, 6F of PFs ), —113.62 (m, 2F of phenyl
ring), —123.68 (dd, J = 12.2, 5.5 Hz, 2F of phenyl ring). *'P
NMR (400 MHz, CD;CN, ppm): 6§ —144.66 (sep, Jp_r = 706.7 Hz,
1P). Anal. calc. (%) for C,5H,sNgF;oPRh: C, 44.11; H, 2.38; N,
11.02. Found: C, 44.13; H, 2.57; N, 10.83. MS (ESI) m/z calcu-
lated for ([M — PFs ]") 617.0584, found 617.0585.

Rh2. Yield: 83%. '"H NMR (400 MHz, CD;CN, ppm): § 8.76
(dd, Jizu = 8.3, 1.5 Hz, 2H of phen), 8.48 (dd, Jiy = 5.0, 1.4
Hz, 2H of phen), 8.46 (d, /i = 3.0 Hz, 2H of pyrazole ring),
8.24 (s, 2H of phen), 7.88 (dd, Ji-u = 8.3, 5.0 Hz, 2H of phen),
6.92 (d, Jiz-u = 2.2 Hz, 2H of pyrazole ring), 6.90 (ddd, [y =
12.2, 9.0, 2.5 Hz, 2H of phenyl ring), 6.49 (t, Ji_iy = 2.6 Hz, 2H
of pyrazole ring), 5.88 (ddt, Jiz-u = 8.0, 2.5, 1.2 Hz, 2H of
phenyl ring), (18 protons). "*C{'"H} NMR (400 MHz, CD;CN,
ppm): 6 160.51 (ddd, Jocr = 250.9, 9.8, 2.4 Hz), 153.69
(ddd, Jern = 31.5 Hz, Jop = 5.5, 3.1 Hz), 152.65 (s), 150.28
(ddd, Jcr = 254.2, 12.4, 1.4 Hz), 146.72 (s), 140.38 (s), 140.15
(s), 133.07 (d, Jo_r = 14.8 Hz), 132.04 (s), 128.90 (s), 127.73 (m),
127.19 (s), 116.79 (dd, Jc_¢ = 20.2, 3.1 Hz), 110.13 (d, Jc_r = 2.6
Hz), 101.36 (dd, Jor = 28.2, 23.9 Hz). '°F NMR (400 MHz,
CD,CN, ppm): § —72.94 (d, J = 706.1 Hz, 6F of PF¢~), —113.71
(m, 2F of phenyl ring), —123.79 (dd, J = 12.2, 4.9 Hz, 2F of
phenyl ring). *'P NMR (400 MHz, CD;CN, ppm): § —144.66
(sep, Jo_r = 706.2 Hz, 1P). Anal. calc. (%) for C3oH;3NgF;,PRh:
C, 45.82; H, 2.31; N, 10.69. Found: C, 45.89; H, 2.59; N, 10.33.
MS (ESI) m/z calculated for (M — PFs"]") 641.0584, found
641.0585.

Rh3. Yield: 91%. '"H NMR (400 MHz, CD;CN, ppm): § 8.46
(d, Jiz-11 = 2.9 Hz, 2H of pyrazole ring), 8.37 (s, 2H of tmphen),
8.17 (s, 2H of tmphen), 6.90 (d, /i = 2.3 Hz, 2H of pyrazole
ring), 6.87 (ddd, Jy-u = 12.0, 9.0, 2.5 Hz, 2H of phenyl ring),
6.49 (t, Ju-u = 2.7 Hz, 2H of pyrazole ring), 5.85 (ddt, Jy - =
8.0, 2.5, 1.2 Hz, 2H of phenyl ring), 2.80 (s, 6H of tmphen),
2.42 (s, 6H of tmphen), (26 protons). "*C{'"H} NMR (400 MHz,
CD;CN, ppm): § 160.51 (ddd, Jc_r = 250.9, 10.0, 2.6 Hz), 154.55
(ddd, Jo_rn = 31.0 Hz, Jo_r = 5.1, 3.3 Hz), 152.90 (s), 150.30
(ddd, Jer = 253.7, 12.5, 1.2 Hz), 147.90 (s), 145.36 (s), 140.06
(s), 135.88(s), 132.95 (d, Jo_p = 14.9 Hz), 130.33 (s), 127.70 (m),
124.88 (s), 116.75 (dd, Jo_r = 20.1, 3.1 Hz), 110.02 (d, Je_p = 2.7
Hz), 101.19 (dd, Jc_r = 28.1, 23.8 Hz), 17.96 (CH; of tmphen),
15.33 (CH; of tmphen). '°F NMR (400 MHz, CD;CN, ppm): §
—72.97 (d, J = 706.3 Hz, 6F of PFy~), —113.78 (m, 2F of phenyl
ring), —123.85 (dd, J = 12.1, 5.2 Hz, 2F of phenyl ring). *'P
NMR (400 MHz, CD;CN, ppm): § —144.68 (sep, Jp_r = 705.6 Hz,
1P). Anal. calc. (%) for C34H,¢NeF1oPRh: C, 48.47; H, 3.11; N,
9.97. Found: C, 48.14; H, 3.04; N, 9.66. MS (ESI) m/z calculated
for (M — PF, ") 697.1210, found 697.1212.

Rh4. Yield: 89%. 'H NMR (400 MHz, CD;CN, ppm): § 8.53
(d, Jz-u = 5.2 Hz, 2H of dpphen), 8.51 (d, i = 2.9 Hz, 2H of
pyrazole ring), 8.14 (s, 2H of dpphen), 7.82 (d, Jiz-u = 5.2 Hz,
2H of dpphen), 7.70-7.58 (m, 10H of dpphen), 7.08 (d, Ju u =
2.4 Hz, 2H of pyrazole ring), 6.92 (ddd, Ji;i = 12.0, 9.0, 2.5 Hz,
2H of phenyl ring), 6.56 (t, Jiz-u = 2.7 Hz,2H of pyrazole ring),
5.92 (ddt, Jyu = 7.9, 2.5, 1.2 Hz, 2H of phenyl ring) (26
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protons). “C{'H} NMR (400 MHz, CD;CN, ppm): & 160.61
(ddd, Jcr = 251.4, 9.9, 2.5 Hz), 154.12 (ddd, Jc_rn = 31.2 Hz,
Jor = 5.3, 3.3 Hz), 152.45 (s), 152.14 (s), 150.34 (ddd, Jcr =
254.2, 12.5, 1.2 Hz), 147.38 (s), 140.39 (s), 136.82 (s), 133.13 (d,
Jor = 14.9 Hz), 130.74 (s), 130.71 (s), 130.12 (s), 129.97 (s),
127.75 (m), 127.38 (s), 126.76 (s), 116.83 (dd, Jo_r = 20.1, 3.1
Hz), 110.25 (d, Jc_r = 2.6 Hz), 101.40 (dd, Jc ¢ = 28.1, 23.8 Hz).
1F NMR (400 MHz, CD;CN, ppm): § —72.96 (d, J = 706.1 Hz,
6F of PFs™), —113.61 (m, 2F of phenyl ring), —123.72 (dd, J =
12.2, 5.3 Hz, 2F of phenyl ring). *'P NMR (400 MHz, CD;CN,
ppm): 6 —144.67 (sep, Jp-r = 706.7 Hz, 1P). Anal. calc. (%) for
CaoH,6NgF1oPRh: C, 53.75; H, 2.79; N, 8.95. Found: C, 53.47;
H, 2.87; N, 8.79. MS (ESI) m/z calculated for (M — PF¢|)
793.1210, found 793.1210.

Rh5. Yield: 86%. 'H NMR (400 MHz, CD;CN, ppm): § 9.73
(dd, Ju-u = 8.3, 1.5 Hz, 2H of dpq), 9.22 (s, 2H of dpq), 8.58
(dd, Ju_u = 5.0, 1.5, Hz, 2H of dpq), 8.49 (d, J_u = 2.9 Hz, 2H
of pyrazole ring), 8.03 (dd, Ji-i = 8.3, 5.0 Hz, 2H of dpq), 7.02
(d, Jrr-u = 2.4 Hz, 2H of pyrazole ring), 6.92 (ddd, Jy_ = 12.0,
9.0, 2.5 Hz, 2H of phenyl ring), 6.52 (t, Ji_u = 2.6 Hz,2H of pyr-
azole ring), 5.89 (ddt, /i = 8.0, 2.5, 1.2 Hz, 2H of phenyl ring)
(18 protons). "*C{'"H} NMR (400 MHz, CD;CN, ppm): § 160.54
(ddd, Je_r = 251.1, 10.1, 2.5 Hz), 154.02 (s), 153.32 (ddd, Jc_gp =
31.4 Hz, Jc_y = 5.3, 3.0 Hz), 150.33 (ddd, oy = 254.3, 12.3, 1.2
Hz), 148.32 (s), 147.71 (s), 140.61 (s), 140.59 (s), 136.70 (s),
133.20 (d, Jop = 14.8 Hz), 131.05 (s), 128.30 (s), 127.75 (m),
116.81 (dd, Jc_r = 20.2, 3.1 Hz), 110.16 (d, Jc_¢ = 1.9 Hz), 101.48
(dd, Jor = 28.3, 23.8 Hz). °F NMR (400 MHz, CD;CN, ppm): §
-72.97 (d, J = 706.9 Hz, 6F of PF,"), —113.57 (m, 2F of phenyl
ring), —123.63 (dd, J = 12.2, 5.3 Hz, 2F of phenyl ring). *'P
NMR (400 MHz, CD;CN, ppm): § —144.66 (sep, Jp_r = 705.8 Hz,
1P). Anal. calc. (%) for C3,H gNgF;,PRh: C, 45.84; H, 2.16; N,
13.37. Found: C, 46.04; H, 2.03; N, 13.45. MS (ESI) m/z calcu-
lated for ([M — PF,|") 693.0646, found 693.0646.

Rh6. Yield: 77%. 'H NMR (400 MHz, CD;CN, ppm): § 9.82
(dd, Jy_u = 8.3, 1.5 Hz, 2H of dppz), 8.57 (dd, Juu = 5.1, 1.5
Hz, 2H of dppz), 8.51 (d, Jiz—u = 2.9 Hz, 2H of pyrazole ring),
8.45 (dd, Jy = 6.6, 3.4 Hz, 2H of dppz), 8.12 (dd, Jy_u = 6.6,
3.4 Hz, 2H of dppz), 8.03 (dd, Jy_u = 8.3, 5.1 Hz, 2H of dppz),
7.10 (d, Ji-u = 2.4 Hz, 2H of pyrazole ring), 6.93 (ddd, Jy-u =
12.1, 9.0, 2.5 Hz, 2H of phenyl ring), 6.54 (t, Jy_y = 2.6 Hz, 2H
of pyrazole ring), 5.90 (ddt, Jypu = 7.9, 2.5, 1.2 Hz, 2H of
phenyl ring) (20 protons). “*C{'"H} NMR (400 MHz, CDsCN,
ppm): 6 160.56 (ddd, jcr = 251.1, 10.0, 2.5 Hz), 154.08 (s),
153.30 (ddd, Jo-rn = 31.3 Hz, Jor = 5.2, 2.9 Hz), 150.25 (ddd,
Jcr = 254.3, 12.5, 1.1 Hz), 149.47 (s), 143.73 (s), 140.85 (s),
140.61 (s), 136.93 (s), 133.47 (s), 133.25 (d, Jcr = 15.0 Hz),
131.66 (s), 130.60 (s), 128.62 (s), 127.74 (m), 116.81 (dd, Jc 5 =
20.3, 3.2 Hz), 110.21 (d, Jo_p = 2.6 Hz), 101.50 (dd, Jc_r = 28.2,
23.8 Hz). "F NMR (400 MHz, CD;CN, ppm): § —72.96 (d, J =
706.1 Hz, 6F of PFs ), —113.51 (m, 2F of phenyl ring), —123.58
(dd, J = 12.1, 5.5 Hz, 2F of phenyl ring). *'"P NMR (400 MHz,
CD;CN, ppm): § —144.67 (sep, Jp_-r = 706.5 Hz, 1P). Anal. calc.
(%) for C3¢H,NgF;oPRh: C, 48.67; H, 2.27; N, 12.61. Found: C,
48.86; H, 2.21; N, 12.35. MS (ESI) m/z calculated for (M —
PF,|") 743.0802, found 743.0804.
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