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tunable platforms for stabilizing thallium() and
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Fluorinated and B-phenylated bis(pyrazolyl)borate and bis(pyridyl)borate ligands have been utilized in
thallium() and silver()—ethylene chemistry. These ligands contain electron-withdrawing trifluoromethyl or
pentafluorosulfanyl groups that create a chemically inert half-rim and, together with a flanking phenyl
group, provide steric protection at the metal site. Thallium() complexes display k>-N,N ligand binding and
noteworthy TI-F coupling in °F NMR, indicating proximity effects of the fluorinated substituents. The
silver—ethylene complexes [Ph,B(3-(CF3)Pz),]Ag(C,H4), [PhoB(3-(SFs)Pz),]Ag(CaH4), and [PhoB(6-(CF3)Py),]
Ag(C,Hy,) feature trigonal-planar silver() sites, with NMR data showing upfield shifts for ethylene proton
and carbon resonances relative to those of the free ethylene. The steric effects of fluorinated supporting
ligands in thallium and silver complexes were evaluated using buried-volume calculations. In addition, C-
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H activation of alkanes via carbene insertion catalyzed by silver complexes is reported. Overall, the
findings illustrate how fluorinated groups and N-heterocyclic donor arms influence metal-ligand
bonding, the stability of coinage-metal n-complexes, and influence the catalytic efficiency and selectivity

Published on 03 December 2025. Downloaded on 6/16/2026 8:11:54 AM.

rsc.li/dalton in alkane C—H functionalization.

Introduction

Bis(pyrazolyl)borates are useful monoanionic, nitrogen donor
site-based ligands,"> which can be tuned electronically and
sterically to support transition metals in various applications,
such as catalysis, bioinorganic chemistry, and the develop-
ment of luminescent materials.> Bis(pyridyl)borates are a
related ligand family, but they are based on larger, six-mem-
bered pyridyl heterocycles instead of five-membered pyrazolyl
groups. Although bis(pyridyl)borates have been known since
the 1990s,*> they have received less attention in metal coordi-
nation chemistry compared to their bis(pyrazolyl)borate
counterparts.®®"” Moreover, bis(pyridyl)borates with pyridyl
ring substituents near metal coordination sites were
unknown until recently.""**'®
ing fluorinated versions of both these ligand classes,
which belong to a family broadly known as
scorpionates,”>*>* and exploring their potential in coordi-
nation chemistry and metal-mediated processes. Fluorinated

We are interested in develop-
11,12,19-22

ligands are of interest because they act as weaker donors to
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metal ions and often endow different properties to metal
complexes compared to their non-fluorinated, electron-rich
equivalents.>* They typically increase Lewis acidity at metal
centers and enhance the volatility, oxidation resistance, and
fluorocarbon solubility of their metal adducts. Additionally,
they have been shown to improve the activity of certain metal-
catalyzed reactions.

This paper describes structure and properties of thallium(i)
and silver(i)-ethylene complexes supported by B-phenylated
bis(pyrazolyl)borate ligands, [Ph,B(3-(CF3)Pz),]” (1) and [Ph,B
(3-(SF5)Pz),]™ (2), with CF; and SF5 groups at the pyrazolyl ring
3-positions, and a B-phenylated bis(pyridyl)borate ligand
[Ph,B(6-(CF3)Py),]” (3) with CF; groups at the pyridyl ring
6-positions (Fig. 1, Pz = pyrazolyl, Py = pyridyl). Fluorinated
substituents on these ligands exhibit strong electron-withdraw-
ing properties and shield the metal site by forming a chemi-
cally inert layer that protects parts of the periphery of the
metal. The SF5 group has been gaining more attention recently
as a fluorinated substituent. However, unlike the CF;
group,®*? it is still less widely used in chemistry,’™*® and, in
particular, in transition-metal chemistry.>>*”~>* The SF; group
is often called the “super-trifluoromethyl group”, and exhibits
higher electronegativity than CF; (electronegativity parameters;
x = 3.65 [SF5] vs. y = 3.36 [CF3]),">>® and bulkier than CF; with
its size approaching that of tert-butyl group (van der Waals
volumes; 61.4 A% [SF;] vs. 42.7 A® [CF;] vs. 76.4 A® ['Bu]).*®

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 B-phenylated bis(pyrazolyl)borate ligands [Ph,B(3-(CF3)Pz),]~ (1), [Ph,B(3-(SF5)Pz),]~ (2) and B-phenylated bis(pyridyl)borate ligand [Ph,B(6-
(CF3)Py),l™ (3), and the atom numbering schemes of pyrazolyl and pyridyl ring positions.

Silver(i) complexes with ethylene are of both fundamental
and practical interest;’” for example, silver plays a key role in
ethylene epoxidation®®**® and olefin separation.®*™®* Silver is
also important in plant chemistry and horticulture because it
has long been known to inhibit ethylene responses in
plants.®*"°®  Although extensive spectroscopic and compu-
tational research has been conducted on silver(i) ethylene
adducts,’”®”°® isolable silver(i) ethylene complexes are rare
due to the weak c-acceptor and poor n-donor properties of
silver(1), which make them quite labile.>”**~"* We also present
structural data for thallium() complexes of 1-3. They, in
general, are good ligand transfer agents and can facilitate the
separation and purification of scorpionate ligands from reac-
tion mixtures.*>”>””” Thallium complexes are also of interest
for their NMR properties because Tl has two spin 1/2 isotopes,
29371 (29.5% natural abundance) and *°°Tl (70.5% natural
abundance), leading to interesting spin-spin coupling
between NMR active nuclei.”® %"

Results and discussion

The syntheses of [Ph,B(3-(CF;)Pz),]|Tl (4) and [Ph,B(3-(SF5)Pz),]
Tl (5) were reported earlier,> but their molecular structures
have not been reported. Here, we describe their X-ray crystal
structures, highlight some interesting features, and present a
higher-yield route (Scheme 1) to [Ph,B(3-(SF5)Pz),]T1 (5).
Compound 5, in the previous report, was synthesized by a
solid-state reaction of NaBPh, with the corresponding pyra-

1. Ph,BH,Li, _B
. MeB(OPr), Ph \NNN
(Y 5 PhMe, 100 °C, 12 h »@‘O

HN—N 2. TIOAc, CHClj4 //\
reflux, 1 h

Overall yield: 64 %

Scheme 1 Improved synthetic route to [Ph,B(3-(SFs)Pz),]TL (5).

This journal is © The Royal Society of Chemistry 2026

zole, [3-(SFs)Pz]H, followed by the addition of TIOAc.”* This
method, however, proved somewhat inefficient by affording
the desired thallium complex in only 36% overall yield. The
modest outcome can be attributed to the relatively mild reac-
tivity of NaBPh,, which necessitated elevated reaction tempera-
tures. Such conditions also required careful control to prevent
the formation of by-products at higher temperatures (180 °C).
To circumvent these limitations, a more reactive boron precur-
sor, Ph,BH,Li,*! was employed in the presence of MeB(O'Pr),
as a Lewis acid catalyst, which is expected to coordinate to,
and decrease the pK, of, the pyrazole and increase the rate of
B-H bond protonolysis (Scheme 1).%* This approach facilitated
the formation of the lithium salt of the bis(pyrazolyl)borate,
which, upon treatment with TIOAc, produced the thallium
complex [Ph,B(3-(SF5)Pz),]TI (5) in 64% overall yield, represent-
ing a significant improvement over the original protocol.
Molecular structures of [Ph,B(3-(SF5)Pz),]Tl (5) as well as that
of the [Ph,B(3-(CF;)Pz),|Tl (4) have now been confirmed by
single-crystal X-ray diffraction (Fig. 2).

The related bis(pyridyl)borate complex [Ph,B(6-(CF;3)Py),]Tl
(6) was obtained by metathesis of its potassium salt, [Ph,B(6-
(CF;)Py),JK"* with TIOAc in 79% yield (Scheme 2). The crystal
structure of 6 is shown in Fig. 3. All three thallium complexes
of fluorinated scorpionates (4-6) described in this study were
isolated as air- and moisture-stable off-white powders, free of
coordinated solvent or water molecules. In general, these fea-
tures of thallium complexes and their facile metathesis chem-
istry, compared to their alkali metal counterparts, make them
promising precursors (ligand transfer agent) for the synthesis
of various metal complexes. Selected bond lengths and angles
of [Ph,B(3-(CF;)Pz),|Tl (4), [Ph,B(3-(SF5)Pz),|Tl (5), and [Ph,B
(6-(CF3)Py),]Tl (6) together with data for several related
systems, are summarized in Table 1. The thallium complexes
4-6 adopt the expected ¥*-N,N coordination mode for the
corresponding scorpionate. In compound 6, there is a close
separation between the ipso-carbon of the flanking phenyl
group and thallium (2.833(3) A). Thallium(i)-n-arene inter-
actions are known and are typically found in thallium com-
plexes or salts of weakly coordinating anions.**®* The arene-T1
separation in 6 falls within a region where weak but significant
non-covalent interactions could occur. For comparison, it is
within Bondi’s TI-C van der Waals contact distance of
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Fig. 2 Molecular structure of [Ph,B(3-(CF3)Pz),ITl (4, left) and [Ph,B(3-(SF5)Pz),ITL (5, right). Ellipsoids are shown at the 50% probability level.
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Scheme 2 Synthesis of [Ph,B(6-(CF3)Py),]TL (6).

Fig. 3 Molecular structures of [Ph,B(6-(CF3)Py),ITl (6). Ellipsoids are
shown at the 50% probability level.
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3.66 A,°® but longer than the sum of the covalent radii of Tl
and Csp? of 2.18 A’

A search in the Cambridge Structural Database (CSD)*®
resulted in 12 entities for structurally characterized thallium
bis(pyrazolyl)borates, and none for thallium bis(pyridyl)
borates, highlighting the limited structural data available for
thallium complexes of these ligands. Analysis of the structural
metrics reveals no clear trend in TI-N bond distances of 6 com-
pared to 4, 5 and other bis(pyrazolyl)-based analogs, despite
differences in the N-based heterocyclic donor arms (Table 1).
These TI-N bonds are longer than the sum of covalent radii
(2.16 A) but shorter than the van der Waals contact distance
(3.51 A).®° More notable differences are observed in the N-TI-
N angles. Complex 4, which has the least steric hindrance com-
pared to complexes 5 and 6, shows a relatively small N-TI-N
angle of 63.87°, yet it is clearly wider than that observed for
[H,B(Pz),]TI (55.5°), which is supported by the parent bis(pyra-
zolyl)borate ligand. This value N-TI-N of 4 is smaller than
those observed for complex 5 (67.60°) bearing the bulkier SF5
groups at the same position, and complex 6 (68.86°), which is
further enlarged due to the bulky nature of pyridyl-based
ligand. Another notable difference is that the boat-shaped six-
membered TI(NC),B core in 6 is deeper than the TI(NN),B
cores in 4 and 5, as evidenced by the shorter TI---B separations
in the former. There are no significant intermolecular inter-
actions between thallium atoms in the solid state of complexes
4-6. For instance, the closest intermolecular Tl---T] separation
in 4, 5, and 6 are 6.02, 6.27, and 6.02 A, respectively, well above
the sum of the Bondi’s van der Waals radii for two thallium
atoms (3.92 A), indicating the absence of significant TI.--Tl
interaction.®***

An intriguing feature of thallium complexes supported by
these fluorinated ligands is the observation of four-bond TI-F
coupling, likely a through-space interaction. Fluorinated bis
(pyrazolyl/pyridyl)borate thallium complexes are limited; thus,

This journal is © The Royal Society of Chemistry 2026
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Table 1 Selected bond distances and angles of thallium complexes supported by bis(pyrazolyl)borate and bis(pyridyl)borate ligands
Compound TI-N (A) N-TI-N (°) Tl---B (A) Ref.
[Ph,B(3-(CF;)Pz),]TI (4) 2.688(2), 2.688(2) 63.87(9) 3.565 This work
[Ph,B(3-(SF5)Pz),]TI (5) 2.668(2) 2.686(2) 67.60(7) 3.563 This work
2.682(2), 2.607(2) 68.12(8) 3.571
H,B(Pz),]T1 2.799(7), 2.814(8) 55.5(2) 3.34 92
H,B(3,5-(CF;),Pz),]TI 2.7243(19), 2.7243(19) 68.32(8) 3.364 93
H,B(3,5-(‘Bu),Pz),|Tl 2.632(12), 2.645(12) 67.4(4) 3.176 94
H,B(3-(‘Bu),5-('Pr)Pz),]TI 2.628(11), 2.664(10) 72.1(3) 3.179 94
H,B(3-(Bu),5-(Me)Pz),|TI 2.597(16), 2.59(3) 73.6(6) 3.118 94
H,B(3-(Fc),5-(CF3)Pz),]TI 2.578(5), 2.593(5) 76.54(15) 3.504 95
H,B(3-(2-pyrazinyl)Pz),]T1 2.644(4), 2.752(4) 71.28(11) 3.827 9
H,B(3-(Trip)Pz),]TI 2.696(6), 2.705(6) 78.23(19) 3.313 97
Me(H)B(3-(Mes)Pz),]T1 2.636(5), 2.636(5) 79.1(2) 3.578 98
Ph,B(6-(CF;)Py),]TI (6) 2.670(2), 2.675(2) 68.86(7) 3.459 This work

Abbreviations: Trip = 9-triptycyl, Mes = mesityl, Fc = ferrocenyl. Data for the second molecule in the asymmetric unit in italics.

the coupling constants of 4-6 are compared with related bis-
and tris(pyrazolyl/pyridyl)borate systems (Table S1). Complex
5, bearing both equatorial and axial fluorine atoms in the SFs-
groups, exhibits two distinct coupling constants (*Jy_p = 777
and 76 Hz; see Fig. 518).”*> The thallium complex 4 exhibits a
smaller value of 576 Hz,”*> whereas complex 6 shows a remark-
ably larger *J;y_p of 1100 Hz. The coupling between thallium-
203 and thallium-205 is not resolved in these signals, which is
not unusual because their gyromagnetic ratios are similar,

often making it impossible to distinguish the difference in
20371 and 2°°TI coupling constants.”® The enhanced coupling
in complex 6 can be attributed to the closer proximity of thal-
lium to the CF; substituents at the 6-position of the pyridyl
rings (with average F;C---Tl separation of 3.58 A) relative to the
3-position of pyrazolyl substituents (with average F;C---Tl sep-
aration of 4.00 A), allowing stronger through-space interaction
with thallium. The TI---C (of CF;) separations in complex 6 are
also shorter than those observed in tris- and bis(pyrazolyl)

3.00

225

1.50

0.75

0.00

-0.75

-1.50

-2.25

-3.00

Fig. 4 Space-filling representations and steric maps of thallium complexes [Ph,B(3-(CF3)Pz),]Tl (4, left) [Ph,B(3-(SFs5)Pz),ITl (5, middle), and [Ph,B
(6-(CF3)Py),ITL (6, right). The estimated %V, values for complexes 4, 5, and 6 are 50.0%, 55.6% and 58.3%, respectively.

This journal is © The Royal Society of Chemistry 2026
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borate thallium complexes with CF;-groups at the pyrazolyl
ring 3-positions. However, we have recently reported a thallium
complex of fluorinated tris(pyridyl)borate with relatively short
F;C---Tl separations (average 3.45 A) with much larger *Jpy 5
(1208 Hz).”® Further analysis indicates that there is a strong
correlation between the F5;C---Tl separation and the TI-F coup-
ling constant (see Fig. S1), despite potential for complications
in some cases.”®”°

Space-filling models in Fig. 4 highlight the differing steric
impacts of the B-phenylated and fluorinated ligand systems in
complexes 4-6. Yet another and more quantitative approach
involves buried volume (%Vg,,) calculations and steric maps
using the SambVca 2.1 web application,”® in which the % Vg,
corresponds to the fraction of the volume of a sphere centered
on the metal occupied by the coordinated ligand of focus,
while the topographic steric map (Fig. 4) provides a graphical
representation of the steric profile of a ligand using color-
coded contour maps. For example, the %Vg,, values for com-
plexes 4, 5, and 6 are 50.0%, 55.6% and 58.3%, respectively.
Overall, the bis(pyridyl)borate framework in 6 affords the most
protection around thallium, closely followed by the SFs-substi-
tuted ligand in 5, while the CF;-substituted analog in 4 pro-
vides the least protection around thallium.

View Article Online
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Although sodium, potassium and other alkali metal salts
are more widely used as a transfer reagent due to their lower
toxicity, thallium complexes sometimes serve as better scorpio-
nate transfer agents due to their ease of purification and good
solubility in non-polar solvents.”>”*%® Scheme 3 illustrates the
use of thallium complexes with AgOTf and under ethylene
atmosphere to generate silver(i)-ethylene adducts, [Ph,B(3-
(CF;)Pz),]Ag(C,H,) (7), [Ph,B(3-(SF5)Pz),]Ag(C,H,) (8), and
[Ph,B(6-(CF;)Py),]Ag(C,H,) (9). These are crystalline, colorless
solids. Compounds 8 and 9 lose coordinated ethylene easily
under reduced pressure. The X-ray crystal structures of 7-9 are
presented in Fig. 5, with selected bond lengths and angles
summarized in Table 2. They are three-coordinate, trigonal
planar silver species featuring an n>-bound C,H,. There is a
close separation between the ipso-carbon of the flanking
phenyl group of 9 and silver (2.6908(11) A), which is within the
Bondi’s van der Waals contact separation of C and Ag
(3.42 A),*** but this interaction does not seem to have a
notable effect on silver, as evidenced by the sum of angles at
silver being 360° (and the retention of trigonal planarity). For
comparison, the sum of the covalent radii of silver and sp®
carbon is 2.18 A.*” The scorpionate ligands in 7-9 coordinate
to silver in a x” fashion through the two nitrogen atoms from

¥ ¥
/B /B
N - N
N N
i\ CH,Cl,, t, 3h ol
R H,c.~ R
X
R \CHZ R
R= CF3 (4)’
R = SF5 (5) R =CF; (7), Yield = 83%
R = SF5 (8), Yield = 71%
" i
B _B
Ph” \ (OTf, C,H, Ph N0
NO g No/N
/ \ CH2C|2, rt, 3h /
Tl CF; CFs we S CF; CF3
6 22
CH, .

Yield = 84%

Scheme 3 Synthetic route to silver(i)-ethylene complexes [Ph,B(3-(CFz)Pz),]Ag(C,H4) (7), [Ph,B(3-(SF5)Pz),]Ag(C,H,) (8), and [Ph,B(6-(CF3)Py),lAg
(C2H4) (9) supported by [Ph,B(3-(CF3)Pz),]™, [Ph,B(3-(SFs)Pz),1™, and [Ph,B(6-(CF3)Py),]l~ ligands.
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Fig. 5 Molecular structures of [Ph,B(3-(CF3)Pz),]JAg(C,H,) (7, top-left), [Ph,B(3-(SFs)Pz),]Ag(C,H4) (8, top-right), and [Ph,B(6-(CF3)Py),]JAg(C,H,) (9,

bottom). Ellipsoids are shown at the 50% probability level.

ligand arms, adopting the characteristic boat configuration.
Most structural features are consistent across the three
adducts; however, complexes 8 and 9 exhibit slightly longer
Ag—-C and Ag-N bond distances than those of complex 7. These
observed metrical parameters are attributable to the steric
influence of the supporting ligands in 8 and 9.

Percent buried volume (%Vg.)°>'%° of the scorpionate
ligands in [Ph,B(3-(CF;)Pz),]Ag(C,H,) (7), [Ph,B(3-(SFs)Pz),]Ag
(CH4) (8), and [Ph,B(6-(CF;)Py),]Ag(C,H,) (9), are 55.0%,
61.4%, and 64.5%, respectively, (Fig. 6). These values can be
used to compare the steric bulkiness between the three sup-
porting ligands, and indicate that [Ph,B(3-(CF3)Pz),]” provides
the smallest, while [Ph,B(6-(CF;3)Py),]” provides the highest
steric protection to the silver-ethylene moiety in these mole-
cules. This trend aligns with the values computed for the thal-
lium complexes bearing the three ligands examined in this
study (see above).

This journal is © The Royal Society of Chemistry 2026

In the 'H NMR spectrum at room temperature, the ethylene
protons of 7 and 8 were observed at § 4.67 and 4.73 ppm,
respectively, while 9 shows its ethylene signal at 6§ 4.69 ppm.
These protons likely experience the shielding cone of the
B-phenyl group situated above the ethylene moiety, leading to
larger than normal upfield shifts relative to the free C,H, signal
(6 5.40 ppm).”“'*> For example, [Me,B(3-(CF;)Py),]Ag(C,H,),
which has a methyl group above the ethylene moiety, exhibits its
ethylene proton resonance at a significantly downfield position,
6 5.42 ppm."” The ethylene carbons in 8 and 9 both appear as
broad peaks at § 103.9 ppm in their "*C{'"H} NMR spectra, while
in 7 the resonance is further upfield at § 101.2 ppm. For com-
parison, the ethylene carbon peak of [Me,B(3-(CF3)Py),]Ag(C,H,)
appears in the same region at § 102.8 ppm, while the resonance
for free C,H, was observed at § 123.1 ppm.

Although ring current effects also could influence >C NMR
shifts,'®® their through-space effects are generally smaller as

Dalton Trans., 2026, 55,152-164 | 157
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Table 2 Selected bond distances (A) and angles (°) of silver—ethylene complexes 7-9 isolated in this work

Parameter [Ph,B(3-(CF3)Pz),]Ag(C,H,) (7)° [Ph,B(3-(SFs5)Pz),]Ag(C,H,) (8)° [Ph,B(6-(CF3)Py),]Ag(C,H,) (9)
c=C 1.347(4) 1.339(3) 1.346(2)
1.352(5) 1.349(3)
1.351(4)
Ag-N 2.242(2), 2.266(2) 2.2828(13), 2.2883(13) 2.2767(10), 2.2732(10)
2.243(2), 2.243(2) 2.2827(13), 2.2707(13)
2.236(2), 2.272(2)
Ag-C 2.252(3), 2.262(3) 2.2697(18), 2.2733(19) 2.2710(13), 2.2701(13)
2.262(3), 2.241(3) 2.2724(19), 2.2689(19)
2.254(3), 2.266(3)
ZN-Ag-N 84.45(7) 79.01(5) 84.46(4)
85.75(7) 82.55(5)
85.94(7)
£C-Ag—C 34.72(11) 34.28(8) 34.49(5)
34.93(12) 34.56(9)
34.78(10)
Ag--C(B)* 2.872 2.720 2.6908(11)
2.862 2.763
2.841
Y at Agb 360.22 359.98 359.61
360.11 360.00
360.87

“The Ag---C(B) is the ipso-carbon separation between the Ag and flanking phenyl group. * ¥ at Ag represents the sum of angles at silver involving
two nitrogen atoms bonded to Ag and the centroid of the ethylene carbons. ¢ Values for the three molecules in the asymmetric unit. ¢ Values for

the two molecules in the asymmetric unit.

Fig. 6 Computed steric maps using SambVca 2.1 %! for supporting ligands in [Ph,B(3-(CF3)Pz),]Ag(CoH.) (7, left), in [PhoB(3-(SFs)Pz),]1Ag(CoH.) (8,
middle), and [Ph,B(6-(CF3)Py),]Ag(C,H,) (9, right), looking down the Ag---B axis.

they are further away from the flanking phenyl moiety. Thus,
3C NMR shifts of the ethylene carbons serve as a useful probe
of bonding interactions. The ethylene '*C NMR resonance in
the copper(i) complexes [Ph,B(3-(CF;)Pz),]Cu(C,H,) and [Ph,B
(3-(SF5)Pz),]Cu(C,H,) have been observed at & 82.7 and
86.4 ppm, respectively.”> The upfield shifts of metal-bound
ethylene '*C resonances relative to free ethylene in these dia-
magnetic d'’-systems are commonly attributed to the
increased metal-to-ethylene n back-donation effect.’”””"'** The
significantly higher upfield shifts in copper(i) complexes com-
pared to their silver(i) counterparts 7 and 8 suggest that they
exhibit greater = back-donation from the copper to ethylene. In
fact, silver(i) in general forms the weakest interaction with
ethylene among the group 11 family members.'*>*
Moreover, because the silver atom is larger than the copper
atom,®” replacing copper with silver in complexes bearing the
same ligand and co-ligand results in smaller percent buried

158 | Dalton Trans., 2026, 55, 152-164

volumes. For instance, complexes 7 (55.0%) and 8 (61.4%)
exhibit smaller buried volumes than their copper analogs
[Ph,B(3-(CF;)Pz),]Cu(C,H,) (59.5%)'°® and [Ph,B(3-(SFs5)Pz),]
Cu(C,H,) (65.6%),"°° as the shorter Cu-ligand distances bring
the ligand framework closer to the metal center (Fig. S2).
Silver-acetylene complexes are of considerable interest but
remain rare, largely due to their instability toward
decomposition.'® " Without suitable supporting ligands,
these complexes are often too unstable to isolate. In our pre-
vious work, the [Ph,B(3-(CF;3)Pz),]” (1) ligand enabled the suc-
cessful isolation and structural characterization of a silver—
acetylene complex, with 'H and "*C acetylene chemical shifts
in CDCI; at § 2.12 and 70.9 ppm.'"" Motivated by that result,
we investigated the related [Ph,B(3-(SF5)Pz),]” (2) and [Ph,B(6-
(CF3)Py),]” (3) ligands. The silver-acetylene complex [Ph,B(3-
(SF5)Pz),]Ag(C,H,) (10) was obtained by acetylene replacement
of the corresponding ethylene adduct 8. The NMR spectra of

This journal is © The Royal Society of Chemistry 2026
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10 in CD,Cl, confirmed the presence of coordinated acetylene
resonances, as evidenced by the § 2.38 ppm peak in "H and
the 68.6 ppm resonance in **C, both shifted from those of free
C,H, signals (6 1.80, 71.9 ppm). However, it was unstable even
at —20 °C, decomposing over time into an insoluble material,
thereby precluding crystallographic analysis to date. An analo-
gous attempt with [Ph,B(6-(CF;)Py),]” (3) resulted in rapid
decomposition to a white solid and free ligand [Ph,B(6-(CF;)
Py),]H (3-H), as confirmed by '"H NMR, indicating the instabil-
ity of the pyridyl-based system under such reaction conditions.

Finally, the catalytic behavior of CF;-group bearing bis(pyr-
azolyl)borate [Ph,B(3-(CF;)Pz),]Ag(C,H,) (7) and bis(pyridyl)
borate [Ph,B(6-(CF;)Py),]Ag(C,H,) (9) complexes was examined
in the context of alkane C-H functionalization through
carbene transfer reactions from carbene precursor, ethyl dia-
zoacetate, N,CHCO,Et (EDA). Previous studies from our group
and Pérez’s group have shown that silver complexes supported
by weakly donating tris(pyrazolyl)borate ligands can enhance
the electrophilicity of the metal center, thereby improving cata-
Iytic efficiency.””'">™'® Compared to copper(i), silver(i) can
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more effectively activate less reactive C-H bonds, such as those
at primary C-H sites."'* Moreover, silver-based catalysts can
often perform these reactions without requiring the slow
addition of carbene precursors, a procedure commonly necess-
ary for copper(r) systems to suppress the formation of unde-
sired byproducts. Overall, the catalytic data reveal that the
nature of the supporting ligand significantly influences both
the activity and regioselectivity of the carbene insertion reac-
tion. Catalysts 7 and 8, which contain more Lewis acidic silver
centers, afford higher yields of C-H insertion products than
catalyst 9, which features the more electron-donating pyridyl-
based ligand (see Table 3 and Tables S8, S9 for more details).
The greater electrophilicity of the metal center in 7 and 8
likely facilitates the formation of the silver-carbene intermedi-
ate and promotes more efficient C-H bond insertion. In con-
trast, the increased electron density at the metal center in 9
may reduce its carbene electrophilicity, thereby lowering
overall reactivity towards C-H moieties. In addition to these
electronic effects, steric factors govern regioselectivity.
Complex 9, supported by the bulkier pyridyl-based ligand,

Table 3 Regioselectivity? and yields of C—H functionalization via carbene insertion (from ethyl diazoacetate, EDA) with CF3-decorated bis(pyrazo-
lyl/pyridyl)borate Ag catalysts [Ph,B(3-(CF3)Pz),]JAg(C,H4) (7), [Ph,B(3-(SF5)Pz),]Ag(CoH,) (8), and [Ph,B(6-(CF3)Py),]Ag(C,H4) (9), and an illustration of
carbene insertion products from EDA on 2-methylbutane substrate (entries 7-9)

EtO,C

catalyst

N,CHCO,Et
—_—
- N2

CO,Et

primary C-H insertion products

CO,Et

EtO,C

secondary C-H
insertion product

tertiary C-H
insertion products

Entry Cat. Substrate Primary sites Secondary sites Tertiary sites Yields (%)
1 7 — 1 — 90
2 8 — 1 — 90
3 9 — 1 — 61
4 7 PaVaN 1 2.88 — 93
5 8 1 2.18 — 89
6 9 1 1.94 — 56
7 7 1 — 7.71 96
8 8 1 — 5.47 89
9 9 1 — 3.50 38
10 7 1 2.92 6.32 87
11 8 1 3.53 6.07 86
12 9 1 2.10 3.60 56

“Values normalized for the relative number of C-H bonds each type, calculated from the observed carbene insertion product ratios and the

number of C-H bonds of each type.
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favors functionalization at primary C-H sites. This observation
suggests that the increased steric congestion around the metal
center limits the approach of secondary or tertiary C-H bonds,
which are more hindered, and agrees with previous
observations.'*®'2° These results illustrate that both electronic
and steric features of the ligand framework can be strategically
modulated to fine-tune the reactivity and selectivity of silver(r)
carbene-transfer catalysts. Although the effectiveness achieved
with some of these bis(pyrazolyl/pyridyl)borate-supported
systems - especially the more electron-rich bis(pyridyl)borate-
silver system — does not surpass that of more electrophilic and
sterically encumbered tris(pyrazolyl)borate catalysts such as
[HB(3,5-(CF;),Pz);]Ag(C,H,)'™  or  [HB(3,4,5-(Br);Pz);]Ag
(THF),"*° the data underscore the importance of balancing
metal electrophilicity and ligand steric demand in optimizing
C-H bond functionalization processes.

Conclusions

In summary, fluorinated and B-phenylated bis(pyrazolyl)
borate and bis(pyridyl)borate ligands have been synthesized
and evaluated as sterically and electronically tunable scor-
pionate platforms for stabilizing thallium() and silver(i)
complexes, including rare isolable silver-ethylene adducts.
The ligands [Ph,B(3-(CF;3)Pz),]” (1), [Ph,B(3-(SF5)Pz),]” (2)
and [Ph,B(6-(CF3)Py),]” (3) incorporate strongly electron-
withdrawing CF; or SFs substituents that introduce pro-
nounced steric shielding; notably, SF5 substituents provide
both greater electronegativity and steric bulk relative to CF3,
and the bis(pyridyl)borate framework imparts still greater
steric congestion around the metal center relative to bis(pyr-
azolyl)borates. Thallium() complexes exhibit characteristic
K*>-N,N binding of the scorpionate ligand, along with mea-
surable long-range thallium-203/205-fluorine-19 coupling
that correlates directly with through-space TIl.--F separations.
These thallium complexes serve as efficient ligand-transfer
reagents to silver, providing access to silver(i) ethylene com-
plexes, in which the 'H and '*C NMR data reveal ethylene
resonances shifted upfield relative to those of free C,H,,
and their X-ray crystal structures show trigonal-planar silver
sites. Comparative >C NMR data indicate significantly
weaker m-backbonding in Ag-ethylene compared to analo-
gous Cu complexes, consistent with established trends in
group 11 olefin binding. The use of silver catalysts with
varying electronic and steric ligands strongly influences C-
H functionalization of alkanes via carbene insertion. More
electrophilic metal centers enhance reactivity and yields,
while bulkier or more electron-rich ligands favor
functionalization at less hindered primary sites. Overall, the
work demonstrates how fluorinated substituents and hetero-
cyclic donor arms in scorpionate ligands govern metal-
ligand geometry, TI-F coupling, steric environment, and the
stability of labile silver n-complexes, and provides a versatile
platform for developing catalysts for selective C-H
functionalization.
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Experimental section
General information

All preparations and manipulations were carried out under an
atmosphere of purified nitrogen using standard Schlenk tech-
niques or in a vacuum atmosphere single-station dry box
equipped with a —25 °C refrigerator. NMR solvents were pur-
chased from Cambridge Isotopes Laboratories and used as
received. Dichloromethane, toluene, and hexane were dried by
passing HPLC-grade solvent through a solvent purification
system (SPS, Innovative Technologies Inc.) and stored in Straus
flasks. NMR spectra were recorded at 25 °C on a JEOL Eclipse
500 (*H, 500 MHz; C, 126 MHz; and "F, 471 MHz), JEOL
Eclipse 400 spectrometer (*H, 400 MHz; *C, 100 MHz, '°F,
376 MHz), or JEOL Eclipse 300 (*H, 300 MHz; "*C, 75 MHz; and
°F, 273 MHz). 'H and "*C{'"H} NMR spectra are referenced to
the solvent peak (*H, CDCl; 6 7.26; **C, CDCl; 8 77.16, CD,Cl, 6
54.00). '°F NMR values were referenced to external CFCl;. 'H,
3¢{'H}, and "°F NMR chemical shifts are reported in ppm and
coupling constants (/) are reported in hertz (Hz). Abbreviations
used for signal assignments: Py = pyridyl, Ph = phenyl, s =
singlet, d = doublet, t = triplet, q = quartet, pent = pentet, m =
multiplet, br = broad, brs = broad singlet. Elemental analyses
were performed using a PerkinElmer Model 2400 CHN analyzer.
IR spectra were collected at room temperature on a Shimadzu IR
Prestige-21 FTIR equipped with an ATR attachment using pure
liquid or solid samples, with a resolution of 2 cm ™. Raman data
were collected on a Thermo Scientific DXR3 Raman microscope
using a 633 nm HeNe laser, with pure solid materials placed on
a glass slide. [Ph,B(6-(CF;)Py),JK,"" Ph,BH,Li,*" and MeB
(O'Pr), '** were synthesized as previously reported. Compound
[Ph,B(3-(CF3)Pz),]JT1*>> was prepared by a modified process as
noted below. All other reactants and reagents were purchased
from commercial sources or obtained as noted below.

Synthetic procedures

Warning: Thallium salts are toxic; therefore, these compounds
should be handled with proper precautions.'*” Care must be
taken to prevent exposure through inhalation, accidental
ingestion via contaminated hands or gloves, or skin contact.
Waste products should be disposed of properly. Silver in com-
bination with acetylene gas can lead to potentially explosive
materials and should be prepared in small quantities and
handled with appropriate precautions. While no difficulties
were encountered with the complexes reported herein, caution
should be exercised. Due care must also be taken when
working with acetylene gas and handling acetylene tanks. It is
known to produce explosive combinations with oxygen.
[Ph,B(3-(SF5)Pz),]Tl (5). Ph,BH,Li (90.2 mg, 0.52 mmol) was
weighed and transferred to a 50 mL Schlenk flask inside the
glove box. The compound was taken outside and dissolved in
2 mL dry toluene. A solution of 5-(pentafluoro-A®-sulfanyl)-1H-
pyrazole (200.00 mg, 1.03 mmol) in 3 mL dry toluene was
added dropwise to the Ph,BH,Li solution under nitrogen
atmosphere at room temperature. MeB(O'Pr), (14.8 mg,
0.1 mmol) was added to the reaction and was heated at 100 °C
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under nitrogen overnight. The reaction was cooled to room
temperature and cannula filtered through a Celite-packed frit
to a 50 mL Schlenk flask. The reaction flask was rinsed with
2 mL toluene and filtered. The solvent was evaporated to get
[Ph,B(3-(SF5)Pz),]Li as a white powder. The lithium salt was
dissolved in 10 mL dry chloroform. TI(OAc) (164.40 mg,
0.62 mmol) was added to the solution, and the resulting
mixture was refluxed for 1 h. The reaction was cooled to room
temperature and filtered through a Celite-packed frit. The
solvent was evaporated to get the product as a white powder.
X-ray quality crystals of [Ph,B(3-(SF5)Pz),|T] were obtained in
chloroform at room temperature by slow evaporation in 64%
overall yield. The NMR data agree with the published values.**
[Ph,B(6-(CF;3)Py),]TI (6). To a mixture of [Ph,B(6-(CF;)Py),]K
(200 mg, 0.402 mmol) and TIOAc (159 mg, 0.604 mmol) in a
50 mL Schlenk flask, 25 mL of anhydrous chloroform was
added, and the resulting mixture was then refluxed for 4 hours.
After cooling to room temperature, the reaction mixture was
cannula-filtered through a Celite-packed frit to remove KOAc
and excess TIOAc. The solvent was then removed under reduced
pressure, resulting in an off-white solid. Single crystals of [Ph,B
(6-(CF3)Py),]T], suitable for X-ray analysis, were grown by slow
evaporation of its chloroform solution at room temperature.
Yield: 210 mg (79%). "H NMR (500 MHz, CDCl;): § (ppm) 8.10
(d,J = 7.9 Hz, 2H, Py), 7.61 (t, ] = 7.8 Hz, 2H, Py), 7.44 (d,J = 7.5
Hz, 2H, Py), 7.33 (t, J = 7.4 Hz, 4H, Ph), 7.29-7.19 (m, 5H, Ph).
BC{*H} NMR (126 MHz, CDCl;): § (ppm) 187.4 (q, Js_c = 52.8
Hz, Py), 159.0 (br, Ph), 145.5 (q, *Jr.c = 33.6 Hz, C-CF;), 136.4
(Ph/Py), 135.2 (Ph/Py), 134.6 (Ph/Py), 128.6 (Ph/Py), 125.6 (Ph/
Py), 123.0 (q, Yrc = 275.9 Hz, CF;), 116.7 (Py). '’F NMR
(471 MHz, CDCL): 6 (ppm) —64.92 (d, “rp = 1100.4 Hz).
HR-MS [ESI, positive ion mode ESI-TOF]: m/z for
Cy4H16B1FgN,Tl; [M + H]' caled 663.1133, found 663.1046.
[Ph,B(3-(CF3)Pz),]Ag(C,H,) (7). [Ph,B(3-(CF;)Pz),]Tl (0.30 g,
0.47 mmol) and AgOTf (0.13 g, 0.47 mmol) were taken in a
50 mL Schlenk flask and 20 mL ethylene-saturated CH,Cl, was
added into it. The reaction mixture was stirred for 3 h at room
temperature under an ethylene atmosphere. The reaction
mixture was cannula filtered through a Celite-packed frit. The
filtrate was concentrated under reduced pressure to about
3 mL, then further concentrated with a continuous flow of
ethylene until close to saturation, and stored at —20 °C under
a blanket of ethylene to obtain X-ray-quality colorless crystals
of [Ph,B(3-(CF;)Pz),]Ag(C,H,). Yield: 83%. Anal. -calc.
C1,H,sAgBCUFeN,: C, 46.27; H, 3.18%; N, 9.81%. Found: C,
45.86%; H, 2.93%; N, 9.64%. "H NMR (CDCl,): 6 (ppm) 7.72 (s,
2H, Pz), 7.28-7.27 (m, 6H, Ph), 6.90 (br, 4H, Ph), 6.50 (br, 2H,
Pz), 4.67 (s, 4H, C,H,). C{'"H} NMR (CDCl,): § (ppm) 142.8 (q,
*Jp_c = 37.2 Hz, C-CF;), 138.4 (Ph), 134.7 (Pz), 127.5 (Ph), 127.1
(Ph), 121.4 (q, YJcr = 268.7 Hz, CF;), 102.8 (Pz), 101.2 (C=C).
°F NMR (CDCl,): § (ppm) —61.5 (s).
[Ph,B(3-(SF5)Pz),]Ag(C,H,) (8). [Ph,B(3-(SFs)Pz),]Tl (0.10 g,
0.13 mmol) and AgOTf (0.04 g, 0.13 mmol) were taken in a
50 mL Schlenk flask and 10 mL ethylene-saturated CH,Cl, was
added into it. The reaction mixture was stirred for 3 h at room
temperature under an ethylene atmosphere. Ethylene gas was
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bubbled three times during the reaction (30 seconds each
time). The reaction mixture was cannula-filtered through a
Celite-packed frit using nitrogen gas. The filtrate was concen-
trated under reduced pressure to about 3 mL, then further con-
centrated with a continuous flow of ethylene until close to sat-
uration, and stored at —20 °C under a blanket of ethylene to
obtain X-ray-quality colorless crystals of [Ph,B(3-(SFs)Pz),]Ag
(CoH,). Yield: 71%. M.p.: 215-218 °C (decomposition). 'H
NMR (CDCl3): & (ppm) 7.69 (s, 2H, Pz), 7.31-7.30 (m, 6H, Ph),
6.94 (br, 4H, Ph), 6.49 (d, J = 2.3 Hz, 2H, Pz), 4.73 (s, 4H,
C,H,). PC{"H} NMR (CDCl,): § (ppm) 160.1 (q, “Jc_g = 26.4 Hz,
B-Ph), 137.7 (Ph), 134.9 (Pz), 132.8 (Pz), 127.7 (Ph), 127.5 (Ph),
103.9 (br, C=C), 102.6 (Pz). '°’F NMR (CDCl,): § (ppm) 81.70
(pent, *Jp_r = 154.8 Hz, 2F), 64.53 (d, *Jr_r = 154.8 Hz, 8F).

[Ph,B(6-(CF3)Py),]Ag(C>H,) (9). To a mixture of [Ph,B(6-(CF;)
Py),]T1 (100 mg, 0.151 mmol) and AgOTf (43 mg, 0.166 mmol)
in a 50 mL Schlenk flask covered with aluminum foil, was
added anhydrous dichloromethane (20 mL) and then bubbled
with ethylene, kept stirring for 3 h. The reaction mixture was
then cannula filtered through a Celite-packed frit. The solvent
was then removed under reduced pressure. The compound
was recrystallized from an ethylene-saturated dichloro-
methane/hexane solution at 4 °C to obtain colorless X-ray
quality single crystals of [Ph,B(6-(CF;)Py),]Ag(C,H,). Yield:
75 mg (84%). Anal. calc. CyH,0oBAgFsN,-0.4CH,Cl,: C, 50.56;
H, 3.34; N, 4.47%. Found: C, 50.87; H, 3.12; N, 4.41. 'H NMR
(500 MHz, CDCl;): § (ppm) 8.10 (d, J = 7.4 Hz, 2H, Py), 7.61 (t,
J = 7.7 Hz, 2H, Py), 7.42 (d, J = 8.0 Hz, 2H, Py), 7.29-7.03 (brs,
10H, Ph), 4.69 (s, 4H, C,H,). “C{'H} (126 MHz, CDCl;): §
(ppm) 187.5 (q, YJs_c = 54.6 Hz, B-Py), 154.4 (q, YJs_c = 47.7 Hz,
B-Ph), 146.0 (q, YJor = 32.42 Hz, Py), 136.3 (Py), 135.3 (Py),
133.8 (Ph), 127.3 (Ph), 124.3 (Ph), 122.1 (q, Jc-r = 274 Hgz,
CF;), 116.5 (Py), 103.9 (C,H,). °F NMR (471 MHz, CDCl;): §
(ppm) —67.41 (s).

[Ph,B(3-(SF5)Pz),]Ag(C,H,) (10). [Ph,B(3-(SF5)Pz),]Ag(C,H,)
(0.10 g, 0.17 mmol) and was dissolved in 4 mL CH,Cl, in a 50 mL
Schlenk flask and purified acetylene was bubbled into the flask
for 2 minutes. The compound was dried under a continuous flow
of acetylene to get the product as a white powder. Attempts to
obtain single crystals of the complex were unsuccessful. Yield:
79%. "H NMR (CD,Cl,): § (ppm) 7.83 (br, 2H), 7.66-7.46 (m, 4H),
7.34-7.28 (m, 6H), 6.70 (d, J = 2 Hz, 2H, Pz), 2.38 (s, 2H, C,H,).
*C{'"H} NMR (CD,CL): § (ppm) 160.5 (q, JJo s = 21.4 Hz, B-Ph),
138.2 (Pz), 135.2 (Ph), 128.1 (Ph), 127.6 (Ph), 103.0 (Pz), 68.6
(C=C). "°F NMR (CD,Cl,): § (ppm) 81.5 (pent, *Jp_y = 154.8 Hz,
2F), 64.2 (d, >y = 154.8 Hz, 8F). Note: the compound readily
loses acetylene under vacuum. The compound is not stable even
at —20 °C for a long time. A white insoluble precipitate appears in
methylene chloride. The complex decomposes in NMR solvent.

X-ray structure determinations

A suitable crystal covered with a layer of hydrocarbon/
Paratone-N oil was selected and mounted on a Cryo-loop, and
immediately placed in the low temperature nitrogen stream.
The X-ray intensity data were measured at 100(2) K (unless
otherwise noted) on a Bruker Smart ApexII or Bruker D8 Quest
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equipped with an Oxford Cryosystems 700 series cooler, a
graphite monochromator, and a Mo Ka fine-focus sealed tube
(4 = 0.71073 A). Intensity data were processed, and absorption
corrections were applied using the Bruker Apex program suite.
Initial atomic positions were located by SHELXT,'**> and the
structures of the compounds were refined by the least-squares
method using SHELXL'* within Olex2 GUL'* Compounds
[Ph,B(3-(SF5)Pz),]TI (5) and [Ph,B(3-(SF5)Pz),]Ag(C,H,) (8) and
[Ph,B(3-(CF;)Pz),]Ag(C,H,) (7) crystallize with two, two, and
three chemically identical but crystallographically different
molecules of each type in the asymmetric unit, respectively.
Fluorine atoms in one of the CF; groups of [Ph,B(3-(CF;)Pz),]
Ag(C,H,) (7), and the equatorial fluorine atoms of one of the
SF5 groups of [Ph,B(3-(SF5)Pz),]Ag(C,H,) show positional dis-
order, but it was modeled satisfactorily. All the non-hydrogen
atoms in 4-9 were refined anisotropically. Hydrogen atoms of
the ethylene carbons of [Ph,B(6-(CF;)Py),]Ag(C,H,) (9) were
located on difference maps, included and refined freely. The
remaining hydrogen atoms of 9 and those of 4-8 were included
at calculated positions and refined using appropriate riding
models. X-ray structural figures were generated using Olex2.
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