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Abstract: A variety of coinage-metal complexes containing perfluorinated carboxylate ligands, to-
gether with their structures and thermal behavior, are reported. The silver(I) salts were accessible
from the direct reaction of Ag,O with the acids in toluene. Their gold(I) phosphine counterparts
formed in high yields by transmetallation using the silver(I) salts. Some structurally unique, mixed-
metal (Au,Ag) complexes formed upon combining solutions of the silver(I) salts with the gold(I)
phosphine carboxylates. The reduction of dinuclear copper(Il) compounds containing perfluori-
nated carboxylates with triphenylphosphine resulted in the formation of the corresponding copper(I)
tris(phosphine) complexes. X-ray structures of representative complexes, together with IR- and TGA
data, are reported.
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1. Introduction

Silver(I) salts of perfluorocarboxylic acids have been known for decades and are
typically prepared from the sodium salt of the respective acid and AgNOj3 in water or
from an aqueous solution of the acid and a basic silver(I) compound such as Ag,O or
AgrCOs3 [1-4]. More recently, a water-free method using AgF in THF or hexane has also
been reported [5]. The molecular structure of silver(l) perfluorobutyrate was determined by
X-ray diffraction as early as 1956 [6]. Although the structure is of poor quality by modern
standards, the atom connectivity could be unambiguously established. The salt exists in
the solid state as a centrosymmetric dimer with a short (2.90 A) Ag-Ag distance and O,0-
bridging carboxylato ligands. These dinuclear eight-membered rings form a coordination
polymer through additional Ag-O bonds between neighboring dimers (Figure 1, top left).
The structure of silver(l) trifluoroacetate is analogous [7].

In contrast, the silver salt of pentafluorobenzoic acid (crystallized from water) has
a slightly different structure. The carboxylic acid bridges two silver atoms in an alter-
nating fashion, resulting in a chain-type structure (Figure 1, top right) [8]. The 2,4,6-
trifluorobenzoato silver salt, also crystallized from water, forms the eight-membered ring
dimer structure, but the coordination polymer is assembled through hydrogen bonding
between bridging water molecules and not through Ag—O carboxylate bonding (Figure 1,
bottom) [9]. In contrast to most silver(I) salts, silver perfluorocarboxylates are soluble in
a variety of solvents, including water and organic solvents such as CH,Cl,, CHCl3, alco-
hols, acetone, benzene, toluene and diethyl ether. Indeed, Swarts commented on the high
solubility of silver(I) trifluoroacetate in both water and benzene in his pioneering study
of metal trifluoroacetates from 1939 [10]. This report inspired us to attempt a synthesis of
silver(I) perfluorocarboxylates in toluene to avoid the use of water as a solvent. With these
silver salts in hand, we wished to prepare the corresponding gold(I) phosphine complexes
and to examine the possibility of isolating bimetallic Ag/Au-complexes. To complete
our investigation, we also examined the structures and reactions of some copper(Il) and
copper(l) complexes of perfluorinated carboxylic acids.
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Figure 1. Schematic illustration of known coordination polymers of silver(I) carboxylates.

2. Materials and Methods

Unless specified otherwise, reactions were carried out under ambient conditions
using HPLC-grade solvents with protection from light for reactions involving Ag and
Au compounds. Chemicals and solvents were commercial products and were used
as received. [AuCl(PPh3)] [11], the gold(I) carboxylates [12], as well as the copper(Il)
carboxylates [13-15], were prepared by published methods. NMR spectra were measured
on a Bruker Avance 400 instrument. Spectra were referenced externally to MeySi (*H), 85%
H3POy (*'P) and CFCl; (1F). Copies of the NMR spectra may be found in the supplemen-
tary material. IR spectra were recorded on a Nicolet iS5 spectrometer equipped with an iD5
diamond ATR unit. TGA and DSC measurements were simultaneously carried out using
a Netzsch STA 449 F5 Jupiter instrument. Experiments were conducted in 40 puL alumina
crucibles, which were closed with alumina lids. Samples were heated from 25 to 1100 °C
with a heating rate of 5 K/min in a nitrogen atmosphere, applying a constant nitrogen flow
of 25 mL/min during the experiment.

2.1. Preparation of the Silver(I) Carboxylates

To a suspension of Ag,O in toluene, the appropriate perfluorocarboxylic acid was
added. Within a few minutes at ambient temperature, most of the silver oxide was dissolved.
After about 10 min., anhydrous NaySOy (ca. 0.5 g) was added to absorb the water. The
mixture was filtered through Celite and the filtrate was subsequently concentrated in
vacuum to a small volume. The addition of pentane precipitated a colourless solid, which
was isolated by filtration and was subsequently dried in air.

2.1.1. [Ag(O,CCF3)(n?>-MeCyHs)]ln (1)

This was prepared as described above using Ag,O (0.310 g, 1.34 mmol) and triflu-
oroacetic acid (0.20 mL, 2.59 mmol). A total of 0.349 g (0.654 mmol, 49%) product was
isolated. IR (ATR): 1614 v,(OCO), 1449 v4(OCO) cm~!. YF-NMR (CD3O0D): § = —75.65
(s, CF3). TH-NMR (CD5;0D): § = 7.09-7.30 (m, 5 H, C¢Hs), 2.35 (s, 3 H, Me). Colourless,
X-ray-quality crystals formed upon the slow evaporation of a toluene solution in the dark.

2.1.2. [Agy(0,CCF,CF3),(n?-MeCgHs)ln (2)

This was prepared as described above using Ag,0 (0.330 g, 1.42 mmol) and perfluo-
ropropionic acid (0.29 mL, 2.79 mmol). A total of 0.503 g (0.793 mmol, 56%) product was
isolated. IR (ATR): 1616 v,(OCO), 1416 vs(OCO) cm~!. PF-NMR (CD,Cl,): § = —83.36 (t,
J = 1.7 Hz, CF3), —118.43 (q, | = 1.7 Hz, CF,). 'H-NMR (CD,Cl): § = 7.30-7.36 (m, 2 H,
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Ce¢Hs), 7.19-7.28 (m, 3 H, CsHs), 2.39 (s, 3 H, Me). X-ray-quality crystals formed by the
slow evaporation of a toluene solution of the compound.

2.1.3. [Ag{O2C(CF7)2CF3l]n (3)

This was prepared as described above using Ag,O (0.270 g, 1.17 mmol) and perflu-
orobutyric acid (0.3 mL, 2.31 mmol). A total of 0.563 g (0.877 mmol, 76%) product was
isolated. IR (ATR): 1607 v,(OCO), 1417 vs(OCO) cm~!. ’F-NMR (CD,Cl,): 5 = —80.45 (t,
] =8.9 Hz, CF3), —115.06 (sext., | = 8.9 Hz, 3-CF;), —126.29 (m, «-CF5).

2.1.4. [Ag(OZCC6F5)(MeC6H5)]n (4)

Pentafluorobenzoic acid (0.320 g, 1.51 mmol) was dissolved in toluene (10 mL) with
slight heating, and then Ag,O (0.175 g, 0.755 mmol) was added. The mixture was held at ca.
80 °C for 10 min. During this time, most of the solid was dissolved. Workup as described
above afforded 0.392 g (0.537 mmol, 71%) colourless product. IR (ATR): 1654 v,(OCO),
1489 v4(OCO) cm~!. YF-NMR (CD30D): 6 = —144.04 (dd, ] = 7.9, 14.5 Hz, 0-F), —159.56 (t,
] =19.7 Hz, m-F), —165.18 (m, p-F). 'TH-NMR (CD30D): = 7.09-7.27 (m, 5 H, C¢Hs), 2.34 (s,
3 H, Me).

2.1.5. [Ag(O3SCF3)]a (5)

This was prepared as described above using Ag,O (0.363 g, 1.57 mmol) and trifluo-
romethanesulfonic acid (0.30 mL, 3.39 mmol). A total of 0.573 g (2.23 mmol, 66%) product
was isolated. IR (ATR): 1213 v,(SO3), 1017 v(SO3) cm~ 1. YF-NMR (CD3;0D): 5 = —79.88
(S, CF3)

2.2. Preparation of the Gold(I) Carboxylates

The complexes were prepared based on the procedure reported in the literature [12],
with minor modifications. As an example, the preparation of [(Ph3P)Au(O,CCFj3)] is given
in detail. The other mono- and dinuclear derivatives were prepared similarly.

2.2.1. [(Ph3P)Au(O,CCF;3)] (1a)

[Ag(OZCCFg)(112—MeC6H5)]n (0.045 g, 0.202 mmol) in CH,Cl, (10 mL) was added
to a solution of [AuCl(PPh3)] (0.100 g, 0.202 mmol) in CH,Cl; (10 mL). Immediately, a
colourless solid (AgCl) precipitated. After stirring the mixture at room temperature for
ca. 1h, it was passed through Celite and concentrated under reduced pressure. The
addition of pentane precipitated a colourless solid. This was isolated by filtration and
was dried in air. A total of 0.098 g (0.171 mmol, 85%) product was isolated. IR (ATR):
1695 v4(OCO) ecm L. 3IP{!H}-NMR (CD,Cl,): 5 = 27.36 (s). ’F-NMR (CD,Cl,): 5 = —74.32
(S, CF3)

2.2.2. [(PhsP)Au(O,CCF,CFs)] (2a)

This was prepared as described above using [AuCl(PPhs3)] (0.100 g, 0.202 mmol) and
[Ag(OZCCFng;)(112—MeC6H5)]n (0.055 g, 0.202 mmol). A total of 0.078 g (0.125 mmol, 62%)
colourless product was isolated. IR (ATR): 1710 v,(OCO) cm~1. 3!P{'H}-NMR (CD,Cl,):
§ =27.28 (s). YF-NMR (CD,Cl,): & = —83.32 (t, ] = 1.7 Hz, CF3), —119.52 (m, CE,).

2.2.3. [(PhzP)Au{O,C(CF,),CF3}] (3a)

This was prepared as described above using [AuCl(PPhs)] (0.100 g, 0.202 mmol)
and [Ag{O,C(CF,),CF3}]a (0.065 g, 0.202 mmol). A total of 0.088 g (0.131 mmol, 65%)
colourless product was isolated. IR (ATR): 1699 v,(OCO), 1482 v5(OCO) cm . 31P{1H}-
NMR (CD,Cly): § = 27.24 (s). YF-NMR (CD,Cl,): 6 = —81.08 (t, ] = 8.9 Hz, CF3), —116.91
(m, B-CF;), —127.08 (m, «-CF5).
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2.2.4. [(PhsP)Au(O,CCgF5)}] (4a)

This was prepared as described above using [AuCl(PPhs)] (0.100 g, 0.202 mmol) and
[Ag(OCCgF5)]n (0.064 g, 0.202 mmol). A total of 0.119 g (0.179 mmol, 89%) colourless product
was isolated. IR (ATR): 1650 v,(OCO) cm ™. 3ITP{1H}-NMR (CD,Cl,): & = 27.45 (s). ’F-NMR
(CD,Cly): 6 = —141.34 (dd, ] = 8.1, 23.1 Hz, 0-F), —155.87 (m, m-F), —163.00 (m, p-F).

2.2.5. [(dppb)(AquCCF3)7_] (53)

This was prepared as described above using [Au,Cly(dppb)] (0.050 g, 0.055 mmol)
and [Ag(O,CCF3)], (0.024 g, 0.110 mmol). A total of 0.058 g (0.054 mmol, 98%) colourless
product was isolated. IR (ATR): 1686 v,(OCO) cm~ L. 31P{IH}-NMR (CD,Cl,): 5 = 18.97 (s).
PE-NMR (CD,Cl,): 5 = —74.07 (s, CF3).

2.2.6. [(dppb)(AuOZCC6F5)2] (6a)

This was prepared as described above using [Au,Cly(dppb)] (0.050 g, 0.055 mmol)
and [Ag(O,CC¢Fs)]n (0.035 g, 0.110 mmol). A total of 0.063 g (0.049 mmol, 91%) colourless
product was isolated. IR (ATR): 1649 v,(OCO) cm 1. SIP(IH}-NMR (CD,Cl,): & = 19.45 (s).
PF-NMR (CD,Cl,): § = —141.02 (dd, ] = 8.3, 23.1 Hz, 0-F), —156.49 (t, | = 20.6 Hz, m-F),
—163.55 (m, p-F).

2.2.7. [(Xantphos)(AuO,CCF,CF3),] (7a)

This was prepared as described above using [AuyCly(Xantphos)] (0.050 g, 0.044 mmol)
and [Ag(O2CCF2CF3)(ﬂ2'MeC6H5)]n (0.024 g, 0.088 mmol). A total of 0.044 g (0.034 mmol,
77%) colourless product was isolated. 31p(1H}-NMR (CD,Cl,): & = 18.01 (s). F-NMR
(CD,Cly): 6 = —83.21 (m, CF3), —119.52 (m, CF5).

2.2.8. [(Xantphos){AuO,C(CF;),CF;},] (8a)

This was prepared as described above using [AuyCly(Xantphos)] (0.050 g, 0.044 mmol)
and [Ag(O,CCF,CF3)(n?-MeCgHs)l, (0.028 g, 0.088 mmol). A total of 0.060 g (0.043 mmol,
98%) colourless product was isolated. 31p(1H}-NMR (CD,Cl,): & = 18.02 (s). F-NMR
(CD,Cly): 6 = —81.07 (t, ] =9.1 Hz, CF3), —117.00 (m, 3-CF;), —126.98 (m, x-CF,).

2.3. Preparation of the Bimetallic Silver(I)-Gold(I) Carboxylates
2.3.1. [(CF3C02)2AgAu(PPh3)]2 (9a)

Solid [Ag(OzCCF3)(1]2—MeC6H5)],f1 (0.016 g, 0.074 mmol) was added to a solution of
[(Ph3P)Au(O,CCF3)] (0.042 g, 0.074 mmol) in CH,Cl, (10 mL). After stirring the mixture at
room temperature for ca. 2 h, it was concentrated to small volume under reduced pressure.
The addition of pentane precipitated a colourless solid. This was isolated by filtration and
was dried in air. A total of 0.056 g (0.036 mmol, 49%) product was isolated. IR (ATR):
1669, 1639 v,(OCO) cm~!. 3P{'H}-NMR (CD,Cl,): & = 27.06 (s). F-NMR (CD,Cl,):
b = —73.58 (s, CF3). X-ray-quality crystals formed upon the slow evaporation of a solution
of the compound in CH,Cl, layered with hexanes.

2.3.2. [(CF3CF2C02)2AgAu(PPh3)]2 (10a)

This was prepared as described above using [(Ph3P)Au(O,CCF,CF3)] (0.046 g,
0.074 mmol) and [AgZ(OZCCFZCF3)2(T]z—MeC6H5)]n (0.047 g, 0.074 mmol). A total of
0.131 g (0.074 mmol, 99%) product was isolated. IR (ATR): 1679, 1644 v,(OCO) cm~!.
3IP{IH}-NMR (CD,Cl,): § = 26.90 (s). ?F-NMR (CD,Cl,): § = —83.34 (t, | = 1.7 Hz, CF3),
—118.83 (m, CF).

2.3.3. [{CF3(CF2)2C02}zAgAu(PPhg)]z (113)

This was prepared as described above using [(PhzP)Au{O,C(CF;),CF3}] (0.050 g,
0.074 mmol) and [Ag{O,C(CF,),CF3}]n (0.024 g, 0.074 mmol). A total of 0.041 g (0.021 mmol,
55%) product was isolated. IR (ATR): 1657, 1648 v,(OCO) cm~!. 3'P{1H}-NMR (CD,Cl,):
§ =26.73 (s). YF-NMR (CD,Cl,): & = —81.06 (t, ] = 8.9 Hz, CF3), —116.29 (m, B-CF,),



Chemistry 2023, 5

817

—126.99 (m, x-CFy). X-ray-quality crystals formed upon the slow evaporation of a solution
of the compound in CH,Cl, layered with hexanes.

2.3.4. [(CF3CO,)2AgAu(dppb)], (12a)

This was prepared as described above using [(dppb)(AuO,CCF;),] (0.038 g, 0.035 mmol)
and [Ag(O,CCF3)], (0.016 g, 0.070 mmol). A total of 0.043 g (0.029 mmol, 90%) colourless
product was isolated. IR (ATR): 1641 v,(OCO) cm~!. 'H-NMR (CD,Cl,): § = 7.60-7.43
(m, 22 H, dbbp), 7.29-7.23 (m, 2 H, dppb). 3'P{'H}-NMR (CD,Cl,): § = 18.74 (s). ’F-NMR
(CD2C12)Z 6 =-7355 (S, CF3).

2.3.5. [(C4F5CO2)2AgAu(dppb)], (13a)

This was prepared as described above using [(dppb)(AuO,CCgFs),] (0.036 g, 0.029 mmol)
and [Ag(O,CCgFs5)ln (0.019 g, 0.058 mmol). A total of 0.053 g (0.028 mmol, 97%) colourless
product was isolated. IR (ATR): 1597 v,(OCO) cm ™!, TH-NMR (CD,Cly): § = 7.63-7.55 (m,
4 H, dppb), 7.38 (t, ] = 7.3 Hz, 4 H, p-PPhy), 7.18 (t, | = 7.2 Hz, 4 H, m-PPhy), 7.12-7.09 (m,
8 H, 0-PPhy). 31P{'H}-NMR (CD,Cl,): & = 21.46 (s). ?F-NMR (CD,Cl,): 6 = —114.55 (m, o-F),
—151.57 (t, ] = 21.2 Hz, m-F), —162.88 (m, p-F).

2.3.6. [{CF3(CF;),CO,},AgAu(Xantphos)], (14a)

This was prepared as described above using [(Xantphos){AuO,C(CF,),CFs},] (0.059 g,
0.042 mmol) and [Ag{O,C(CF;),CFs}]n (0.027 g, 0.084 mmol). A total of 0.079 g (0.039 mmol, 83%)
colourless product was isolated. IR (ATR): 1649 v,(OCO) cm~ L. TH-NMR (CD,Cl,): § =7.73
(dd, J = 7.8, 1.3 Hz, 2 H, Xantphos), 7.45-7.51 (m, 4 H, p-PhyP), 7.20-7.34 (m, 16 H, m-Ph,P,
0-PhyP), 7.12 (dd, ] = 7.8, 1.6 Hz, 2 H, Xantphos), 6.50 (ddd, | = 13.5, 7.8, 1.5 Hz, 2 H, Xantphos),
1.72 (s, 3 H, Me). 3'P{'H}-NMR (CD,Cl,): 5 = 17.84 (s). "YF-NMR (CD,Cl,): & = —81.05 (t,
J =89 Hz, CF3), —116.43 (m, 3-CF,), —126.98 (m, &-CF5).

2.4. Preparation of the Perfluorinated Copper Complexes
2.4.1. [Cup(O,CCF3)4(dioxane)], (16)

A 1,4-dioxane solution (10 mL) of copper(ll) acetate monohydrate (1.00 g, 5.01 mmol)
and trifluoroacetic acid (0.8 mL, 10.38 mmol) was heated to reflux for ca. 2 h. After this time,
the solvent was removed in vacuum, affording a turquoise solid (1.51 g, 90%). IR (ATR):
1689 v4(OCO) cm ™. X-ray-quality turquoise plates were obtained by recrystallisation from
toluene. When basic copper carbonate was used under the same conditions, a blue solution
was obtained, which deposited crystals upon standing. The material was identified as the
trinuclear complex [Cuz(O,CCF3)6(H20)4(dioxane);]-(dioxane) (15) by X-ray diffraction.

2.4.2. [Cu(O,CCF3)(PPhy)s] (17)

Ph3P (0.337 g, 1.285 mmol) was added to a solution of [Cuy(O,CCF3)4(dioxane)]n
(0.130 g, 0.195 mmol) in MeOH (10 mL). The mixture was heated to reflux for ca. 2 h, by
which time the colour changed from blue to colourless. Upon standing the solution at
—20 °C, colourless crystals were deposited after 24 h. These were isolated by filtration,
washed with Et,O and dried. A total of 0.111 g (0.158 mmol, 38%) colourless crystals
were obtained. IR (ATR): 1674 v,(OCO), 1480 vs(OCO) cm~!. 31P{1H}-NMR (CD,Cl,):
§ = —1.80 (s). YF-NMR (CD,Cl,): § = —75.03 (s, CF3). X-ray-quality crystals were picked
out of the MeOH solution before filtration and drying.

2.4.3. [Cu(O,CCF,CF3)(PPh3)3]-MeOH (18)

This was prepared as described above using [Cu,(O,CCF,CF3)4(H,0),] (0.280 g,
0.343 mmol) and Ph3P (0.660 g, 2.52 mmol). A total of 0.414 g (0.396 mmol, 58%) colourless
crystals were obtained. IR (ATR): 3453 v(OH), 1685 v,(OCO), 1433 s(OCO) cm L. 31P{IH}-
NMR (CD,Cly): § = —2.43 (s). YF-NMR (CD,Cl,): 6§ = —83.02 (t, ] = 1.7 Hz, CF3), —119.86
(q,] = 1.7 Hz, CF,). 'TH-NMR (CD,Cly): & = 3.45 (s, 3 H, MeOH), 7.20-7.43 (m, 45 H, Ph3P).
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2.4.4. [Cu{O,C(CF;),CF3}(PPh3)3] (19)

This was prepared as described above using [Cu{O,C(CF;),CF3}4] (0.150 g, 0.153 mmol)
and Ph3P (0.281 g, 1.07 mmol). A total of 0.247 g (0.232 mmol, 76%) colourless crystals were
obtained. IR (ATR): 1693 v,(OCO), 1433 v5(OCO) cm L. 3P{TH}-NMR (CD,Cl,): 5 = —2.40 (s).
I9E-NMR (CD,Cl,): & = —81.09 (t, ] = 8.9 Hz, CF3), —117.18 (sext., ] = 9.0 Hz, 3-CF,), —126.94
(m, «-CF,). X-ray-quality crystals were picked out of the MeOH solution before filtration
and drying.

2.4.5. [Cu(OZCC6F5)(PPh3)3] (20)

This was prepared as described above using [Cuy(O,CC¢Fs)4] (0.190 g, 0.196 mmol)
and PhsP (0.346 g, 1.319 mmol). A total of 0.247 g (0.233 mmol, 60%) product was isolated.
IR (ATR): 1648 v,(OCO), 1336 v5(OCO) cm~ L. 31P{IH}-NMR (CD,Cl,): 5 = —1.30 (s). F-
NMR (CD,Cl,): & = —142.61 (q, | = 8.6, 15.0 Hz, 0-F), —158.56 (t, | = 20.5 Hz, m-F), —163.80
(m, p-F). X-ray quality-crystals of the MeOH solvate were picked out of the MeOH solution
before filtration and drying.

This was prepared as described above using [Cuy(O2CCF,CF3)4(H0);] (0.100 g,
0.128 mmol) and Ph3P (0.168 g, 0.640 mmol). A total of 0.097 g (0.129 mmol, 50%) colour-
less crystals were obtained. IR (ATR): 1675 v,(OCO) cm~!. 3'P{!H}-NMR (CD,Cl,):
§=—1.85(s). PF-NMR (CD,Cl,): & = —83.11 (t, | = 1.6 Hz, CF3), —119.89 (m, CF,).
X-ray-quality crystals of the MeOH solvate were picked out of the MeOH solution be-
fore filtration and drying.

2.5. X-ray Crystallography

Diffraction data were collected at 90 K using a Rigaku Oxford Diffraction Gemini
E Ultra-diffractometer, or at 100 K using either a Bruker AXS Enraf-Nonius KappaCCD
with 0.2 x 2 mm? focus rotating anode or a Bruker-AXS Kappa Mach3 APEX-IT with
Ius microfocus radiation source using Mo K« radiation (A = 0.71073 nm). The dataset
of compound 14a was collected at 100 K at beamline P24 at PETRA III DESY, Hamburg,
Germany, with an energy of 20 keV (A = 0.619900 A). Data integration, scaling and empirical
absorption correction were carried out using the program packages XDS (synchrotron
data) [16], CrysAlis Pro [17], DATCOL [18], SADABS [19] or APEX3 [20]. The structures
were solved using SHELXT [21] and refined with SHELXL [22], operated through the
Olex2 interface [23]. The fluorine atoms in one of the CF3-groups in the structure of
[Cuyp (O, CCF3)s(dioxane)], (16) were found to be disordered over two positions. This was
successfully modelled with a 50:50 occupancy, and appropriate restraints (EADP) were
applied. Similarly, in 14a one CF;-group displayed disordering, which was best modelled
with a 75:25 occupancy and EDAP restraints. Important crystallographic and refinement
details are collected in Table 1.
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Table 1. Crystallographic and refinement details for compounds herein.
1 2 2a 4a 6a 7a 9a 11a
CCDC code 2167914 2167908 2167925 2167926 2167923 2167921 2167924 2167915
Empirical formula C11H8F504Ag2 C13H8F1004Ag C21 H15F502PALI C25H15F502PAU C44H24F1004P2AU2 C45H32F1005P2A1.12 C44H30F1203P2Ag2A1.12 C52H30F2308P2Anguz
Formula weight 533.91 633.93 622.27 670.31 1262.50 1298.58 1586.29 1986.37
Crystal system Triclinic Monoclinic Monoclinic Monoclinic Triclinic Triclinic Triclinic Triclinic
Space group P-1 P2:/c P2;/n P2:/n P-1 P-1 P-1 P-1

Unit cell dimensions

a=9.1704(5) A
b =9.6753(6) A
c=10.1292(6) A

a=12.1816(9) A
b=13.4270(12) A
c=10.6126(9) A

a=11.8549(10) A
b =11.7981(10) A
¢ =14.7984(13) A

a=13.2968(6) A
b = 6.6460(5) A
¢ =25.3473(14) A

a=11.9016(13) A
b =13.5895(7) A
c=14.8220(7) A

a=10.243(3) A
b =13.205(7) A
c=17.993(7) A

a=79232(5 A
b =11.8065(9) A
c=13.2352(12) A

a=10.3296(5) A
b = 11.8286(6) A
c=13.5824(7) A

o = 61.546(6)° o =90.0° o =90.0° o =90.0° o = 65.906(6)° o = 70.86(3)° o = 85.362(5)° o = 75.056(4)°
B = 64.823(5)° B =94.470(7)° B =104.747(3)° B =97.943(6)° B = 83.007(5)° B =87.40(3)° B =73.848(8)° B =75.850(4)°
v = 85.495(5)° v =90.0° v =90.0° v =90.0° v = 89.395(6)° v =71.03(4)° v =73.859(7)° v =70.362(5)°
Volume A? 706.34(8) 1730.5(2) 2001.6(3) 22185(2) 2170.1(3) 2169.3(17) 1142.33(16) 1487.29(14)
z 2 4 4 4 2 2 1 1
Peale 8/cm® 25510 2433 2.065 2.007 1.932 1.988 2.306 2218
pmm-! 2.857 2.385 7.491 6.767 6.911 6.918 7.418 5.759
F(000) 508.0 1208.0 1184.0 1280.0 1196.0 1240.0 748.0 940.0
Crystal size 0.02 x 0.05 x 0.10 0.02 x 0.05 x 0.11 0.022 x 0.057 x 0.059 0.011 x 0.025 x 0.045 0.08 x 0.09 x 0.12 0.04 x 0.08 x 0.08 0.035 x 0.04 x 0.16 0.03 x 0.05 x 0.07
20 rf;‘l%:cg’;ndata 4.97 to 64.904° 5.768 to 58.862° 3.946 to 67.612° 4,697 to 72.105° 5.31 to 74.062° 5.48 to 62.874° 5.554 to 72.200° 4.834 to 58.974°
Reflections collected 7127 9243 74,095 53,830 104,934 52,648 52,950 13,672
Independent reflections 7127 4023 8037 10,522 22,074 14,289 8942 6916
Data/restraints /parameters 7127/0/210 4023/0/263 8037/0/271 10,522/0/307 22,074/0/559 14,289/0/589 8942/0/316 6916/0/424
Goodness-of-fit on F? 0.942 1.044 1.056 1.019 1.027 1.024 1.015 1.044
Final R indices [I > 20()] Ry =0.0296 Ry =0.0226 Ry =0.0164 Ry =0.0304 Ry =0.0306 Ry = 0.0699 Ry =0.0274 Ry =0.0300
WR, = 0.0657 WR; = 0.0431 WR, = 0.0353 WR, = 0.0481 WR, = 0.0639 WR; = 0.1600 wR; = 0.0511 WR, = 0.0448
Final R indices [all data] Ry = 0.0429 Ry = 0.0286 Ry =0.0221 Ry = 0.0589 Ry = 0.0472 Ry =0.1181 Ry = 0.0429 Ry =0.0435
WR, = 0.0684 WR, =0.0451 WR, =0.0371 WR, = 0.0534 WR, = 0.0681 WR, = 0.1861 WR, = 0.0544 WR, = 0.0491
L;;gijthifirjﬁge 1.84/-1.06 0.60/—0.53 14/-06 1.0/-13 28/-27 38/-39 09/-19 1.00/-1.29
14a 15 16 17 19 20 21
CCDC code 2167922 2167916 2167909 2167913 2167912 2167910 2167911
Empirical formula Cs5H32F2300P2 Agr Auy Cu4H3F1502,Cu C12HgF12010Cusz Cs6Hys5F30,P3Cu CssHysF;0,P3Cu Cg3Hs3F504P3Cu C39H30F50,P,Cu
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Table 1. Cont.

Formula weight 2042.42 1205.11 667.26 963.37 1063.39 1125.50 751.11
Crystal system Monoclinic Monoclinic Monoclinic Triclinic Triclinic Triclinic Triclinic
Space group P2, /c P2;/n P2, /n P-1 P-1 P-1 P-1
a=20.778(3) A a=12.7528(7) A a=87675(2) A a=12.9761(3) A a=11.3935(4) A a=13.0559(3) A a=12.1576(8) A
b =15.689(3) A b =10.3794(5) A b =14.5136(4) A b =17.9813(4) A b =12.2780(4) A b=131731(4) A b =12.9136(10) A
Untcldmensions VDA CBRGIA L cslZOA  c2AwOA cclpmOA colzemA coBumi s
B = 97.595(14)° B =108.717(7)° B = 98.800(2)° B = 83.547(2)° B = 78.047(3)° B = 105.660(2)° B = 66.955(7)°
v =90.0° v =90.0° v =90.0° v =88.1828(19)° v =72.226(3)° v =114.835(3)° v = 63.060(7)°
Volume A3 5896.1(16) 2323.9(3) 2105.82(9) 4942.9(2) 2443.47(15) 2733.51(14) 1664.2(2)
Z 4 2 4 4 2 2 2
Pealc g/cm® 2.299 1.722 2.105 1.295 1.445 1.367 1.499
g mm-! 5.816 1.504 2.174 0.591 0.616 0.553 0.816
F(000) 3872.0 1202.0 1304.0 1992.0 1092.0 1164.0 768.0
Crystal size 0.04 x 0.05 x 0.12 0.05 x 0.07 x 0.09 0.02 x 0.07 x 0.08 0.06 x 0.07 x 0.12 0.07 x 0.09 x 0.09 0.06 x 0.09 x 0.11 0.04 x 0.06 x 0.08
20 rjﬁ%fcfi";ndata 5.2 to 52.744° 4,666 to 58.686° 4922 t0 59.016° 4.978 t0 59.088° 481 to 58.838° 4,652 to 59.004° 5.458 to 58.654°
Reflections collected 80,334 13,733 11,030 52,923 23,872 27,958 15,883
Independent reflections 12,054 5405 4885 23,105 11,311 12,725 7621
Data /restraints/parameters 12,054/36/912 5405/0/298 4885/24/344 23,105/0/1171 11,311/0/640 12,725/0/689 7621/0/442
Goodness-of-fit on F2 1.052 1.050 1.042 1.023 1.026 1.028 1.039
Final R indices [ > 20()] Ry =0.0370 Ry =0.0921 Ry =0.0317 Ry =0.0470 R; =0.0329 Ry =0.0387 R; =0.0273
wR, = 0.0746 wR, = 0.2197 wR; = 0.0709 wR, = 0.1073 wR, = 0.0722 wR, = 0.0956 WR, = 0.0648
Final R indices [all data] R; = 0.0569 R; =0.1190 R; = 0.0420 R; =0.0619 Ry =0.0417 Ry =0.0478 Ry =0.0321
wR, = 0.0831 wR, = 0.2417 wR, = 0.0757 wR, = 0.1155 wR, = 0.0768 wR, = 0.1011 wR; = 0.0671
L;:fij;illg‘j/ez’ie 1.93/-1.66 3.43/—1.94 0.49/-0.69 2.79/-1.62 0.42/—0.47 2.02/-0.62 0.46/—0.33




Chemistry 2023, 5

821

3. Results and Discussion
3.1. Silver(I) Complexes with Perfluorinated Carboxylato Ligands

The addition of various perfluorocarboxylic acids (CFsCOOH, CF3CF,COOH, CF;
(CF,),COOH and C4zFsCOOH) to a toluene suspension of Ag,O at room temperature re-
sulted in dissolution of the silver oxide within minutes, accompanied by a slight turbidity
due to the water produced by the reaction. In the case of pentafluorobenzoic acid, slight
heating was required since the acid itself is not very soluble in toluene at room temperature.
Work-up consisted of the addition of anhydrous Na,;SOy (although this is not strictly necessary),
filtration and evaporation. With this simple procedure, high-purity anhydrous silver(]) salts
of trifluoroacetic acid, perfluoropropionic acid, perfluorobutyric acid and pentafluorobenzoic
acid (1-4) were obtained in good yields within a short time as colourless solids (Scheme 1).
This procedure can also be extended to perfluorinated sulfonic acids, as exemplified by the
synthesis of [Ag(O3SCF;3)] from triflic acid and Ag,O in toluene.

Re

o tAlgzo ?2\\?
oluene

RFAOH AgAg
0.0

L

Re = CF3 (1), CF,CF3 (2), (CF2),CF3 (3), CeFs (4)
Scheme 1. Synthesis of silver(I) perfluorocarboxylates.

The silver carboxylates 1-4 were characterised by 'YF-NMR spectroscopy and IR
spectroscopy and, in the case of the trifluoroacetate and perfluoropropionate salts 1 and 2,
by X-ray diffraction (see below). The most characteristic features of the IR spectra of the
complexes are the symmetric- and asymmetric carbonyl stretching frequencies, which were
observed at around 1600 and 1400 cm ™!, respectively. These values are similar to those
reported in the literature [24]. The proton NMR spectra of compounds (1), (2) and (4) show
signals corresponding to toluene, which was confirmed to be present in the structures by
X-ray diffraction and/or thermogravimetric analysis (see below). The perfluorobutyrate
salt (3), however, was isolated in toluene-free form, based on NMR spectroscopy and TGA.
The molecular structures of (1) and (2) were confirmed by X-ray diffraction experiments.
The structure of the trifluoroacetate salt (1) consists of a pair of silver atoms that are O,0-
bridged by two trifluoroacetato ligands, resulting in an Ag-Ag distance of 2.8951(4) A. The
eight-membered ring is considerably bent along the silver—silver axis, with an O-Ag-O
angle of about 137°. A molecule of toluene is positioned such that it forms a n?>-bond to
Agl and an'-bond to Ag2 (Figure 2 top) with two shorter Ag-C distances of 2.488(3) A and
2.512(3) A (n? bonding to Agl) and one longer one of 2.712(3) A (n1 bonding to Ag2). These
values are typical for arenesilver interactions, which fall in the range of 2.16-2.92 A [25].
The silver dimers are connected through additional Ag-O bonds, forming a coordination
polymer (Figure 2 bottom). The toluene-free structure of silver(I) trifluoroacetate has been
reported by two different groups [7,26]. In both cases, the overall motif (a coordination
polymer of dinuclear eight-membered rings) and the Ag—Ag distances are very similar to
that of our toluene adduct. The major difference is the much flatter eight-membered ring
(£O-Ag-O =158°) in the toluene-free structure.
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Figure 2. Asymmetric unit of [Agy(O,CCF3)(MeCgHs)]n (1) (top). Ellipsoids show 50% proba-
bility levels. Hydrogen atoms have been omitted for clarity. The image on the bottom shows the
coordination polymer.

The perfluoropropionate analogue (2) (Figure 3) is structurally similar, except that
the eight-membered ring is much flatter, with an O-Ag-O angle of 164°. In addition, the
toluene shown here is only n%-bound to Agl, with silver-carbon bond distances of 2.593(2)
A and 2.735(2) A; the shortest Ag2—C distance is greater than 3.5 A. The Ag-Ag distance
within the dinuclear complex is with 2.9333(3) A, which is also slightly larger than that
observed in (1). Such Ag---Ag interactions, known as argentophilicity, are often observed
in solid-state structures of silver compounds; typically, the distances range from 2.9 to
3.1A[27].

Figure 3. Asymmetric unit of [Agy(O,CCF,CF3),(MeCgHs)ln (2) (top). Ellipsoids show 50% prob-
ability levels. Hydrogen atoms have been omitted for clarity. The image on the bottom shows the
coordination polymer.
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Thermogravimetric analysis of (2) (Figure 4 left) shows loss of the coordinated toluene
occurring at around 100 °C, followed by a single decomposition step to metallic silver
commencing at 328 °C. In the case of the toluene-free compounds (3) and (4), only a single
decomposition step (onset at 295 °C and 224 °C respectively) can be observed (Figure 4
centre and right). These observations are consistent with those reported for other silver
perfluorocarboxylates, which also undergo a decomposition to metallic Ag [24,28].

onsat 224 °C
\ 100 —=%
\
"

% 50 - ; \ ; l
é § % L_ 31.2 % mass remaining § 0 32.6 % mass remaining
0 T T 0- T T 0t T T
0 500 1000 0 500 1000 0 500 1000
Temperature °C Temperature °C Temperature °C
Figure 4. TGA traces of complexes 2 (left), 3 (centre) and (4) (right).
3.2. Gold(I) Complexes with Perfluorinated Carboxylato Ligands
Silver(I) carboxylates 1-4 were subsequently used to prepare a series of mono- and
dinuclear phosphine-gold(I) perfluorocarboxylates by a metathesis reaction from the corre-
sponding phosphine gold chlorides (Scheme 2).
r [AuCI(PPhg)] o P
Au
Re P
R O
o F
Ag---Ag Re = CF; (1a), CF,CF;3 (2a), (CF,),CF; (3a), CgF5 (4a)
| |
Y
Re [Au,Cly(P-P)] P—-R

PPh
o) 7/ \ 2
AN e OO CLC
R~ O Y07 “Re PPh, o)

P-P = dppb dppb PPhy PPh,
Rg = CF3 (5a), C4F5 (6a) Xantphos
P-P = Xantphos

Rg = CF,CF; (7a), (CF,),CF5 (8a)

Scheme 2. Synthesis of gold(I) perfluorocarboxylates.

The gold(I) compounds were isolated as colourless solids in good yields and were
characterised by various spectroscopic methods. Several of these gold(I) compounds
(1a—4a and 5a) are known compounds, but their molecular structures (see below) are
described here for the first time. The IR spectra of the complexes are similar to previous
reports [12,29,30]. Although not used in this work, it should be mentioned here that the
very first gold(I) phosphine complex with a perfluorinated carboxylato ligand was the
perfluorooctanoato complex [(Ph3P)Au{O,C(CF;)¢CF3}] reported by Beck in 1987 [31]. The
molecular structures of the mononuclear complexes 2a and 4a, as well as the dinuclear
species 6a and 7a, are depicted in Figures 5 and 6 respectively.

In each case, the gold atom is linearly coordinated by a phosphorus atom from the
phosphine ligand and an oxygen atom of the monodentate carboxylate group. In the case
of the bis(phosphine) complexes (6a) and (7a), the two gold atoms are forced into close
proximity, resulting in Au---Au distances of 2.9195(4) A and 2.8938(11) A, respectively.
These values are slightly shorter than those observed in the trifluoroacetate gold complexes
of dppb and Xantphos [30,32]. In the mononuclear species (2a) and (4a), there are no
intermolecular gold-gold contacts, which are frequently observed in solid-state structures
of phosphine gold(I) complexes [33].
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Aul

Figure 5. Molecular structures of [Au(O,CCF,CF;3)(PPh3)] (2a) (left) and [Au(O,CC¢xFs5)(PPhs)]
(4a) (right). Ellipsoids show 50% probability levels. Hydrogen atoms have been omitted for clarity.

Figure 6. Molecular structures of [(dppb){Au(O,CCyFs)),] (6a) (left) and [(Xantphos){Au(O,CCF,CF3)},]
(7a) (right). Ellipsoids show 50% probability levels. Hydrogen atoms have been omitted for clarity.

3.3. Bimetallic Silver/Gold Complexes with Perfluorinated Carboxylato Ligands

The oxygen atom of the carboxylato ligand not bound to gold in the complexes dis-
cussed above could potentially act as a donor atom towards an additional, different, metal
centre. Together with potential metal-metal interactions, this could lead to the formation
of multimetallic supramolecular assemblies. We therefore reacted the phosphine-gold(I)
carboxylates with the silver(I) carboxylates in a 1:1 ratio (Scheme 3) and isolated colourless
solids, whose 3'P NMR chemical shifts were different from those of the phosphine gold(I)
carboxylates themselves. The observed signals in the ’F NMR spectra of the products were
very similar to those of the starting materials.

The IR spectra of the compounds featured two CO bands, at different wavenumbers
than those of the individual precursors, suggesting the presence of carboxylate groups in
different chemical environments. The Ph3P complexes 9a and 10a resulted in single crystals
that were suitable for X-ray diffraction, allowing us to unambiguously determine their
molecular structures (Figure 7).
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P-P = Xantphos F ol b O/\O\/ Re
Rr = (CF2)2CF; (8a) A YO OY
F R
L Re Rr " _In
P-P = dppb
Re = CF4 (12a), CqFs (13a)
P-P = Xantphos

R = (CF2),CF3 (14a)

Scheme 3. Synthesis of bimetallic Ag/Au complexes.

Figure 7. Molecular structures of [(CF3CO,),AgAu(PPhs)]; 9a (top) and [{CF3(CF;),CO,),AgAu(PPhs)],
10a (bottom). Ellipsoids show 50% probability levels. Hydrogen atoms have been omitted for clarity and
the phenyl rings of the Ph3P ligands are drawn in wireframe style. Atoms generated by symmetry are
labelled with an asterisk.

The structures were tetranuclear AuyAg, complexes containing two distinct bridg-
ing carboxylato ligands. One of them bridges two silver atoms, while the other bridges
a gold- and a silver atom, resulting in Ag-Ag and Au-Ag distances of 2.9688(6) A and
3.1820(4) A, respectively. The values fall within the range of aurophilic or argentophilic
interactions [27,33]. The gold atoms show, as expected for Au®, alinear (£P-Au-0 =177°)
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coordination, whilst the silver has three coordinates with a distorted T-shaped geometry.
The structure can be interpreted as two phosphine gold carboxylates acting as Au,O-
chelating ligands towards a silver atom located within a dinuclear, eight-membered-ring
structure. As a result, the Ag—Ag distances are slightly increased compared to those of
the corresponding silver salts discussed above. In addition, the Au-Ag—-Ag-Au chain
is bent, with two 117° angles at each silver centre. The bite angle (ZO-Ag—Au) of the
chelating ligands is, thus, approximately 65°. Similar structures have been reported
for the tetranuclear Aup,Ag, complexes [(CF3CF,CO,),AgAuf(4-Mey;NCgHy)PPh,}], and
[{CF3(CF2)6CO2}2AgAu(PPhs)], [4,34]. The gold—chalcogen chelation of silver atoms has
also been observed in the tetranuclear complex [(CF3CO,), AgAu(CgF5)(PhSCH,PPhy)]s,
in which the sulfur and gold atoms of a PhSCH;PPhy AuC¢Fs5 unit coordinate with the
silver [35]. Analogous reactions with the dinuclear phosphine-gold(I) carboxylates and the
silver carboxylates also afforded colourless solids, with similar spectroscopic properties to
the products discussed above. In the case of the Xantphos derivative (14a), X-ray-quality
crystals were obtained (Figure 8).

X Y

%{*;(3{3\3 = 3‘/(}-(\\"’”
/’/)\ §

Figure 8. Molecular structure of [{CF3(CF,),CO,), AgAu(Xantphos)], (14a) (top). Hydrogen atoms
have been omitted for clarity. The Xantphos ligands as well as the CF3(CF;); chains are drawn
in wireframe style. The bottom image shows the polymer chain with hydrogen atoms and the
perfluorinated groups omitted.

The basic molecular structure is identical to that discussed above (Au,O-chelating a
silver centre in an eight-membered ring dimer), except that this structure is polymeric
due to the presence of the diphosphine ligand, which bridges two gold atoms (Figure 8
bottom). The Ag—Ag distance [2.9715(9) A] shown here is very similar to that observed
in the Ph3P complex discussed above, whilst the Ag-Au distance [3.3159 A] is consid-
erably longer. The Au—Au separation in the Ag,Au-polymer is also slightly larger than
in the gold(I)—carboxylato complex 7a. The structurally related coordination polymer
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[(CF3CO,),AgAu(binap)]y [binap = 2,2"-bis(diphenylphosphino)-1,1’-binaphthyl] was ad-
ventitiously isolated when solutions of [Auy(O2CCF3)y(binap)] were left to stand in the
presence of excess [AgO,CCF3] [36]. In this compound, there are two unequal Ag-Au bond
lengths of ca. 3.3 and 3.0 A, the latter of which is similar to that observed in the structure
of 14a.

3.4. Copper Complexes with Perfluorinated Carboxylato Ligands

Copper(Il) carboxylates generally exist as dinuclear paddlewheel complexes of the
type [Cup(O,CR)4(L)2], featuring O,O-bridging carboxylato ligands and short Cu—Cu
distances [37]. In the case of the perfluorocarboxylates, there are a few structurally authen-
ticated examples also showing this arrangement. These include the coordination polymers
[Cup(O,CCeFs)s(dioxane)]n [38] and [Cup(O2CCF3)4]n [39], as well as the dinuclear species
[Cuy(O,CCF3)4(L),] (L = ' PrOC,H,OH [40], quinoline [41], MeCN [42], Et,O [43], Bz, O [44],
and 'Bu,S [45]), [Cuz {O,C(CF,),CF3)4(THF),] [40], [Cup{O2C(CF,);CF3}4(acetone),] [46]
and [Cuy(02CCsFs5)4(HO>CCyFs)2] [47].

When reproducing the procedure by Krupoder to prepare [Cuy(O,CCF3)4(dioxane)] [15],
we isolated two different products depending on the copper-precursor used: from the
reaction of basic copper carbonate with trifluoroacetic acid in 1,4-dioxane, we isolated pale
blue crystals upon the slow evaporation of the solution. These crystals turned out to be
the unique trinuclear Cu® complex [Cuz(O,CCF3)6(H20)4(dioxane),]-(dioxane) shown in
Figure 9.

Figure 9. Molecular structure of [Cu3(O,CCF3)s(H,0)4(dioxane), ]-(dioxane) (15). Ellipsoids show
30% probability levels. Hydrogen atoms, as well as the dioxane of solvation, have been omitted for
clarity. Only one part of the disordered coordinated dioxane molecules is shown. The image on the
right depicts the intramolecular hydrogen bonds.

The compound consists of two different copper(Il) sites, one octahedral featuring two
water molecules trans to each other and four equatorial oxygen atoms from the bridging
trifluoroacetate groups. The other two copper sites are square pyramidal, with a dioxane-
oxygen atom at the tip of the pyramid and four oxygen atoms from water, two bridging
and one O-bound trifluoroacetate at the base. In addition, there are intramolecular H-bonds
between the coordinated water molecules at the octahedral Cu-site and the carbonyl-
oxygen atom of the trifluoroacetate ligands at the square pyramidal copper (Figure 9
right). When trifluoroacetic acid was reacted with copper(Il) acetate monohydrate in 1,4-
dioxane, however, a turquoise, water-free material (based on IR spectroscopy) was obtained
after evaporation in vacuum. Recrystallization from toluene afforded fine plates, which
were identified as the Cu coordination polymer [Cu,(O,CCF3)y(dioxane)], (16) by X-ray
diffraction (Figure 10).
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Figure 10. Molecular structure of the coordination polymer [Cu;(O,CCF3)s(dioxane)], (16) (top).
Ellipsoids show 50% probability levels. Hydrogen atoms have been omitted for clarity and only one
part of the disordered CF; groups is shown. The CF; groups are drawn as capped sticks. Atoms
generated by symmetry are labelled with an asterisk. The image on the bottom shows the zig-zag
shape of the polymer chain.

The structure Is a typical paddlewheel structure with a Cu—Cu distance of 2.6381(5)
A and bridging 1,4-dioxane molecule. This structural motif is also found in the solid-
state structures of several other copper(Il) coordination polymers derived from ‘BuCOOH,
'BuCH,COOH [48], EtCOOH [49], 2-IC¢H4COOH [50], PhACOOH [51] and CcF5COOH [38].
In complex 16, the orientation of the chair-configured dioxane molecules leads to a zig-zag-
shaped coordination polymer (Figure 10 bottom). In all the other published structures, the
dioxane is oriented such that step-shaped polymers are formed.

It is known that copper(II) perfluorocarboxylates react with an excess of Ph3P (2.5 or
3.5 equivalents per Cu), forming the colourless, diamagnetic Cul phosphine complexes
[Cu(O2CRp)(PPh3),] and [Cu(O,CRg)(PPhs)s], respectively [52]. In most cases, recrystalli-
sation of the tris-complex results in the bis-species, suggesting an equilibrium in solution.
The phosphine acts as both the reducing agent and ligand. It was proposed that in both
the bis- and tris-complexes, the copper is four-coordinate, with either monodentate or
bidentate carboxylate ligands. Experimental data also suggested that when the pKa of the
parent acid is less than 3.5, only tris(triphenylphosphine) complexes can be formed. This,
however, was proven to be incorrect by Edwards and White, who successfully isolated
bis(triphenylphosphine) complexes containing perfluoropropionato, perfluorobutyrato
and pentafluorobenzoato ligands [13]. The tetrahedral coordination geometry, as well
as the presence of a bidentate carboxylato ligand, was confirmed by an X-ray structure
determination of the bis(triphenylphosphine) complex with trifluoroacetate, which was
prepared by an electrochemical synthesis from copper metal, PhsP and trifluoroacetic
acid in MeCN [53]. Given that the corresponding tris(triphenylphosphine) complexes are
unknown, we attempted their preparation and characterization with modern spectroscopic
methods. The reaction of the copper(ll) carboxylates with 3.5 equivalents (per Cu) of
Ph3P in MeOH afforded colourless crystals upon cooling to a reaction mixture to —20 °C
(Scheme 4).
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Scheme 4. Synthesis of copper(I) complexes with perfluorinated carboxylates.

The perfluorinated complexes are quite soluble in MeOH even at —20 °C, which
explains the low yields obtained in some cases. If the reaction mixtures are evaporated
to dryness, however, the products are contaminated with Ph3PO, which can only be re-
moved with great difficulty and loss of material. In the 3!P-NMR spectra of the compounds,
sharp singlets in the range from —1.3 to —2.4 ppm are observed, which are typical for
(triphenylphosphine)copper(I) complexes. The IR spectra display intense bands for the
asymmetric CO stretching frequency between 1648 and 1685 cm ™. These values are dif-
ferent to those observed in their corresponding bis(triphenylphosphine) counterparts [13].
The molecular structures of the trifluoroacetate- (17), perfluorobutyrate- (19) and pentafluo-
robenzoate (20) derivatives were confirmed by X-ray diffraction experiments (Figure 11).

Figure 11. Molecular structures of [Cu(O,CCF3)(PPh3)s] 17-(left), [Cu{O,C(CF,),CF3}(PPh3)s]-
19 (centre) and [Cu(O,CC¢xF5)(PPhg)3]-20 (right). Ellipsoids show 50% probability levels. Hydrogen
atoms have been omitted for clarity. Only one of the two independent molecules is shown and only
the ipso-carbon atoms of the Ph3P ligands are depicted.

In these three compounds, the copper atom has four coordinates, with three phos-
phorus atoms from the PhsP ligands as well as an oxygen atom from the monodentate
carboxylates in a trigonal pyramidal arrangement. The monodentate coordination of the
carboxylate is confirmed by one short [2.1121(16), 2.1047(12) and 2.1015(14) Al and one long
(>3 A) Cu-O distance. There are only three structurally characterized tris(triphenylphosphine)
copper(l) carboxylates containing phthalic acid [54], benzene-1,2-dioxyacetic acid [55] and
ethylphenylmalonic acid [56]. In these compounds, the Cu-coordination mode, as well as the
bond distances, are very similar to those discussed above.

For comparison, the bis(triphenylphosphine) complex with perfluoropropionate was
prepared by the same method (Scheme 4), except that less (2.5 equivalents per Cu) PhsP
was used. In this case, a colourless solid was also isolated, with a slightly different chemical
shift in its 3'P-NMR spectrum and a different CO stretching frequency when compared
to the tris-complex. The observed IR spectrum agrees well with the data reported in the
literature [13]. The molecular structure of 21 was studied by an X-ray diffraction experiment
(Figure 12).
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Figure 12. Molecular structure of [Cu{O,CCF,CF3}(PPhs),]-(21). Ellipsoids show 50% probability
levels. Hydrogen atoms have been omitted for clarity. Only the ipso-carbon atoms of the Ph3P ligands
are shown.

The complex consists of a three-coordinate copper atom featuring two P-bound Ph;P
ligands as well as a monodentate, O-bound perfluoropropionato ligand in a nearly trigonal
planar geometry. In the literature, such bis(triphenylphosphine) complexes were originally
proposed to be four-coordinate copper(I) complexes with chelating carboxylato ligands [52].
The longer of the two Cu-O distances in the complex [ca. 2.7 A] is shorter than that in the tris-
species discussed above, but longer than that in [Cu(O,CCF3)(PPhg3),]-(2.5 A) [53] and the
non-fluorous complexes [Cu(O,CCH,COOH)(PPhs),]-(2.5 A) [57] and [Cu{O,CCcHj5(3,5-
NO,),}(PPh3),]-(2.6 A) [58]. The results thus clearly indicate that although the coordination
number at copper differs in the bis- and tris-complexes, monodentate coordination of the
carboxylato ligands is observed in both cases.

Thermal analysis of the bis(triphenylphosphine) perfluoropropionato copper(I) com-
plex (Figure 13) shows a gradual decomposition commencing at 244 °C. The remaining
mass of 19.1% is consistent with formation of CuyO and not elemental copper. A similar
decomposition to CuyO (admixed with Cu and CuyP,0y) was observed in the related
triphenylphosphite complexes of perfluorinated carboxylic acids [59].

100 - onset 244 °C
2 -
%1 J
S 50 —
; -
h 19.1 % mass remaining
S
0 500 1000

Temperature °C

Figure 13. TGA curve of [Cu{O,CCF,CF3}(PPh3),] (21).

4. Conclusions

Silver(I) salts of perfluorinated carboxylic (and sulfonic acids) can be readily prepared
from the acids and AgyO in toluene, avoiding the presence of water. A structural analysis
of several compounds revealed that these silver(l) salts exist as coordination polymers
assembled from dinuclear [Agy(O,CRp),] (Rp = perfluorinated group) building blocks.
In some cases, toluene is either n2- or n3>-bound to the silver. The silver(I) salts can be
used to transmetallate the perfluorocarboxylate-group to a gold(I)-phosphine species.
Several examples with both mono- and bis-phosphines were examined, and their solid-
state structures were determined. The structures of the bis-phosphine complexes feature
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aurophilic interactions. The combination of silver(I) salts and gold(I) phosphine carboxylate
leads to the formation of mixed-metal species containing both Ag and Au. Depending on
the nature of the phosphines, either polymeric structures or discrete tetranuclear Agy, Aup
complexes are observed in the solid state. The reduction in dinuclear paddlewheel-type
copper(Il) perfluorocarboxylates with Ph3P leads to the corresponding copper(I) complexes
with either two or three phosphine ligands. In the molecular structures of these compounds,
the coordination mode of the carboxylate ligands is monodentate, resulting in coordination
numbers of three or four at the metal center.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ chemistry5020058/s1, Copies of ' H-, 31P- and 1?F-NMR spectra of
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