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Introduction

The silver-catalyzed partial oxidation of ethylene to ethylene
oxide is one of the most important and thoroughly investigated
industrial processes.1-12 Silver-ethylene and silver-ethylene
oxide species are two possible intermediates formed on the silver
catalyst surface during the reaction. Remarkably, despite the
interest, very little is known about structures and properties of
silver coordination complexes containing either ethylene or
ethylene oxide ligands.13-16 Recently, we reported on the
synthesis of one of these complexes, the silver-ethylene adduct
[HB(3,5-(CF3)2Pz)3]Ag(η2-C2H4),17 using a highly fluorinated
tris(pyrazolyl)borate ligand (where HB(3,5-(CF3)2Pz)3 ) hydrotris-
(3,5-bis(trifluoromethyl)pyrazolyl)borate).18-20 Unlike the typi-
cal silver(I)-ethylene complexes, [HB(3,5-(CF3)2Pz)3]Ag(η2-
C2H4) does not lose ethylene under reduced pressure.14-16

Therefore, its properties can be investigated conveniently using
a variety of techniques, including X-ray crystallography. In this
paper, we describe the successful utility of the [HB(3,5-(CF3)2-
Pz)3]- ligand in the isolation of the ethylene oxide adduct [HB-
(3,5-(CF3)2Pz)3]Ag(OC2H4). A related sulfur derivative con-

taining the propylene sulfide ligand has also been synthesized,
and spectroscopic and structural data of this silver adduct, [HB-
(3,5-(CF3)2Pz)3]Ag(SC3H6), are also presented for comparison.

Experimental Section

General Procedures.All manipulations were carried out under an
atmosphere of purified nitrogen. Solvents were purchased from com-
mercial sources and distilled from conventional drying agents prior to
use. Glassware was oven-dried at 150°C overnight. The NMR spectra
were recorded at 25°C on a Bruker MSL-300 spectrometer (1H, 300.15
MHz; 13C, 75.47 MHz;19F, 282.36 MHz). Proton and carbon chemical
shifts are reported in parts per million versus Me4Si. 19F NMR chemical
shifts were referenced relative to an external CFCl3 spectrum. Infrared
spectra were recorded on a BioRad 40S spectrometer. Melting points
were obtained on a Mel-Temp II apparatus and were not corrected.
Elemental analyses were performed at the University of Texas at
Arlington using a Perkin-Elmer model 2400 CHN analyzer. The
synthesis of [HB(3,5-(CF3)2Pz)3]Ag(η2-toluene)17 was carried out as
reported previously. Ethylene oxide and propylene sulfide were
purchased from commercial sources.

Synthesis of [HB(3,5-(CF3)2Pz)3]Ag(OC2H4). A sample of [HB-
(3,5-(CF3)2Pz)3]Ag(η2-toluene) (300 mg, 0.37 mmol) was dissolved in
about 10 mL of hexane. Ethylene oxide (OC2H4) was bubbled into this
solution for about 5 min at room temperature. The reaction mixture
was cooled to-20 °C to obtain colorless crystals of [HB(3,5-(CF3)2-
Pz)3]Ag(OC2H4) in quantitative yield. Mp: 68-70 °C. 1H NMR
(CDCl3): δ 2.74 (s, 4H, CH2), 6.92 (s, 3H).19F NMR (CDCl3): δ
-59.1 (d, 5J(F,H) ) 3.6 Hz), -62.0 (4J(F,Ag) ) 1.6 Hz). 13C{1H}
NMR (CDCl3): δ 41.2 (CH2), 106.2 (CH), 119.1 (q,1J(C,F) ) 271
Hz, CF3), 120.3 (q,1J(C,F) ) 269 Hz, CF3), 140.7 (q,2J(C,F) ) 43.4
Hz, CCF3), 143.3 (q, 2J(C,F) ) 38.1 Hz, CCF3). Anal. Calcd for
C17H8F18N6BOAg: C, 26.42; H, 1.04; N, 10.87. Found: C, 26.68; H,
0.81; N, 11.25.

Synthesis of [HB(3,5-(CF3)2Pz)3]Ag(SC3H6). A sample of [HB-
(3,5-(CF3)2Pz)3]Ag(η2-toluene) (300 mg, 0.37 mmol) was dissolved in
about 10 mL of hexane. Propylene sulfide (SC3H6) (30 mg, 0.37 mmol)
was added to this solution at room temperature and stirred overnight.
This mixture was concentrated and cooled to-20°C to obtain colorless
crystals of [HB(3,5-(CF3)2Pz)3]Ag(SC3H6) in >90% yield. Mp: dec
around 90°C. 1H NMR (CDCl3): δ 1.72 (d, 3H,J ) 6.1 Hz, CH3),
2.69 (dd, 1H,J ) 2.1, 7.1 Hz, CH2), 3.14 (dd, 1H,J ) 2.1, 6.9 Hz,
CH2), 3.57 (m, 1H, CH), 6.89 (s, 3H).19F NMR (CDCl3): δ -59.0 (d,
5J(F,H) ) 3.6 Hz),-61.9 (s).13C{1H} NMR (CDCl3): δ 21.5 (CH3),
32.2, 37.5, 106.1 (CH), 119.2 (q,1J(C,F) ) 271 Hz, CF3), 120.4 (q,
1J(C,F) ) 269 Hz, CF3), 140.1 (q,2J(C,F) ) 39.8 Hz, CCF3), 143.2
(q, 2J(C,F) ) 38.1 Hz, CCF3). Anal. Calcd for C18H10F18N6BSAg: C,
26.92; H, 1.26; N, 10.47. Found: C, 27.25; H, 0.95; N, 10.24.

Crystallographic Data Collection and Structure Determinations.
Cell parameters of [HB(3,5-(CF3)2Pz)3]Ag(OC2H4) were determined
using 38 reflections. The structure was solved by direct methods,
followed by successive cycles of full-matrix least-squares refinement
and difference Fourier analysis using the Bruker SHELXTL 5.1 software
package.21 The C-C unit of the ethylene oxide moiety was disordered
over two sites and was refined with occupancies of 0.54 and 0.46. A
minor rotational disorder was observed for fluorines on C26 and C37
and was modeled successfully. All non-hydrogen atoms were refined
anisotropically. The hydrogen atom on B was located from the
difference map. The remaining hydrogens were included in the
calculated positions.

Cell parameters of [HB(3,5-(CF3)2Pz)3]Ag(SC3H6) were determined
using 34 reflections. The structure was solved by direct methods. All
non-hydrogen atoms were refined anisotropically. The hydrogen atom
on B was located from the difference map. The remaining hydrogens
were included in the calculated positions.
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Cell dimensions and structure refinement data of [HB(3,5-(CF3)2-
Pz)3]Ag(OC2H4) and [HB(3,5-(CF3)2Pz)3]Ag(SC3H6) are listed in Table
1. Selected bond lengths and angles are given in Tables 2 and 3.

Results and Discussion

The treatment of [HB(3,5-(CF3)2Pz)3]Ag(η2-toluene) with
ethylene oxide (ca. 1 atm) in hexane at room temperature,
followed by cooling, afforded [HB(3,5-(CF3)2Pz)3]Ag(OC2H4)
as a colorless crystalline solid in excellent yield (Scheme 1).

Notably, [HB(3,5-(CF3)2Pz)3]Ag(OC2H4) does not lose ethylene
oxide under reduced pressure. It was characterized by NMR
(1H, 19F, and13C) spectroscopy, elemental analysis, and X-ray
diffraction.

The 1H NMR spectrum taken in CDCl3 shows a resonance
at 2.74 ppm due to the CH2 protons of the coordinated ethylene
oxide. The free ethylene oxide displays the corresponding peak
at a relatively higher field (2.54 ppm).22 The13C NMR spectrum
displays a resonance atδ 41.2, corresponding to carbons of the
CH2 unit (cf. free ligand at 40.6 ppm).23,24 The ethylene oxide
adsorbed on the Ag/SiO2 surface shows a peak at the same
chemical shift value.10 The 19F NMR spectrum of [HB(3,5-
(CF3)2Pz)3]Ag(OC2H4) shows two signals (δ -59.1, -62.0),
as expected for the-CF3 groups on the 3- and 5-positions of
the pyrazolyl groups. Both signals appear as doublets. The
doublet atδ -59.1, which corresponds to trifluoromethyl groups
on the pyrazole ring 5-positions, is believed to be due to long-
range coupling to the hydrogen atom on boron.19,25 Similar
splitting has been observed for most of the metal complexes
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Table 1. Crystal Data and Summary of Data Collection and
Refinement

[HB(3,5-(CF3)2Pz)3]-
Ag(OC2H4)

[HB(3,5-(CF3)2Pz)3]-
Ag(SC3H6)

empirical formula C17H8AgBF18N6O C18H10AgBF18N6S
formula weight 772.97 803.06
space group P1h P1h
T, K 293(2) 183(2)
λ, Å 0.71073 0.71073
a, Å 8.2200(10) 8.1647(12)
b, Å 11.913(2) 12.709(2)
c, Å 15.2675(13) 14.849(2)
R, deg 67.214(9) 66.305(13)
â, deg 76.346(9) 76.535(10)
γ, deg 71.053(11) 75.040(11)
V, Å3 1293.3(3) 1348.4(3)
Z 2 2
F (calcd), g/cm3 1.985 1.978
µ, mm-1 0.935 0.972
R1 (all data)a 0.0356 0.0562
wR2 (all data)b 0.0721 0.1289

a R1) ∑||Fo| - |Fc||/∑|Fo|. b wR2) [∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]]1/2.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
[HB(3,5-(CF3)2Pz)3]Ag(OC2H4)

Ag-O 2.249(2) C(1)-C(2) 1.429(17)
Ag-N(32) 2.345(2) C(1A)-C(2A) 1.420(18)
Ag-N(12) 2.363(2) N(11)-N(12) 1.360(3)
Ag-N(22) 2.382(2) N(11)-B 1.560(4)
O-C(1A) 1.327(10) N(21)-N(22) 1.357(3)
O-C(1) 1.338(9) N(21)-B 1.564(4)
O-C(2) 1.407(11) N(31)-N(32) 1.354(3)
O-C(2A) 1.414(12) N(31)-B 1.566(3)

O-Ag-N(32) 127.93(10) C(2)-O-Ag 129.2(9)
O-Ag-N(12) 136.19(10) C(2A)-O-Ag 130.2(10)
N(32)-Ag-N(12) 81.65(8) O-C(1)-C(2) 61.0(7)
O-Ag-N(22) 130.30(11) O-C(2)-C(1) 56.3(6)
N(32)-Ag-N(22) 80.18(8) O-C(1A)-C(2A) 61.8(7)
N(12)-Ag-N(22) 80.43(8) O-C(2A)-C(1A) 55.9(6)
C(1)-O-C(2) 62.7(8) N(11)-B-N(21) 109.7(2)
C(1A)-O-C(2A) 62.3(8) N(11)-B-N(31) 110.2(2)
C(1A)-O-Ag 142.3(8) N(21)-B-N(31) 110.0(2)
C(1)-O-Ag 142.9(6)

Table 3. Selected Bond Lengths (Å) and Angles (deg) for
[HB(3,5-(CF3)2Pz)3]Ag(SC3H6)

Ag-N(12) 2.344(4) C(2)-C(3) 1.430(12)
Ag-N(32) 2.363(4) N(11)-N(12) 1.341(6)
Ag-S 2.3925(16) N(11)-B 1.559(8)
Ag-N(22) 2.402(4) N(21)-N(22) 1.362(6)
S-C(1) 1.796(8) N(21)-B 1.568(8)
S-C(2) 1.819(8) N(31)-N(32) 1.359(6)
C(1)-C(2) 1.512(13) N(31)-B 1.560(8)

N(12)-Ag-N(32) 79.83(15) C(2)-S-Ag 109.6(3)
N(12)-Ag-S 128.02(12) C(2)-C(1)-S 66.1(4)
N(32)-Ag-S 140.13(11) C(3)-C(2)-C(1) 118.2(8)
N(12)-Ag-N(22) 79.32(15) C(3)-C(2)-S 121.3(7)
N(32)-Ag-N(22) 79.94(15) C(1)-C(2)-S 64.5(4)
S-Ag-N(22) 127.92(11) N(11)-B-N(31) 110.4(4)
C(1)-S-C(2) 49.5(4) N(11)-B-N(21) 110.3(4)
C(1)-S-Ag 113.3(3) N(31)-B-N(21) 109.4(4)

Scheme 1
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derived from the [HB(3,5-(CF3)2Pz)3]- ligand. The doublet
structure atδ -62.0, which corresponds to trifluoromethyl
groups on the pyrazole ring 3-positions, is probably due to spin-
spin coupling to the silver atom.17

The X-ray crystal structure of [HB(3,5-(CF3)2Pz)3]Ag(OC2H4)
is illustrated in Figure 1. It features a pseudotetrahedral silver
ion with the oxygen atom of ethylene oxide occupying one of
the sites. The Ag-O bond distance of [HB(3,5-(CF3)2Pz)3]Ag-
(OC2H4) (2.249(2) Å) is very close to the corresponding value
of [HB(3,5-(CF3)2Pz)3]Ag(THF) (2.234(4) Å).17,26 The angle
defined by the Ag-O vector and the midpoint of the OC2 plane
is about 146°. The THF moiety of [HB(3,5-(CF3)2Pz)3]Ag(THF)
shows a relatively smaller tilt (the angle defined by the Ag-O
vector and the centroid of the THF moiety is about 164°),
perhaps due to steric reasons. For comparison, the corresponding
angle of the cadmium(II) epoxide derivative [HB(3-(Ph)Pz)3]-
Cd(CH3CO2)L (where L ) cyclohexene oxide or propylene
oxide) is about 140°.27 Unfortunately carbon atoms of the
ethylene oxide moiety in [HB(3,5-(CF3)2Pz)3]Ag(OC2H4) are
disordered over two sites. Therefore, C-C and C-O bond
distances of the ethylene oxide unit are not very reliable for a
detailed discussion.

The silver adduct [HB(3,5-(CF3)2Pz)3]Ag(OC2H4) represents
the first thermally stable, well-characterized molecule containing
silver-ethylene oxide bonding. The isolation of molecules such
as [HB(3,5-(CF3)2Pz)3]Ag(OC2H4) is challenging due to (i) the
low affinity of the soft silver(I) toward neutral oxygen-based
donors28 and (ii) the weak donor properties of the ethylene oxide
ligand (because of the high s-character of orbitals containing
donor electrons).29 The stability of the ethylene oxide complex
[HB(3,5-(CF3)2Pz)3]Ag(OC2H4) may largely be a result of the
unique steric/electronic properties of the fluorinated tris-
(pyrazolyl)borate ligand.25 The [HB(3,5-(CF3)2Pz)3]- is a weak
donor.25,30,31Therefore, the coordination of silver(I) ion to the
[HB(3,5-(CF3)2Pz)3]- ligand may not significantly reduce the

electrophilic character at the silver site. This allows the
formation of a relatively strong Ag-OC2H4 σ-bond. The steric
protection afforded by the [HB(3,5-(CF3)2Pz)3]- ligand to the
Ag-OC2H4 moiety further enhances the stability of [HB(3,5-
(CF3)2Pz)3]Ag(OC2H4).

The related propylene sulfide derivative [HB(3,5-(CF3)2Pz)3]-
Ag(SC3H6) was obtained by the treatment of [HB(3,5-(CF3)2-
Pz)3]Ag(η2-toluene) with propylene sulfide in hexane. Although
[HB(3,5-(CF3)2Pz)3]Ag(SC3H6) is an air-stable solid, it should
preferably be stored at 0°C because crystals of this compound
slowly deteriorate at room temperature.1H NMR signals of the
metal-coordinated propylene sulfide [HB(3,5-(CF3)2Pz)3]Ag-
(SC3H6) (δ 1.72, 2.69, 3.14, 3.57) appear at relatively lower
field values compared to the corresponding resonances of the
free propylene sulfide (δ 1.51, 2.11, 2.50, 2.91).32 The13C NMR
chemical shift values of the thiirane ring carbons also show a
significant downfield shift. The19F NMR spectrum of [HB-
(3,5-(CF3)2Pz)3]Ag(SC3H6) in CDCl3 displays two signals (δ
-59.0, -61.9) in the normal region for [HB(3,5-(CF3)2Pz)3]-
Ag complexes.17

The X-ray crystal structure of [HB(3,5-(CF3)2Pz)3]Ag(SC3H6)
is shown in Figure 2. The silver atom adopts a distorted
pseudotetrahedral geometry. The Ag-S bond distance of [HB-
(3,5-(CF3)2Pz)3]Ag(SC3H6) (2.3925(16) Å) is somewhat shorter
than the typical Ag-S bond lengths for silver dialkyl thioether
adducts.33 The propylene sulfide moiety shows a significantly
larger tilt (compared to the ethylene oxide analogue) toward
the tris(pyrazolyl)borate ligand (Figure 3). The angle defined
by the Ag-S vector and the midpoint of the SC2 plane is about
114°. This is not unusual, as the sulfur atom prefers a more
pyramidal geometry.34

Propylene sulfide is used as a monomer in various metal-
catalyzed polymerization processes.29,35-40 It is also a good
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Figure 1. Molecular structure of [HB(3,5-(CF3)2Pz)3]Ag(OC2H4).
Figure 2. Molecular structure of [HB(3,5-(CF3)2Pz)3]Ag(SC3H6).
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sulfur atom donor to metal ions.41-48 However, structurally
characterized metal-propylene sulfide species (or any other
thiiranes) are rare.34,49-52 To our knowledge, the complex

presented herein represents the only structurally characterized
example containing silver-thiirane bonding.
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Figure 3. N3Ag-OC2 and N3Ag-SC2 moieties of [HB(3,5-(CF3)2-
Pz)3]Ag(OC2H4) and [HB(3,5-(CF3)2Pz)3]Ag(SC3H6) showing silver-
ligand bonding.
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