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Since the discovery of Zeise's salt K[PtCl3(C2H4)] in 1827[1]

the investigation of simple ethene–metal complexes is an area
of continuing interest in all fields of chemistry, fueled by the
interest in transformations of the coordinated C2H4 molecule.
Several ethene–metal coordination modes including m,h2:h2

are known,[2] and ethene–silver complexes with no or very
little back-bonding served to formulate the Dewar–Chatt–
Duncanson model for the binding of olefins to transition-
metal atoms.[3] However, there is still much controversy about
the nature of the bonding in [Ag(h2-C2H4)x]

+ ions (x= 1–3)
with proposals ranging from mainly electrostatic[4] to mainly
covalent[5] and mixtures thereof.[6,7] Several weak addition
compounds [Ag(C2H4)x]

+[Y]� (x= 1–3; e.g., Y=BF4) were
prepared by applying C2H4 pressure on solid Ag[Y] salts.
They were characterized by complexation constants, NMR,
and vibrational spectroscopy.[8] In addition, the experimental
silver complexation enthalpies for the binding of one
(�142 kJmol�1) and two (�136 kJmol�1) equivalents of
C2H4 in the gas phase were determined by FT-ICR mass
spectrometry;[9] Ag+ complexes with three ethene molecules
are unknown in the gas phase and were only once reported in
a recent computational study.[7] However, although silver–
ethene complexes are textbook compounds, no solid-state
structure of a [Ag(C2H4)x]

+ moiety (x> 0) has been deter-
mined. This is possibly due to the instability of the compounds
already prepared. The complexation of one
gaseous C2H4 molecule to a silver salt at
298 K diminishes the Gibbs energy of the
Ag�C2H4 bond compared to its bond-dis-
sociation enthalpy by 65 kJmol�1, owing to
the loss of entropy. In contrast, a huge
quantity of silver complexes with less vola-
tile and/or chelating (di-)olefins is known,
some of which contain a silver atom coor-
dinated by three or four C=C double bonds
(see for example 2Ag[ClO4]·3C6H10

[10] or
Ag[SO3CF3]·C24H32

[11]). These olefins are
solids or liquids and, therefore, the entropic
contribution to dissociation (and thus
decomposition) is much smaller than that for the lightest
parent C2H4 olefin.

Recently we prepared the silver salt of the very weakly
coordinating [Al{OC(CF3)3}4]

� ([A]�) ion [12,13] and reported
its use in stabilizing silver complexes of very weak Lewis bases
such as S8,

[14] P4,
[15] and P4S3,

[16] as well as reactive cations such
as CI3

+,[17] P3I6
+, and P5X2

+ (X=Br, I).[18] Large weakly
coordinating anions (WCAs[19]) such as [A]� stabilize weakly
bound Lewis acid–base adducts through their ability to
produce “pseudo-gas-phase conditions”[14] in condensed
phases, which were used herein to prepare and characterize
a stable [A]� salt of the [Ag(h2-C2H4)3]

+ ion, a weakly bound
isoelectronic cation analogue of the neutral tris(ethene)-
nickel,[20] -palladium, and -platinum molecules.[21]

When three equivalents of C2H4 were added to Ag[A] in
CH2Cl2, cooling of the concentrated clear colorless solution to
+ 7 8C resulted in the precipitation of an almost quantitative
amount of large colorless blocks of a compound that was
identified by NMR, IR, and X-ray studies as [Ag(h2-
C2H4)3]

+[A]� [Eq. (1)].[22]

Ag½A� þ 3C2H4
CH2Cl2

þ7 oC
����!Agðh2-C2H4Þþ3 ½A��

½A�� ¼ ½AlðOCðCF3Þ3Þ4��
ð1Þ

It is noteworthy that the affinity of the dissolved Ag[A]
silver ion towards the C2H4 molecule is so high that a
stoichiometric amount of ethene is sufficient to prepare the
[Ag(h2-C2H4)3]

+[A]� . The latter salt is stable in a closed
nitrogen-filled container at room temperature and may be
handled quickly in the atmosphere of a glove box. Compared
to free C2H4, the 1H and 13C NMR spectra of a CD2Cl2
solution of [Ag(h2-C2H4)3]

+[A]� showed a downfield shift of
D(d1H)=++ 0.49 ppm and an upfield shift of D(d13C)=
�6.9 ppm, which is in good agreement with the DFT-
calculated[23–28] NMR shifts of [Ag(h2-C2H4)3]

+ and free
C2H4 (D(d1H)=++ 0.3 ppm; D(d13C)=�7.3 ppm; Table 1).

This agreement suggests that the planar spoke-wheel struc-
ture of solid [Ag(h2-C2H4)3]

+[A]� may be retained in solution
(see below).

In the solid state[29] [Ag(h2-C2H4)3]
+[A]� forms an ionic

lattice with the almost planar [Ag(h2-C2H4)3]
+ ions in a spoke-

wheel arrangement (Figure 1). Short C=C bond lengths of
1.30(1) to 1.309(9) L (av 1.304 L) were found in the [Ag(h2-
C2H4)3]

+ ion. An additional correction for libration elongates
the C=C bonds by 0.003 to 0.005 L[30] (av 1.307 L). These
C=C bond lengths compare well to those in solid ethane
(1.313 L, corrected for libration).[31] In conclusion it may be

Table 1: Comparison of experimental and DFT-calculated properties of [Ag(h2-C2H4)3]
+ and free C2H4.

[Ag(h2-C2H4)3]
+ C2H4

Property expt calcd expt calcd

d1H [ppm] 5.77 5.3[a] 5.28 5.0[a]

d13C [ppm] 116.4 114.4[a] 123.3 121.7[a]

d(C=C) [)] 1.307[b] 1.364[c] 1.313[b] 1.333[c]

d(Ag�C) [)] 2.396 2.388[c] – –
n(C=C) [cm�1] 1581 (vw; e’) 1610 (vw; a1’) 1623 1656[a]

1575 (3 kmmol�1, e’)[a] 1577 (0 kmmol�1, a1’)
[a]

[a] BP86/SV(P). [b] In the solid state, corrected for libration. [c] BP86/TZVPP. vw=very weak.
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stated that the C=C bond in C2H4 is unaffected upon
coordination in the [Ag(h2-C2H4)3]

+. This stands in sharp
contrast to the solid-state structure of the isoelectronic [Pt(h2-
C2H4)3] molecule, in which the average C=C bond length is
elongated to 1.402(7) L.[21d] The Ag�C separations range
from 2.385(5) to 2.410(5) L (av 2.396 L) and are 	 0.22 L
longer than those in [Pt(h2-C2H4)3].

[21d] However d(Ag�C) is
in good agreement with other Ag�C bonds in silver com-

plexes, for example, in [Ag(toluene)2{Al(OR)4}] (2.363(5)–
2.647(6) L; R=C(H)(CF3)2).

[12a] The overall structure of the
[Ag(h2-C2H4)3]

+ ion approaches D3h symmetry, but the three
individual AgC2 planes deviate from the mean plane defined
by the silver atom and all carbon atoms by 11.7 to 17.58. This
distortion is attributed to packing effects, which are under-
lined by 10 weak H···F contacts between the cation and the
anion that range from 2.56 to 2.93 L (av 2.79 L; sum of
van der Waals radii: 2.90 L). In contrast, no contacts between
fluorine and carbon atoms were observed, while the silver
atom forms two weak contacts to fluorine atoms at 3.07 and
3.19 L (sum of van der Waals radii: 3.20 L). By employing
the bond valence method of Brown,[32] the nature of the two
Ag···F contacts correspond to a partial charge of + 0.14 v.u.
residing on the silver atom. The remainder (+ 0.86 v.u.) is
distributed over the hydrogen atoms only, since no close
contacts between carbon and fluorine atoms were observed.
The latter assignment of positive partial charges to hydrogen
but no (or even negative) charge to the carbon atoms is in
agreement with the trends concluded from 1H and 13C NMR
spectroscopy of [Ag(h2-C2H4)3]

+[A]� (Table 1).
The infrared spectra of [Ag(h2-C2H4)3]

+[A]� contain the
bands of the isolated nondistorted [A]� ion as well as some
less intense bands assigned to the almost D3h-symmetric
[Ag(h2-C2H4)3]

+ ion. The C=C stretches are expected to be
intense in the Raman spectrum, however, all attempts to
obtain such a spectrum of [Ag(h2-C2H4)3]

+[A]� failed and led
to immediate decomposition of several independently pre-
pared samples. Nevertheless, two very weak C=C stretches at
1581 and 1610 cm�1 assigned to the e’- and a1’-modes were
observed in the IR spectrum and fit with the DFT-calcu-
lated[23,33] frequencies (Table 1). The weighted average[34] of
those two bands is 1591 cm�1 and Dn with respect to free
ethene (1623 cm�1) is �32 cm�1. This is in line with earlier
reports on [Ag(C2H4)2]

+ (Dn=�37)[8] and [Ag(C2H4)]
+ (Dn=

�44).[8] As expected, Dn decreases with an increasing number
of coordinated C2H4 molecules, which is indicative of weaker
interactions.[35] It should be noted that although the observed
average C=C frequency fits very well with the trend of other
[Ag(C2H4)x]

+ cations (x= 1, 2), the DFT-calculated frequen-
cies as well as the calculated C=C bond distance indicate a
greater weakening of the C=C bond in [Ag(h2-C2H4)3]

+ than
expected from the experimental data (compare Dn and
d(C=C) in Table 2).

To understand the formation of a planar, almost D3h-
symmetric [Ag(h2-C2H4)3]

+ ion and relate its structure and
bonding to the (known) isoelectronic [Pd(h2-C2H4)3] mole-
cule, as well as the hypothetic [Na(h2-C2H4)3]

+ ion, additional
DFT[23] and ab initio[23,36] calculations were performed on
spoke-wheel D3h molecules, as well as trigonal-prismatic
barrel-like [M(h2-C2H4)3] (M=Ag+, Pd, and Na+) with all
C2H4 molecules perpendicular to the mean central plane
(Table 2). From Table 2 it is evident that the planar form of
[M(h2-C2H4)3] is highly favored for M=Pd (by
186.5 kJmol�1), with M=Ag+ (44.4 kJmol�1) being inter-
mediate, while for M=Na+ both the planar and prismatic
arrangements are isoenergetic within 1.5 kJmol�1. The
sodium structure contains the longest M�C separations and
the structural/vibrational parameters of the coordinated C2H4

Figure 1. a) Section of the solid-state structure of [Ag(h2-C2H4)3]
+[A]� .

Superposition of a space-filling (faint in gray scale) and a 25% proba-
bility ellipsoid model; b) two additional views of the cation. The posi-
tions of the hydrogen atoms were found in the difference Fourier map.
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molecule are least affected upon coordination to M. There-
fore the Na�C bonding in Na(h2-C2H4)3

+ is best described as
being of electrostatic nature. In contrast, Ag+ and Pd have an
accessible 4d10 shell. The large energetic differencesDE of the
planar versus the prismatic form, as well as the short M�C
separation, suggest that d-orbital bonding contributions are
most important for the Pd complex but are, to a lesser extent,
also important for the Ag complex.[37] A full analysis of the
nature of this bonding is in progress.[35]

The synthesis and full characterization of a stable [Ag(h2-
C2H4)3]

+[A]� salt gives the first structural information on the
[Ag(C2H4)x]

+ textbook ions (x> 0). It is rather remarkable
that a tris(ethene)silver cation can be stabilized in condensed
phases considering the fact that in the gas phase this was
hitherto impossible.[9] This is certainly due to the low binding
energy of the third C2H4 molecule of DG298=�55 kJmol�1 in
the gas phase (MP2/TZVPP).[23] According to an estimation
of the lattice potential enthalpies in a suitable Born–Fajans–
Haber cycle, solid [Ag(h2-C2H4)3]

+[A]� is stable against the
loss of one gaseous C2H4 molecule by only 17 kJmol�1.[38]

Therefore we consider the preparation of [Ag(h2-
C2H4)3]

+[A]� as a further proof for the validity of the concept
of pseudo-gas-phase conditions[14] in condensed phases.

Experimental Section
All manipulations were performed using grease-free Schlenk or dry-
box techniques and a dinitrogen or argon atmosphere. CH2Cl2 was
rigorously dried by multiple additions of 20-g quantities of P2O5,
followed by distillation and degassing prior to use. Solvents were
added by condensation techniques. Stoichiometric quantities of
ethene were added by condensation techniques from flasks with a
known volume and pressure of ethene. Ag[A] was prepared as
previously described.[12a]
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Property (Level or expt) Pd(C2H4)3 [Ag(C2H4)3]
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+ C2H4free

DE [kJmol�1] (MP2/TZVPP) 186.5 44.4 1.5 –
d(M�C) [)] (BP86/TZVPP) 2.216 2.388 2.852 –
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[22] Synthesis of [Ag(C2H4)3]
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� : Ag+[Al-
(OC(CF3)3)4]
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quantity of a gray precipitate was observed in the clear solution,
which was then filtered. The filtrate was very slowly cooled to
+ 7 8C and within about 12 h a large quantity of colorless blocks
of [Ag(C2H4)3]

+[Al(OC(CF3)3)4]
� had formed (0.892 g, 80%).

1H NMR (250 MHz, CD2Cl2, 300 K): d= 5.77 ppm (s);
13C[1H] NMR (63 MHz, CD2Cl2, 300 K): d= 116.4 (s, C2H4);
121.5 ppm (q, CF3,

1JCF= 292.5 Hz); 19F NMR (235 MHz,
CD2Cl2, 300 K): d=�75.38 (s); 27Al NMR (78 MHz, CD2Cl2,
300 K): d= 36.0 ppm (s). IR (CsI plates, Nujol): ñ= 206 (mw),
285 (mw), 315 (m), 330 (w), 368 (mw), 379 (mw), 444 (ms), 536
(ms), 560 (m), 571 (w), 727 (s), 756 (mw), 833 (ms), 966 (vs), 999
(m), 1065 (mw), 1224 (vs), 1243 (vs), 1274 (vs), 1299 (s),
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