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Contrary to common belief a single C–H…F–C contact in

[(g5-C5H5)Pd(C6F5)(PPh3)] is strong enough to pair two

independent molecules and render them crystallographically

different as suggested by its strongest 1H–19F dipole–dipole

coupling in a 2-D CP/MAS PILGRIM NMR experiment

together with solid state 1-D 19F{1H} and 2-D 19F RFDR

NMR spectroscopy – thereby proving the power of 2-D

solid-state NMR for assessing the strength of supramolecular

contacts.

Organometallic complexes of palladium containing cyclopentadie-

nyl (Cp) ligands coordinated to the metal in a g5-fashion are

rare.1,2 Consequently, the chemistry of g5-CpPd is not as

developed as that of earlier transition metals. We have found that

the complex [(g5-Cp)Pd(C6F5)(PPh3)] 1 can be easily prepared in

excellent yields by reacting the chloro-bridging organopalladium

dimer [{(Pd(C6F5)(PPh3)}2(m-Cl)2] with cyclopentadienylthallium:

The complex is air-stable, both in the solid state and in solution.

The new complex has been characterized by partial elemental

analyses and spectroscopic (IR and 1H, 19F, 13C and 31P NMR)

methods. The 19F NMR spectrum in solution of complex 1

reveals the presence of a freely rotating pentafluorophenyl ring

which gives three resonances (in the ratio 2 : 2 : 1) for the o-, m -,

and p -fluorine atoms.

Red crystals suitable for X-ray diffraction studies were obtained

by slow diffusion of hexane into a dichloromethane solution of 1.

Crystallographic data sets were collected at 100 and 293 K.{ The

structural features for both the low and room temperature

structure are the same and do not necessitate a distinction in the

following discussion. Fig. 1 shows the asymmetric unit in the

structure of 1 which contains two independent molecules, hereafter

termed Pd1 and Pd2.

In both Pd1 and Pd2 the Pd2C(Cp) trans to the s-penta-

fluorophenyl ligand is the shortest. A similar pattern has already

been observed in a number of other structures of nickel, palladium

and platinum cyclopentadienyl complexes.3 Such M–(Cp) (M 5 Ni,

Pd, Pt) bond length differences have been rationalized in terms

of the trans influence of the s-aryl ligand. Also the variation

in C–C bond lengths in the Cp rings of 1 is similar to other

cyclopentadienyl complexes of nickel, platinum and especially

palladium3 and could again be attributed to the different trans

influence of the s-C6F5 and PPh3 ligands. The Pd–C6F5

bond lengths are in the range found in the literature for

pentafluorophenyl–palladium complexes.4 The solid-state structure

of 1 exhibits two very similar independent molecules in the

asymmetric unit (Pd1 and Pd2). A comparison of the orthogonal

coordinates of both molecules, a comparison of the bonds of

the molecules, and a comparison of the bond angles of the

molecules reveals a high degree of conformational similarity and

shows no clearly discernable conformational difference which

would explain their crystallographic differentiation. As a visual

presentation of their similarity Fig. 2 shows an overlay of the two

independent molecules.
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Fig. 1 Asymmetric unit with the two independent molecules of 1,

showing the short C–H…F–C bond. Selected distances (Å) and angles (u)
(at 100 K): Pd–C(Cp) 2.273(2)–2.375 Å, Pd–Ct(Cp) 1.9929(12)/1.9900(13),

Pd–C(Ph) 2.026(2)/2.021(2), Pd–P 2.2306(6)/2.2406(6), C–C(Cp) 1.380(5)–

1.458(4), C(Ph)–Pd–P 93.23(7)/92.14(7), Ct(Cp)–Pd–P 134.99(4)/137.10(4),

Ct(Cp)–Pd–C(Ph) 131.64(8)/130.74(8) for Pd1/Pd2, respectively. A full and

comparative listing with the 293 K structure can be found in the ESI.{
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The existence of these two crystallographically different

molecules in the asymmetric unit is independent of temperature

between +20 uC (293 K) and 2173 uC (100 K), that is, the space

group does not change in this temperature regime. The explanation

must obviously be sought in the intermolecular interactions. There

is apparently a non-covalent, supramolecular interaction which is

sufficiently different between a pair of the independent molecules

from the remainder of the intermolecular contacts, such that two

similar conformers are rendered crystallographically different.

Obvious intermolecular interactions are p–p and C–H…p

contacts5–7 and C–H…F–C hydrogen bonds.8,9 Despite the

p-systems in 1 no strong intermolecular p–p or differentiating

C–H…p interactions can be found (analysis in ESI).{
Each C6F5-ring in Pd1 and Pd2 is surrounded by C–H moieties

from phenyl or cyclopentadienyl rings, that is, the intermolecular

packing bristles with C–H…F–C contacts (Fig. 3). There are

C–H…F–C hydrogen bonds between symmetry related molecules

of Pd1, between symmetry related molecules of Pd2 and between

Pd1–Pd2 of different symmetry relations. While this does not

seem encouraging for the required differentiation, there is one

C–H…F–C contact that stands out from all the others because of

its close H…F distance: It is the contact between C40–H40 (on

Pd2) and F1–C1(ortho) (on Pd1) with an H…F distance of only

2.39 or 2.42 Å with a C–H…F angle of 132 or 136u at 100 or

293 K, respectively (Fig. 1). The next nearest H…F contacts

start at 2.50 or 2.58 Å, respectively (between symmetry related

molecules of Pd2). H…F contacts around or below 2.40 Å in

C–H…F–C hydrogen bonds are still among the shortest contacts

found in such interactions.8 Therefore, we view this (Pd2)C40–

H40…F1–C(ortho)(Pd1) contact as special. There is only one such

short contact in the structure of compound 1 and it is also a

contact which exists only within a pair of Pd1–Pd2 molecular

units. Also, this contact varies least in distance upon temperature

variation when compared to the other intermolecular C–H…F–C

contacts (see column D(H…F)100–293 in Table 3 of ESI).{ In a

structural study on Pt(C6F5)2-naphthyridine derivatives Forniés

et al. concluded a prevalence of C–H…F–C hydrogen bonds over

p–p interactions in their supramolecular aggregation,10 while

Dunitz and Taylor stated that "organic fluorine (C–F) hardly ever

accepts hydrogen bonds,11 and Hulliger et al. conclude that "the

role of fluorine in crystal engineering is not yet clear". Except for

phenyl-perfluorphenyl p-stacking, other observed fluorine interac-

tions are generally weak.8

The above interpretation based on single crystal X-ray

structures relies on a high quality data set, a correct space group

assignment and the (often, but not always correct) bond strength–

bond length relationship. For an independent investigation of the

H…F contacts in 1 we applied 19F{1H} solid state MAS NMR

spectroscopy. A 1-D 19F-CP-MAS spectrum in Fig. 4 shows 9

signals in two sets of peaks. Direct excitation spectra (data not

shown) yield an integral ratio of 2 : 3. This agrees with the four

(crystallographically) non-equivalent ortho-F in 1 (2 for Pd1 and

Pd2 each) and the six different meta- and para-F from which five

Fig. 2 Overlay of the molecular structures of Pd1 (in gray) and Pd2 (in

black) in 1 by specifying the atoms of the P–Pd–C(ipso-aryl)-moiety as

three pairs in the two structures (rms 5 0.0131).

Fig. 3 C–H…F–C hydrogen bonds to the C6F5 ring on Pd1 and Pd2.

H…F distances (Å): Pd1: H40…F1 2.39, H10…F4 2.58, H20…F4 2.60,

H18…F3 2.74, H21…F2 2.79, H8…F5 2.79, H55…F3 2.87, Pd2:

H44…F8 2.50, H51…F7 2.60, H27…F7 2.63, H17…F6 2.65, H45…F8

2.67, H12…F7 2.75, H45…F9 2.78, H50…F7 2.85, H43…F10 2.86 (100 K

structure, cutoff H…F , 2.88 Å, symmetry relations can be found in

Table 3 of the ESI).{

Fig. 4 Room temperature 1-D 19F-CP/MAS spectrum at 33.33 kHz

spinning speed acquired on a Bruker AV500 spectrometer operating at a
19F frequency of 470.5 MHz. A 2.5 mm MAS rotor was used, the contact

time was set to 500 ms at 90 kHz 19F RF, 90 kHz of proton decoupling was

applied during acquisition using the SPINAL64 scheme. 8 scans were

acquired at 10 s recycle delay. 19F chemical shifts were calibrated using

external hexafluorobenzene (2163 ppm).
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could be resolved. Further assignment of the NMR signals and

further proof of the existence of two non-equivalent C6F5-groups

is achieved by 2-D 19F RFDR (radio frequency driven dipolar

recoupling) measurements. This technique correlates dipolarly

(through space) coupled 19F sites. Usually, only cross peaks for

nearest neighbors will show up. The existence of a cross peak

reveals that the corresponding two sites are in the same C6F5-

group. The spectrum shown in Fig. 5a exhibits two distinct cross

peak networks belonging to the two non-equivalent C6F5-groups

(tentative assignment in ESI).{ To assess the strength of the
1H–19F dipole–dipole coupling the PILGRIM experiment was

used.12 This procedure measures the dipole spectrum in the indirect

dimension of the 2-D experiment. The width of the spectrum, that

is, the distance between the singularities is a measure of the

coupling strength. Fig. 5b displays (top to bottom for the leftmost

to rightmost peak of Fig. 4) the columns for the nine differentiated

fluorine positions taken from the 2-D spectrum. The maximum

coupling (uppermost spectrum) belongs to the set of the four

ortho-F. The PILGRIM spectrum does not identify the second

strongest coupling expected for para-F8 due to low resolution (the

RFDR result indicates that the F8 peak is not resolved). Yet, the

finding agrees with a short H40…ortho-F1 contact of 2.39/2.42 Å

and a second-shortest H44…para-F8 contact of 2.50/2.58 Å with

the next-nearest H…F contacts being 2.58/2.67 Å (100 K/293 K

structure, respectively).

In summary, we could show that C–H…F–C contacts or

even a single C–H…F–C contact are strong enough to pair two

molecules and render them crystallographically different in the

solid state. This is counter-intuitive to the common current belief

that hydrogen bonds involving organic fluorine are generally

weak. Compound 1 adds a positive example to the role of fluorine

in crystal engineering.13

Support by Dirección General de Investigación del Ministerio

de Ciencia y Tecnologı́a (Project number CTQ2005-09231-C02-01/
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