
www.elsevier.nl/locate/jorganchem

Journal of Organometallic Chemistry 612 (2000) 125–132

Vibrational spectroscopy studies and density functional theory
calculations on square-planar vinylidene, carbonyl and ethylene

rhodium(I) complexes

D. Moigno a, W. Kiefer* a,1, J. Gil-Rubio b, H. Werner* b,2

a Institut für Physikalische Chemie der Uni6ersität Würzburg, Am Hubland D-97074 Würzburg, Germany
b Institut für Anorganische Chemie der Uni6ersität Würzburg, Am Hubland D-97074 Würzburg, Germany

Received 25 January 2000; accepted 15 June 2000

Dedicated to Professor M. Schmidt on the occasion of his 75th birthday.

Abstract

Density functional theory (DFT) calculations have been carried out for trans-[RhF(�C�CH2)(PMe3)2] (5), trans-
[RhF(CO)(PMe3)2] (6) and trans-[RhF(C2H4)(PMe3)2] (7) which serve as model compounds for the analysis of the vibrational
structure of related rhodium (I) compounds. The calculated structures were in good agreement with the geometries determined
from the experimental data of related compounds. The calculated vibrational modes have been used to classify the bands found
in the Raman spectra of the rhodium (I) complexes: trans-[RhF(�C�CH2)(PiPr3)2] (1), trans-[RhF(�13C�13CH2)(PiPr3)2] (2),
trans-[RhF(CO)(PiPr3)2] (3) and trans-[RhF(C2H4)(PiPr3)2] (4). The comparison of the vibrational behavior of the vinylidene
complexes 1 and 2 allow for a characterization of the Rh�C stretching mode. The IR and FT-Raman spectra of complexes 1–4
exhibit one vibrational mode between 425 and 465 cm−1 with strong to medium intensity. This band can be assigned to the
n(RhF) mode. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vibrational spectroscopy is one of the most useful
tools for obtaining information about the strength of
the bonds in a molecule despite the fact that the direct
assignment of the infrared or Raman absorptions of
relatively complex molecules, as organotransition metal
compounds, is rather complicated. Theoretical calcula-
tions can certainly assist to obtain a deeper understand-
ing of the vibrational spectra of complicated molecules.
In particular, recent developments in DFT [1] have
shown that DFT is a powerful computational alterna-
tive to the conventional quantum chemical methods,
since they are much less computationally demanding
and take account of the effects of electron correlation.

In addition, the use of atomic effective core potentials
(ECP) and model potentials (MP) [2] to eliminate
chemically inactive atomic core electrons from quantum
chemical calculations has gained widespread accep-
tance, also in calculations of transition metal complexes
[3]. The methods based on DFT are known to offer
promise of obtaining accurate vibrational wavenumbers
[4] and, in fact, have been used in the study of vibra-
tional spectra of a variety of molecular systems includ-
ing organotransition metal complexes [5]. One of the
most relevant features of the vibrational spectra of this
class of compounds are the metal–carbon stretching
vibrations, since they are directly related to such a
substantial property of the molecule as the M�C bond
strength. However, the assignment of the n(MC) vibra-
tional modes is very often quite complicated due to the
presence of other bands in the same region or of their
low intensity. By using isotopic substitution, in con-
junction with theoretical calculations, it has been possi-
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ble to bypass these difficulties and to do an exact
assignment.

In order to gain more information about the proper-
ties of the metal–carbon multiple bond, we have been
interested in the determination of the metal–carbon
stretching vibrational mode in vinylidene complexes.

Table 3
Selected bond lengths (pm) and angles (°) of complexes 7 (calculated)
and 4 (experimental)

trans-[RhF(C2H4)(PMe3)2] (7) trans-[RhF(C2H4)-
(PiPr3)2] (4)

Calc. a Calc. b Calc. c Exp. d

Bond lengths
237.4 233.3Rh�P1 231.6 232.6(2)
237.4 233.3Rh�P2 231.6 232.8(2)
206.7 207.2Rh�F 197.5 206.0(3)

Rh�C1 213.9 212.1 209.7 209.6(5)
214.6 212.4Rh�C2 210.6 210.3(5)

C1�C2 143.9144.2 143.1 138.0(8)

Bond angles
164.8 165.8 171.8 169.5(5)P1�Rh�P2

160.0 159.5F�Rh�C1 158.9 160.4(2)
160.6F�Rh�C2 161.1 161.0 161.2(2)

82.4 82.9P1�Rh�F 85.9 85.7(9)
P2�Rh�F 82.4 82.9 85.9 84.7(9)
P1�Rh�C1 97.1 96.7 93.8 93.8(2)

97.1 96.7P2�Rh�C1 93.8 93.8(2)
P1�Rh�C2 97.2 96.7 93.8 95.6(2)
P2�Rh�C2 97.2 96.7 93.8 94.8(2)

39.4 39.4 40C1�Rh�C2 38.4(2)

a Calculated with BPW91/LANL2DZ.
b Calculated with BPW91/LANL2DZ+(d).
c Calculated with BPW91/ECPII.
d Ref. [10].

Table 1
Selected bond lengths (pm) and angles (°) calculated for the model
compound 5 together with the experimental values found in trans-
[RhCl(C�CHMe)(PiPr3)2]

trans-[RhCl(C�CHMe)trans-[RhF(C�CH2)(PMe3)2 (5)
(PiPr3)2]

Calc. a Calc. b Calc. c Exp. d

Bond lengths
238.5 234.4 229.3Rh�P1 234.4(2)
238.5 234.4Rh�P2 229.3 234.2(2)
205.5 206.1 199.8Rh�X 236.6(2)
182.0 181.0Rh�C1 178.2 177.5(6)

C1�C2 134.1 133.3 132.7 132.0(1)

Bond angles
169.2 170.3 177.6P1�Rh�P2 173.9(1)
179.4 180.0X�Rh�C1 180.0 175.8(2)
84.6 85.2P1�Rh�X 88.8 91.9(1)
95.4 94.8P1�Rh�C1 91.2 88.2(2)

85.284.6 91.2(1)P2�Rh�X 88.8
95.4 94.8P2�Rh�C1 91.2 89.1(2)

179.6 179.4 180.0 177.9(6)Rh�C1�C2

a Calculated with BPW91/LANL2DZ.
b Calculated with BPW91/LANL2DZ+(d).
c Calculated with BPW91/ECPII.
d Ref. [11].

While many vibrational studies are available for car-
bonyl complexes [5–7], very few studies have been
carried out in transition-metal carbene or carbyne com-
plexes [7,8]. In this paper we report the first vibrational
spectroscopic study on vinylidene complexes. This
study has been carried out on the compounds trans-
[RhF(�C�CH2)(PiPr3)2] (1) and trans-[RhF(�13C�13-
CH2)(PiPr3)2] (2), whose IR and FT-Raman spectra
have been measured and assigned with the help of DFT
calculations using the model compounds trans-
[RhF(�C�CH2)(PMe3)2] (5), trans-[RhF(CO)(PMe3)2]
(6) and trans-[RhF(C2H4)(PMe3)2] (7). The vibrational
spectra of the compounds trans-[RhF(CO)(PiPr3)2] (3)
and trans-[RhF(C2H4)(PiPr3)2] (4) have been also mea-
sured, assigned and compared with those of 1 and 2.

2. Results and discussion

2.1. DFT calculations

The structural parameters of the model compounds
trans-[RhF(�C�CH2)(PMe3)2] (5), trans-[RhF(CO)-
(PMe3)2] (6) and trans-[RhF(C2H4)(PMe3)2] (7), which
were calculated using the BPW91/LANL2DZ, BPW91/
LANL2DZ+ (d) and BPW91/ECPII methods, are
summarized in Tables 1–3. One may notice that the

Table 2
Selected bond lengths (pm) and angles (°) calculated for the model
compound 6 together with the experimental values found in trans-
[RhF(CO)(PPh3)2]

trans-[RhF(CO)(PMe3)2] (6) trans-[RhF(CO) (PPh3)2]

Calc. a Calc. b Calc. c Exp. d

Bond lengths
238.5 234.1 231.7Rh�P1 233.0(7)

232.4(7)231.7234.1Rh�P2 238.5
197.7 204.6(2)205.8205.2Rh�X
176.2 179.6(3)Rh�C1 181.8 181.6

C�O 118.6120.9 115.1(4)118.3
Bond angles
P1�Rh�P2 167.0 175.6 174.3(3)165.3

180.0179.7X�Rh�C1 179.8
87.8 86.9(5)P1�Rh�X 82.7 83.5

97.3 96.5P1�Rh�C1 92.2 91.3(5)
82.7 87.8P2�Rh�X 83.5 88.1(9)

96.597.3 92.2P2�Rh�C1 93.7(9)

a Calculated with BPW91/LANL2DZ.
b Calculated with BPW91/LANL2DZ+(d).
c Calculated with BPW91/ECPII.
d Ref. [9].
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computed structures are distorted square-planar with
the phosphines in an eclipsed conformation (Fig. 1).
The methods described above, were applied to a molec-
ular geometry without symmetry restrictions and to a
geometry that was restricted to C26 symmetry. Analyti-
cal harmonic vibrational modes have also been calcu-
lated for all the structures to confirm that a local
minimum on the potential energy surface was found.
Using the C26 symmetry, the rotational conformations
of the phosphine groups (estimated barrier of rotation
B2.09 kJ mol−1) caused difficulties with convergence
and the optimization yielded structures with two low
imaginary harmonic wavenumbers corresponding to the
M�PR3 rotations which indicated a saddle point. After
many attempts to circumvent this problem the calcula-
tions were carried out using a C1 symmetry. One may
notice that the calculated geometry with C1 symmetry is
very close to the one expected for the C26 symmetry. It
should be noted further, that the C26 symmetry of the
rhodium complexes in crystalline state is broken.

The calculated Rh�F and Rh�P bond distances are
similar to the experimental values found in the related
fluororhodium complexes trans-[RhF(CO)(PPh3)2] [9]
and trans-[RhF(C2H4)(PiPr3)2] (4) [10] and in trans-
[RhCl(�C�CHMe)(PiPr3)2] [11]. In the model com-
pounds 5–7, the phosphine ligands are slightly bent
toward the fluorine atom probably owing to the electro-

static attraction between the negatively charged fluoride
and the positively charged phosphorus atoms. A similar
bending has been observed in the crystal structures of 4
and trans-[RhF(CO)(PPh3)2].

As expected, the Rh�C1�C2 linkage of 5 is almost
linear and the plane which contains the vinylidene
ligand is perpendicular to the main plane containing the
atoms Rh, P1, P2 and F (the dihedral angle between the
main planes defined by the atoms [Rh, C1, C2, H1, H2]
and [Rh, P1, P2, F] is 90.0°). This structural feature is in
agreement with the formation of a p bond between Rh
and C1 and confirms the formal analogy between al-
lenes and vinylidene metal complexes. The computed
Rh�C1 distances of the model compounds 5 and 6
are comparable with the Rh�C bond lengths in the
fluoro carbonyl rhodium (I) compound trans-
[RhF(CO)(PPh3)2] (179.6(3) pm) [9] and in trans-
[RhCl(�C�CHMe)(PiPr3)2] (177.5(6) pm) [11]. For the
complexes 5–7, the Rh�F distances were better repro-
duced by the BPW91/LANL2DZ and LANL2DZ+ (d)
methods, with values around 205 pm, which are very
close to the experimental data found in trans-
[RhF(CO)(PPh3)2] (204.6(2) pm) and 4 (206.0(3) pm).
In contrast, the Rh�C and Rh�P distances were closer
to the experimental values when the BPW91/ECPII or
BPW91/LANL2DZ+ (d) methods were used.

It is remarkable that the BPW91/LANL2DZ method
shows a high accuracy for the Rh�F bond lengths
which is certainly fortuitous but one must note that this
method fails in the calculation of the Rh�X (X=Cl, Br
and I) bond lengths [15]. This can be attributed to the
fact that the basis set, which is used in these calcula-
tions, is too small for a complete description of the
system. The additional use of diffuse and polarization
function (Tables 1–3) is more reliable in the determina-
tion of the structures.

2.2. Vibrational spectroscopy

In order to identify in the Raman spectra of the
rhodium complexes the characteristic vibrational modes
of PiPr3 ligands, a Raman spectrum of the liquid ligand
was measured and assigned. Extensive vibrational spec-
troscopic investigations of isopropylhalides reported by
Klaboe [12] have been used as a tool to assign most of
the vibrational modes of the iPr groups.

The P-C vibrational modes have been identified and
assigned by comparison with the assignment made by
Holmes and co-workers [13]. The n(CH) vibrations of
PiPr3 have been located between 2850 and 3000 cm−1;
the d(CH3) modes lie in the spectral range between
1350 and 1480 cm−1 and the rocking modes between
900 and 1160 cm−1. Fig. 2 presents the low wavenum-
ber region of the Raman spectrum of triisopropylphos-

Fig. 1. Optimized structures of trans-[RhF(�C�CH2)(PMe3)2] (5),
trans-[RhF(CO)(PMe3)2] (6) and trans-[RhF(C2H4)(PMe3)2] (7) using
the BPW91/LANL2DZ method.
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Fig. 2. The low-wavenumber region of the FT-Raman spectrum of
PiPr3.

stretching modes were calculated with the BPW91/
LANL2DZ method. The resulting values (1594, 556
and 450 cm−1, respectively) are also in good agreement
with the experimental data (Dn(RhC)calc.=15 cm−1 vs.
Dn(RhC)exp.=13 cm−1 and Dn(C�C)calc.=62 cm−1 vs.
Dn(C�C)exp.=46 cm−1). The larger difference for the last
value can probably be attributed to the higher anhar-
monicity of this mode. Thus, the weak band at 577
cm−1 in the Raman spectra of 2 was assigned to the
n(PC3) vibration. In the IR spectrum of 2 (Fig. 4), two
bands of medium and weak relative intensity were
observed at 574 cm−1 and 559 cm−1, respectively. We
interpreted this result by postulating that, in contrast
with the Raman spectra, in the IR spectra of 1 and 2
the n(PC3) bands are more intense than the n(RhC)
bands. Thus, the IR band at 574 cm−1 corresponds to
the n(PC3) mode of the phosphine, and should have the
same wavenumber for 1 and 2. In the IR spectrum of 1,
the n(RhC) band could be hidden by the n(PC3) band,
but it is observed at 559 cm−1 in the IR spectrum of 2.
The n(RhF) band of 1 was assigned to the strong IR
and medium Raman band at 458 cm−1. Visual inspec-
tion of the animated vibrational modes showed clearly
that the Rh�C and Rh�F stretching vibrations are
weakly coupled. This coupling could be responsible for
the observed shift by 4 cm−1 of the Rh�F stretching
band in compound 2.

For complexes of the type cis [MX2(CO)2]− (X=Cl,
Br) (M=Rh, Ir), Browning et al. [14] assigned the
n(MC) stretching mode to the strongest Raman band
and the d(MCO) to the strongest IR bands in the
400–700 cm−1 region. In the related compounds trans-
[RhX(CO)(PMe3)2] (X=Cl, Br), the same authors as-
signed the n(RhC) stretching mode at 550 and 552
cm−1 and the n(CO) stretching mode at 1965 and 1961
cm−1 for the chloride and bromide substituted com-
plexes, respectively. The FT-Raman spectrum of the
carbonyl compound 3 exhibited a strong band at 1929
cm−1, which was assigned to the n(CO) vibration (Fig.
6). The assignments of the n(RhC) and n(RhF) vibra-
tional modes at 573 and 465 cm−1, respectively (Table
3), are in good agreement with the calculated n(RhC)
and n(RhF) stretching wavenumbers of the model com-
plex 6 (571 and 451 cm−1). The calculations showed
that both n(RhC) and n(RhF) vibrational modes are
weakly coupled as in the vinylidene derivatives. The
n(PC3) band could also overlap with the n(RhC) band
on the analogy of 1.

The coincidence in wavenumber of the Rh�C stretch-
ing mode for compounds 1 and 3, which contain the
isoelectronic ligands C�CH2 and CO suggests a
stronger Rh�C bond strength in the carbonyl complex.
Since the complexes 2 and 3 possess the same reduced
mass (13C�13CH2 vs. CO), a comparison of the FT-Ra-
man spectra allow for an evaluation of the bonding
strength free of any mass effects and therefore only

phine. The strong band at 881 cm−1 corresponds to the
n(CC) vibration. The characteristic n(PC3) modes are
observed in the 500–700 cm−1 spectral region, the
asymmetric one at higher wavenumbers and the sym-
metric one as a strongly polarized Raman band around
560 cm−1. The (CC3)–, (CPC)– and (PCC)– deforma-
tion modes are present between 200 and 500 cm−1 in
the Raman spectrum of 1–4. The ds(CCC) mode ap-
peared around 420 cm−1.

For the assignment of the vibrations of the
F�Rh�C�CH2 skeleton of complex 1 and its 13C-ana-
logue 2, DFT-calculations carried out on the model
compound trans-[RhF(�C�CH2)(PMe3)2] (5) have been
used. The calculated and experimental wavenumbers
are displayed in Table 4.

The n(C�C) vibration is only IR active for complexes
1 and 2, giving two close bands which are significantly
shifted by ca. 46 cm−1 to lower wavenumbers in the
13C-containing compound 2 (Fig. 3). The in plane
d(CH2) mode was found at 1326 cm−1 in the IR
spectrum of 1, which, as expected, is shifted to lower
wavenumbers in 2. In the IR spectrum of 2, the new
band at 1518 cm−1 was temptatively assigned to an
overtone of the n(CH2) wagging mode at 759 cm−1

(Fig. 4). The latter band is shifted by 7 cm−1 to lower
wavenumbers compared to 1.

According to the DFT calculation, the n(RhC) mode
should appear around 571 cm−1. The assignment of the
bands at 574 cm−1 and 572 cm−1 in the IR (Fig. 4)
and Raman spectrum (Fig. 5) of complex 1, respec-
tively, was rather complicated due to the presence of
the ligand PiPr3 bands in the same region. Comparing
the Raman spectra of 1 and 2 (Fig. 5), the band at 572
cm−1 could be exactly assigned to the n(RhC) mode,
since this band was shifted to 559 cm−1 for the 13C-
containing complex 2. In addition, the wavenumbers
corresponding to the n(13C�13C), n(Rh13C) and n(RhF)
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showing effects of electronic nature. Thus, a direct
comparison of the n(RhC) stretching modes of complex
2 (559 cm−1) and 3 (573 cm−1) allows to point out the
difference in the RhC bond strength of the mentioned
complexes. Furthermore, the n(RhF) stretching mode is
also 11 cm−1 blue shifted in complex 3. From this, one
can see that the carbonyl ligand is a better p-acceptor
and a less effective s-donor than the vinylidene one.

Comparing the values of n(CO) and n(RhC) for
compound 3 with the values found in trans-
[RhX(CO)(PMe3)2] [13a] (for X=Cl and Br, n(CO)=
1965 and 1961 cm−1, n(RhC)=550 and 552 cm−1,
respectively) or trans-[RhCl(CO)(PiPr3)2] (n(CO)=
1938 cm−1, n(RhC)=559 cm−1) [15] one may notice
that the Rh�C bond is stronger in 3. This difference can
be attributed to the higher Lewis basicity of PiPr3 and
to the effect of the fluoro ligand which, in spite of its
higher electronegativity, acts as a better p donor than

Cl and Br [16]. The band at 601 cm−1 of high relative
intensity in the IR spectrum of 3, shows a 19 cm−1 red
shift in the trans-[RhCl(CO)(PiPr3)2] complex due to
the different Rh�C bond strength of the fluoro and
chloro complex. The weak band at 558 cm−1 and the
band at 601 cm−1 in the IR spectrum, which did not
appear in the spectra of 1 and 4, can be attributed to
the d(RhCO) modes. For the trans-[RhCl(CO)(PiPr3)2]
complex, there was a photodecomposition under the
laser excitation, which did not allow the recording of a
Raman spectrum. The influence of the trans halogen
ligand on the M�C bond strength reflects the shift of
the vibrational bending mode.

The bonding in alkene complexes can be described by
two models, the synergistic ligand�metal s-donation
and ligand�metal p-back-donation of Dewar [17] and,
Chatt and Duncanson [18], and the model where
there are two electronsharing metal–carbon s-bonds,

Table 4
Selected calculated and experimental fundamental vibrational wavenumbers (cm−1) for trans-[RhFL(PR3)2] complexes together with their
tentative assignment

4 Assignment71 5 632
Calc.Exp.Calc.Exp. Exp.Exp.Calc.

R IR RR IRIR R IR

n(CO)1929s 1934vs 1843 a

1952 b

n(C�C)1656 a 15821628s
1654 b

1594 c

1506vw 1506m 1495 a n(C�C)+d(CH2)
1501 b

1326 1340 a d(CH2)1318
w 1311 b

n(C�C)+d(CH2)1188 a1197s 1197s
1187 b

1183vw 1183w 1180 a Twist t(CH2) ethylene
1168 b

884s 885vs 885s 885vs 885s 885vs 882s n(CC)884vs
Rocking r(CH2) ethylene791 a801m

782 b

563 a601s601vw d(RhCO)
567 b

511 a542m558shw
513 b

571 a573m n(Rh�C)573vs559m559vs571 a572m572vs
570 b 561 b 470 a

n(RhC)asym556 c 514mw 514mw 477 b

458vs 451 a 454m 454vs 465m 465s 450 a 456 a n(RhF)458m
n(RhF)+n(RhC)sym448 b471m471m434 b433 b

409 a425vs425vs n(RhF)450 c

404 b

323 a 341w 341w340w 330 a 349w 321 a n(RhP)sym

328 b 330 b331 b

308m 317 a n(RhP)asym320 a307m 306m320 a305m
313 b 311 b321 b

a Calculated with BPW91/LANL2DZ.
b Calculated with BPW91/LANL2DZ+(d).
c Calculated for the isotopic vinylidene with BPW91/LANL2DZ. Abbreviations: s, m, w=strong, medium, weak, respectively; v=very.
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Fig. 3. The high-wavenumber region of the IR spectra of trans-
[RhF(�C�CH2)(PiPr3)2] (1) and trans-[RhF(�13C�13CH2)(PiPr3)2] (2).

bands are observed as for the vinylidene and carbonyl
complexes in the IR and Raman spectrum between 534
and 432 cm−1. These bands could be assigned to
(CC3)–, (CPC)– deformation modes.

The n(C�C) vibrational mode for complex 5 was
observed at 1506 cm−1 in the IR- and FT-Raman
spectrum (Fig. 7). This value is close to the calculated
one (1495 cm−1) for the model compound 7. The
n(C�C) wavenumber is 117 cm−1 lower than that of
gaseous ethylene (1623 cm−1) [21] and also slightly
lower than that of n(C�C) band of
[RhCl(C2H4)(PiPr3)2] (1510 cm−1) [22]. This result is in
agreement with the observed C�C bond distances:
131.9(4) pm for the chloro complex [22] and 138.0(8)
pm for the fluoro analogue [10]. Nevertheless, only the
decrease in the n(C�C) wavenumber alone can not be
used as a measure of the M�C2H4 bond strength, since

Fig. 5. The low-wavenumber region of the FT-Raman spectra of
trans-[RhF(�C�CH2)(PiPr3)2] (1) and trans-
[RhF(�13C�13CH2)(PiPr3)2] (2).

Fig. 4. The low-wavenumber region of the IR spectra of trans-
[RhF(�C�CH2)(PiPr3)2] (1) and trans-[RhF(�13C�13CH2)(PiPr3)2] (2).

forming a metallacyclopropane ring. In molecules de-
scribed by the first model, only one metal–carbon
stretching band is expected, while in metallacyclo-
propane-type compounds two bands, one symmetrical
and one unsymmetrical, are expected [6,19,20]. In our
case, the calculations carried out for the model com-
pound 7 suggested that compound 4 is best described
by the second model, since two n(RhC) modes were
obtained, both weakly coupled with the n(RhF) vibra-
tion. The calculated wavenumbers were 514 (asymmet-
ric) and 471 (symmetric) cm−1.

A vibration which is mainly Rh�F stretching in char-
acter was calculated at 409 cm−1. The band observed
in the IR and Raman spectra of 4 at 514 cm−1 (Fig. 7)
was tentatively assigned to the asymmetric Rh�C
stretching mode. The intense and medium bands at 425
and 471 cm−1, respectively, could be due to the Rh�F
and the asymmetric Rh�C stretching modes. Some

Fig. 6. The IR and FT-Raman spectra of trans-[RhF(CO)(PiPr3)2]
(3).
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Fig. 7. The IR and FT-Raman spectra of trans-[RhF(C2H4)(PiPr3)2]
(4).

4. Experimental

Compounds 1 [23], 3 and 4 [10] were prepared by
using reported procedures. Compound 2 was prepared
analogously to 1 but using 13C2H2 (Cambridge Isotope
Laboratory) instead of 12C2H2. NMR data of 2: 1H-
NMR (C6D6, 200 MHz) d 2.59 (m, 6H, PCHCH3), 1.33
(d of virtual t, 3J(HH)=6.5 Hz, N=13.6 Hz, 36H,
PCHCH3), 0.05 (br d, 1J(CH)=161.0 Hz, 2H, 13CH2);
13C NMR (C6D6, 50.3 MHz) d 297.1 (dddt, J(RhC)=
51.1 Hz, J(PC)=16.1 Hz, J(FC)=92.7 Hz, J(CC)=
56.8 Hz, Rh�C), 88.4 (br d, J(CC)=56.8 Hz, CH2),
22.9 (virtual t, N=18.5 Hz, PCHCH3), 20.0 (s,
PCHCH3); 19F-NMR (C6D6, 188.3 MHz) d−222.4 (br
d, J(FC)=92.7 Hz); 31P-NMR (C6D6, 81 MHz) d 45.4
(br d, J(RhP)=145.0 Hz, 3J(PC)=4.8 Hz).

The NMR spectra were measured at room tempera-
ture using a Bruker AC 200 instrument. The FT-Ra-
man spectra were recorded at room temperature using a
Bruker IFS 120-HR spectrometer with an adapted
FRA 106 Raman module (resolution=3 cm−1). Radi-
ation of 1064 nm from a Nd-YAG laser was employed
for excitation of solid samples contained in NMR
tubes. The infrared spectra were recorded with a Bruker
IFS 25 spectrometer using nujol suspensions between
KBr plates.

4.1. Computational details

The DFT calculations were performed using Gaus-
sian 98 [24] and Becke’s 1988 exchange functional [25]
in combination with the Perdew–Wang 91 gradient-
corrected correlation functional (BPW91) [26]. The Los
Alamos effective core potential plus double zeta
(LANL2DZ) [27–29] was employed for rhodium,
whereas the Dunning/Huzinaga full double zeta basis
set with or without polarization and diffuse function
(D95 or D95+ (d)) was used for the other atoms (all
first row-element). The following contraction patterns
[30] (441/2111/41) with the Hay–Wadt ECP-Rh 3-28
for rhodium [29,31] and the 6-31+G(d) Pople basis set
for the other atoms. The last method is denoted ECPII
in this paper.
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the calculations carried out on [PtCl3(C2H4)]− [19],
[PdCl3(C2H4)]− [20] and on our model complex 7 show
that the C�C stretching vibration is strongly coupled
with the in-plane CH2 scissoring mode. The band at
1197 cm−1, which did not appear in the FT-Raman
spectrum of 1, was attributed to the d(CH2) mode of
the ethylene ligand. This band was calculated at 1188
cm−1 and is also strongly coupled with the n(C�C)
mode.

3. Conclusions

The metal–carbon stretching modes in complexes
containing metal–carbon multiple bonds are extremely
useful data but its assignment is often very complicated.
In this study, we have used DFT calculations to assign
the IR and Raman band positions for the square-planar
rhodium(I) complexes trans-[RhFL(PiPr3)2], with L=
C�CH2 (1), CO (3) and H2C�CH2 (4). These calcula-
tions have been carried out using the model compounds
trans-[RhFL(PMe3)2] (5–7). The assignment of the n

(Rh�C) bands in the vinylidene complex 1 has been
confirmed by isotopic substitution and allows us to
study the influence of the trans disposed ligand on
Rh�C bond by means of FT-Raman spectroscopy. A
comparison between the n (RhC) wavenumbers of com-
pounds 2 and 3, containing the isoelectronic ligands
13C�13CH2 and CO, which have the same reduced mass,
indicated that the Rh�C bond is stronger in the car-
bonyl than in the vinylidene complex. The calculated
vibrational modes support the description of the ethyl-
ene complex 4 as a metallacyclopropane. The IR and
FT-Raman spectra of complexes 1–4 exhibit one band
between 437 and 465 cm−1 of medium to weak relative
intensity which was assigned to the n (RhF) mode.
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