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Abstract

Density functional theory (DFT) calculations were carried out for trans-[RhX(L)(PMes),] (L = C=CH,, C=CHC¢Hs, CO, 2,6-
Me,C¢H3NC, C,Hy) which served as model compounds for the analysis of the vibrational spectra of related complexes. The
characterization of the metal—carbon stretching mode allowed to study the frans influence of a series of ligands on the metal—
carbon bond in vinylidene, carbonyl and isocyanide complexes. Furthermore, the comparison of the FT-Raman spectra of the
complexes trans-[RhF(CO)(PiPr3),] and trans-[RhF(**C=">CH,)(PiPrs),] which possess the same reduced mass ('*C="CH, vs.
CO) allowed for an evaluation of the Rh—C bond strength free of any mass effects and therefore only showing effects of electronic

nature.
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1. Introduction

Motivated by our interest in understanding catalytic
processes, we have started a spectroscopic and theore-
tical study of transition-metal complexes employing FT-
Raman and FT-IR spectroscopy as well as DFT
calculations. Because in general it is not possible to
isolate intermediate species in catalytic processes, the
explanation of the mechanism of such reactions is often
hypothetical. However, the structural elucidation of the
species involved in a catalytic process can be supported
by theoretical methods [1]. It should be noted that an
essential property of a good catalyst is to bind a ligand
with high selectivity but not so strongly that it can be
easily removed from the coordination sphere of the
metal. In this context, the assignment of the funda-
mental metal-ligand stretching modes is particularly
relevant, since it is an easily available source of
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information about the bonding properties in these
complexes. Moreover, the study of the influence of
different ligands on the metal-ligand bond is crucial for
the designing of new catalysts and for the understanding
of catalytic processes.

In contrast to the abundance of electron-rich transi-
tion metal complexes containing chloride, bromide and
iodide as ligands, only a small number of related
compounds with covalent metal—fluorine bonds have
been reported [2]. Recent studies have shown that not
only the chemistry of fluorometal compounds is sub-
stantially different from that of analogous chloro-,
bromo- or iodo-metal derivatives [2,3], but also that
complexes containing M—F bonds can play an impor-
tant role in homogeneous catalysis [2,4]. Taking these
results into consideration, we have carried out spectro-
scopic and theoretical investigations on different square-
planar rhodium(I) complexes, in the hope of gaining
information about the nature of both the Rh—F and
Rh—C bonds.

Additionally, the changes in the wavenumber of the
v(CO) vibrational mode are often used as an indirect
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probe to study the donor capabilities of the ligands
coordinated to the metal center in transition-metal
carbonyl complexes [5—10]. However, to the best of
our knowledge, no such studies have been carried out
using the v(M—CO) mode, despite the fact that the
metal—carbon stretching mode is expected to be sensi-
tive to variations in the electronic density on the metal.
This is true also for transition-metal carbene, carbyne,
isocyanide and thioaldehyde complexes, for which only
a few vibrational studies have been reported [11-23].

2. Results and discussion

2.1. Vinylidene and carbonyl complexes

The parent ligand C=CH, is not only an isomer of
acetylene but also, and perhaps more importantly,
isoelectronic to CO and CNH. Since various reports
seem to indicate that vinylidene [24], carbon monoxide
and isocyanide ligands possess similar donor—acceptor
properties, we thought it of interest to investigate this
similarity by means of Raman and IR spectroscopy.
Based on these studies, it was possible for the first time
to assign exactly the v(Rh=C) stretching mode in the
vinylidene rhodium(I) complex trans-[RhF(=C=CH,)-
(PiPrs),] by using isotopic substitution, in conjunction
with theoretical calculations. According to the DFT
calculations, the v(Rh=C) mode has been attributed to
the strong band at 572 cm ! (calculated at 575 cm !
using the DFT5 method) in the FT-Raman spectrum of
trans-[RhF(=C=CH,)(PiPr;),]. This assignment is sup-
ported by the shift of this band to lower wavenumbers
(559 cm ") in the carbon-13 labelled complex trans-
[RhF(="3C="3CH,)(PiPr5),] [25]. Since the values ob-
tained from the DFT calculations were in excellent
agreement with the experimental data, further charac-
teristic modes of the rhodium(I) compounds could be
assigned [26].

The preparation of a series of vinylidene- and
carbonyl rhodium(I) complexes containing different
ligands in trans position to the isoelectronic vinylidene
and CO ligands provided the opportunity to study the
influence of the trans-disposed ligands on the metal—
carbon bond. It was rather surprising to note that owing
to the shift in the wavenumber of the v(Rh=C) mode for
the vinylidene complexes trans-[RhX(=C=CHR)-
(PiPr3),], where R = H or Ph, the strength of the Rh=
C bond increases along the sequence X =C=CPh <
CH; <I <Br<Cl<F. Moreover, we found that the
v(Rh=C) mode of trans-[RhF(=C=CH,)(PiPr;),] is
shifted by 7 cm ™! to higher wavenumbers compared
to trans-[RhF(=C=CHPh)(PiPr3),]. Although this in-
crease might indicate that substitution of H by Ph leads
to a strengthening of the Rh=C bond, it could also

originate from the coupling between the v(Rh=C) and
an in-plane ring deformation mode [26].

In addition to the v(Rh=C) stretching vibration, two
further modes were of great relevance for our studies.
The first is the deformation mode 6 (RhCC), which was
observed in the FT-Raman spectra of the phenyl-
substituted vinylidene complexes trans-[RhX(=C=
CHPh)(PiPr;),] (X=F, Cl, Br, I). This mode, which
was calculated at 472 cm ' for the model compound
trans-[RhF(=C=CHPh)(PMes),] by the DFT2 method,
is assigned to the band of medium intensity at 475 cm !
in the FT-Raman spectrum of trans-[RhF(=C=
CHPh)(PiPr3),]. The second is the v(C-C,y,,) mode
for which a high Raman activity is characteristic. This
mode was attributed on the basis of calculations using
the DFT2 method to the strong bands in the FT-Raman
spectra of trans-[RhX(=C=CHPh)(PiPr3),] at 1230
(X =F; cale. 1231 em™ "), 1225 (X=Cl; calc. 1226
ecm '), 1224 (X =Br) and 1220 cm ' (X =1), respec-
tively (Fig. 1). It is important to note that these modes
are also shifted to lower wavenumbers in the order F >
Cl > Br > 1, which again reflects the trans influence of
the halide ligand in the square-planar vinylidene com-
plexes.

For the series of carbonyl compounds trans-
[RhX(CO)(PiPr3),], where X=F, Cl, Br, I and C=
CPh, analogous results were obtained. These were
equally compared with the wavenumbers calculated for
the model compounds trans-[RhX(CO)(PMes),]. Thus,
the position of the v(RhC) stretching mode is shifted to
lower wavenumbers in the order F>Cl>Br>1>C=
CPh as it has been observed for the related vinylidene
complexes. However, the DFT calculations carried out
on the model compound trans-[Rh(C=CPh)(CO)-
(PMejs),] reveal that the v(RhCO) and v(Rh-C=C)
stretching modes (calculated at 537 and 496 cm ',
respectively, using the DFT2 method) are strongly

1233
1225

trans-[RhX(=C=CHC H,)(PiPr,) ]
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Fig. 1. The fingerprint region of the FT-Raman spectra of frans-
[RhX(=C=CHPh)(PiPr3),] (X =F, Cl, Br, I).



D. Moigno et al. | Journal of Organometallic Chemistry 661 (2002) 181190 183

mixed. These modes are assigned to the bands at 546
and 503 cm ' in the FT-Raman spectrum of trans-
[Rh(C=CPh)(CO)(PiPr3),] (Fig. 2). Peaks at 1948
(strong) and 1941 cm ' (weak) were assigned to the
v(CO) mode in the FT-IR and FT-Raman spectrum of
trans-[Rh(C=CPh)(CO)(PiPr3),]. The calculated wave-
number of this mode by the DFT2 method for the model
complex trans-[Rh(C=CPh)(CO)(PMes),] is 1958 cm ~ .

Quite remarkably, also other fundamental vibrational
modes are sensitive to the zrans-disposed ligand. Thus,
the very strong band at 601 cm ~ ! in the IR spectrum of
trans-[RhF(CO)(PiPr3),], which was attributed to the
0 (RhCO) mode, is shifted to lower wavenumbers in the
spectrum of the corresponding chloro (582 cm™'),
bromo (576 cm~') and iodo (566 cm~') carbonyl
compounds. In the related complexes trans-[RhX(CO)-
(PPhs),], the 6(RhCO) deformation mode has been
assigned at 596, 574, 567 and 558 cm~ ! for X =F, Cl,
Br and I, respectively [27-29], which is in good
agreement with our calculated wavenumbers.

The observed opposite trends of the v(CO) (1929, 1938,
1939, 1943) and 6 (RhCO) (601, 582, 576, 566) modes for
trans-[RhX(CO)(PiPr3),] (X=F, Cl, Br and I) are the
same as found for the complexes trans-
[RhX(CO)(PPh3),] [27-29] and trans-[RhX(CO)-
(PCys),] (X =F, Cl, Br, )] [10], and have been explained
in terms of an increasing n-donor capability of X on going
up in Group 17. The surprising situation thus arises that
the metal center seems to be more electron-rich if it is
bonded to a more electronegative halogen. This supposi-
tion has been used to explain the variation of the half-
wave reduction potentials and the equilibrium constants
for the halide exchange in trans-[RhX(CO)(PPhj3),] (X =
F, Cl, Br, I) [10,27-29] as well as in related halide
complexes of Fe [6], Ru [30], Ir [7] and Pd [31]. With
regard to our work, the same clue about a push—pull =-
interaction X - Rh — C provides an explanation for why

trans-[Rh(CO)(C=CPh)(PiPr,) ]

Absorption

 (RRC)
~ B+ V(Rh=C)

o
v
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— T ——— 7 — T
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Wavenumber/cm’”

Fig. 2. The low wavenumber region of the FT-Raman (lower) and FT-
IR (upper) spectra of trans-[Rh(CO)(C=CPh)(PiPr3),].

we find for both the vinylidene and the carbonyl
complexes the highest Rh—C bond strength when fluoride
is the trans-disposed ligand. However, the calculated
atomic charges for the model compounds trans-
[RhX(L)(PMej3),], where L =C=CH, or CO and X =
F, Cl, Br, I and CH;, are not in agreement with the
assumption that the metal center becomes more electron-
rich along the sequence F < Cl < Br <I < CHj; [26]. In
contrast, the NPA analysis reveals that the metal becomes
more electron-rich by varying the ligand X along the
sequence F < CH3 < Cl < Br < I. In the case of the fluoro
complexes, the considerable difference in charge between
Rh and F (0.68 for L =C=CH, and 0.59 for L = CO),
calculated by the DFT1 method, suggests that: (i) the
Rh-F bond has a strong electrostatic component; and (ii)
the small and highly negatively charged fluorine atom will
cause severe electrostatic repulsions with the electron
density at the metal [32]. It should be noticed that this is in
agreement with the very high peak observed for the
v(RhF) stretching vibration in the FT-IR spectrum of the
fluoro complexes. Furthermore, in the NMR spectra of
the complexes trans-[RhX(L)(PiPr;),] (X =F, Cl, Br, I;
L = 3C="CH,, CO), the a-carbon and the phosphorus
atoms resonate at higher field when the electronegativity
of X increases (Table 1). The change in the chemical shift
is consistent with the variation of the metal charge, since
the calculated charges on the a-carbon and phosphorus
atoms do not vary significantly for X = F, Cl, Br or I, but
the charge on Rh is positive for X =F and less negative
for X =Cl, Br than for X =1.

Thus, the coordination of fluoride has two effects on
the Rh—C bond. On one hand, the higher positive
charge on the metal leads to an increase in the o-
donation from carbon to rhodium, while on the other
hand the repulsion between the p, electrons of fluoride
and the d, electrons of rhodium favors a =n-back
donation from the metal to the empty p, orbitals of
the vinylidene ligand. In addition to these two effects,
the electrostatic behavior of rhodium may also play a
role in the observed variation of the v(CO) mode, since
it has been shown that the electrostatic influence of a
positively charged atom bonded to CO initiates a shift of
the CO stretching vibration to lower wavenumbers [33].

The DFT calculations carried out on the model
compounds trans-[RhF(=C=CH,)(PMes),] and trans-
[RhF(="*C="3CH,)(PMes),] together with the vibra-
tional spectra of the corresponding PiPr; complexes
clearly indicate that the v(RhC) and v(RhF) modes are
weakly coupled [25,26]. This can be also observed for
the fluoro(carbonyl) complex. Indeed, the wavenumbers
difference between the AJ(RhCO) (F—Cl) and
Av(RhC) (F - Cl) modes is 5 cm ', while between the
chloro and bromo and the bromo and iodo complexes it
is only about 1-2 cm .

The assignment of the v(RhC) stretching mode in the
carbonylrhodium(I) complex trans-[RhF(CO)(PiPr3),]
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Table 1

Selected chemical shifts ¢ (in ppm) and coupling constants J (in Hz) for the square-planar rhodium(I) complexes trans-[RhX(L)(PiPr3),] (X =F, Cl,

Br, I; L = 3C="3CH,, CO, 2,6-Me,C¢H;NC) in C¢Ds

Complex 5(Rh-C) J(RhC) J(CC) o (P) J(RhP)
trans-[RhF(**C="CH,)(PiPr5)] 297.1 51.1 92.7 45.4 145.0
trans-[RhCI(*3C="3CH,)(Pi Pr3)s] 290.6 56.6 113.2 422 134.9
trans-[RhBr(**C=">CH,)(PiPr;),] 287.8 58.6 115.3 40.9 133.9
trans-[RhI(**C="3CH,)(PiPr5),] 283.4 60.7 116.3 40.2 132.2
trans[RhF(CO)(Pi Pr3),] 192.9 68.1 - 51.8 130.6
trans-[RhCI(CO)(PiPr3),] - - - 49.9 119.5
trans-[RhBr(CO)(Pi Pr),] * 188.5 75.8 - 47.7 117.0
trans-[RhI(CO)(PiPr3),] 187.5 75.0 - 47.6 117.0
trans-[RhF(2,6-Me,C¢H3NC)(PiPrs),] - - - 50.3 137.1
trans[RhCI(2,6-Me,CgH3NC)(PiPrs),] - - - 47.6 127.0
trans-[RhBr(2,6-Me,CcH;NC)(Pi Pr3),] - - - 46.8 124.8
trans-[Rh1(2,6-Me>CgH3NC)(Pi Pr3)s] - - - 46.2 122.8

% In CD2C12

provides an essential information. By comparing the
v(RhC) wavenumbers of the compounds trans-
[RhF(=">C="3CH,)(PiPr3),] and trans-[RhF(CO)-
(PiPr3),] (Fig. 3), in which the isoeclectronic ligands
13C=13CH, and CO have the same reduced mass, it is
obvious that the RhC bond is stronger in the carbonyl
than in the vinylidene complex. This result, which is free
of any mass effects, is therefore electronic in nature.
Moreover, the v(RhF) stretching mode, which has been
observed at higher wavenumbers in the FT-Raman and
FT-IR spectra of trans-[RhF(CO)(PiPr;),] compared
with trans-[RhF(='2C="3CH,)(PiPr;),], showed that the
carbonyl ligand is a better m-acceptor and a less effective
o-donor than the vinylidene group.

2.2. Isocyanide complexes

In the course of our investigations, it was also possible
to characterize most of the fundamental metal-ligand

559

V(RhC)

trans-[RhF(="C="CH )(PiPr )]

Raman Intensity

trans-[RhF(CO)(PiPr) ]

: T x T . T : T : T :
900 800 700 600 500 400 300
Wavenumber/cm’'

Fig. 3. The low wavenumber region of the FT-Raman spectra of
trans-[RhF(="3C="3CH,)(PiPr3),] and trans-[RhF(CO)(PiPrs),].

stretching vibrations for trans-[{RhX(PiPr3),},{p-1,3-
(CN),CgHy4}] (X =Cl, I) by taking the trans influence of
the halide ligand on the metal-isocyanide bonds into
consideration. The band of high intensity at 1583 (for
X =Cl) and 1577 cm ' (for X =1) was assigned to the
v(C=C) mode; it is slightly shifted to lower wavenum-
bers due to the stronger trans influence of iodine. The
medium or strong peaks at 1149 and 1268 cm~' (for
X =Cl) and at 1144 and 1263 cm ! (for X =1) were
assigned to the v,(N—Ciing) and vy(N-Cip,) stretching
modes, respectively. Regarding the v{(N—C,,g) vibra-
tion, there is a remarkable analogy between the rhodium
isocyanides trans-[{RhX(PiPr3),},{p-1,3-(CN),CsHy}]
(X'=Cl, I) and the corresponding vinylidene complexes
trans-[RhX(=C=CHPh)(PiPr3),] (X=F, Cl, Br, I). In
both cases, the trans influence of the halide ligand is
quite obvious.

The vibrational modes for the dinuclear model
compound trans-[{RhF(PMej),},{u-1,3-(CN),CsHy4}]
were also calculated [34]. However, the size of this
molecule limits the use of a large basis set and therefore
the calculations were performed only with the small
basis set LANL2DZ (DFT1). The FT-Raman spectrum
of trans-[{RhCI(PiPr3),},{u-1,3-(CN),CsH4}] displays
two medium to weak bands at 784 and 770 cm !,
which are shifted by 13 and 10 cm ' to higher and lower
wavenumbers in the spectrum of frans-[{RhI(PiPr5;),},-
{n-1,3-(CN),CeHy}]. According to the DFT calculations
for the model compound trans-[{RhF(PMes),}»{p-1,3-
(CN),CgHy4}], the peak at higher wavenumbers (calc.
786 cm ') should be attributed to a §(CH) vibration
and that at lower wavenumbers (calc. 764 cm ') to a
symmetric ring bending vibration mixed with the
v(RhC) stretching mode. The positions of the two
v(RhC) modes (symmetric and antisymmetric) antici-
pated for the model compound trans-[{RhF(PMes)},{p-
1,3-(CN),CgH4}] have been calculated at 598 and 587
cm !, respectively. This result allows to assign the
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Table 2
Selected calculated and experimental wavenumbers (cmfl) for the fundamental vibrations of 2,6-Me,C¢H;3;NC together with their tentative
assignment
BPWOI1/6-311+ G(d) BPW91/6-31+G(d) Ira (A%amu) Experimental Iz,  Assignment
2096 2108 461.4 2122 Vs v(CN)
1591 1597 74.1 1603 m v(C=C) (8a)
1583 1588 7.4 1592 vs v(C=C) (8b)
1480 1485 6.1 1474 m v(CCC) (19b)+ 0 (CHy)
1476 1482 14.8 1468 m v(CCC) (18a)+ 0 (CHs)
1457 1464 19.9 1474 sh J0(CH3)
1413 1421 14.3 1442 mbr  v(CCC) (192)+v(CN-Ciipp) + 0 (CH3)
1428 mw
1386 1398 19.8 1386 s i. phase d4(CH3)
1384 1396 16.4 0.0. phase J4(CH3)
1326 1340 5.4 1377 m v(CCC) (14)+ 6 (CHj3)
1255 1259 59.9 1269 s V(NCiing) +v(C—CHj3)
1251 1254 0.1 1259 s J0(CH)
1171 1174 17.9 1175 vs V(CN—=Ciipg) +i.p. 6(CCC)
1168 1172 5.6
1085 1089 27.3 1097 m J0(CH)
1082 s

633 635 30.1 641 Vs Ring breathing
563 563 2.2 570 m 0 (C—N-ring)
537 553 0.5 547 mw ¢ (CCCC) (16b)
500 509 0.01 510 mw ¢ (CCCCQC) (16a)
491 491 3.5 497 ms 0 (C—N-ring)+ 6 (CCCC)
452 451 5.0 463 ms 0 (CCCC) (6a)
357 370 2.5 366 ms J(CNC) (16b)

358 0.9 0 (CNC) + p(CHj-ring)

272 1.1 291

222 2.2 245

138 5.8 166 Vs J(CNC) (10b)

bands observed at 595 and 574 cm~' for trams-
[{RhCI(PiPr3),},{u-1,3-(CN),CsHy}] and at 589 and
571 em~ ' for trans-[{RhI(PiPr3)},{p-1,3-(CN),-
CgH4}] to these rhodium-—carbon stretching modes.
Similarly as for the vinylidene complexes, the shift of
the v(RhC) vibrations reflects the trans influence of the
halide ligand in the order I > Cl.

We also found that the v(C=C) stretching mode of the
ring is sensitive to the type of ligand trans-disposed to
the CNR unit and is shifted to lower wavenumbers for
trans-[{RhI(PiPr3),},{p-1,3-(CN),CsHy}] compared to
trans-[{RhCI(PiPr3),}{p-1,3-(CN),CsHy} ] (Av=56
cm 1Y), The fact that the v(RhC) stretching mode is
also shifted to lower wavenumbers (Av=6 cm ') by
replacing the chloride for iodide indicates that both
modes are coupled. Although it is curious that the
v(RhC) stretching mode appears at the same wavenum-
ber for the analogous isocyanide and the vinylidene
compounds, a direct comparison of this mode for both
trans-[{RhCI(PiPr;),},>{n-1,3-(CN),CcH4}] and trans-
[RhCl(=C=CHPh)(PiPr;),] is unreasonable due to its
coupling with a ring vibration.

Although the IR and Raman spectra of liquid
C¢HsNC and C¢DsNC have been investigated [35], we
also measured the FT-Raman spectrum of the isocya-

nide 2,6-Me,CcH3;NC and performed DFT calculations
to assign its characteristic vibrational modes (Table 2).
In the high wavenumber region of the FT-Raman
spectrum of 2,6-Me,C¢HsNC, the very strong band at
2122 ecm ™', corresponding to the v(C=N) stretching
mode, has been calculated at 2108 cm ~ ! using BPW91/
6-31+G(d). The v(C=C) vibrational modes can be
assigned to the bands observed at 1603 and 1592 cm .

The very intense band appearing at 1175 cm ! in the
FT-Raman spectrum of 2,6-Me,CcH3;NC corresponds
to the v(CN-C,,,) mode and has been calculated at
1174 cm ! using the BPW91/6-31 +G(d) method. This
mode is found at 1185 cm ! in the Raman spectrum of
phenylisocyanide [35]. The strong band observed at 641
em ! (cale. 635 cm 1) for 2,6-Me,CgH;NC is attrib-
uted to the ring breathing vibration. In agreement with
the DFT calculations, the peaks observed at 570, 547,
510 and 497 cm ™' can be attributed to the CNC
deformation modes.

In contrast to the dinuclear complexes trans-
[{RhX(PlPrg,)z}z{H-l,3-(CN)2C6H4}] (X :Cl, I), where
the v(C=C) stretching mode is sensitive to the halide in
trans disposition, this mode is observed at 1589 ¢cm !
(calc. 1580 and 1600 cm ~ ' for X = F (DFT1); 1581 and
1600 cm ~ ! for X = CI (DFT1); 1582 and 1600 cm ' for
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Table 3

Comparison of selected bond lengths (pm) and angles (°) for the complexes trans-[RhCI(CNR)(PiPr3),] (R = 2,6-Me,CsH3NC, CH,CMe;) and the
model compounds trans-[RhX(CNR)(PMes),] (X =F, Cl; R = 2,6-Me,CcH3NC, ¢Bu)

trans-[RhF(CNR)(PMe;),]

trans -[RhCI(CNR)(PMes),]

trans -[RhCI(CNR)(Pi Pr3),]

R = 2,6-M€2C6H3NC R =1¢Bu R= 2,6-M62C6H3NC R= 2,6-M62C6H3NC R= CH2CM63
DFTI DFT5 DFT1 DFT2 DFTI DFT2 DFT5 Experimental #
Bond lengths (pm)
Rh-X 206.8 204.8 207.5 207.7 247.5 244.6 242.2 239.5(1) 238.9(2)
Rh-PI 237.7 232.1 237.2 232.7 238.7 234.4 233.0 233.4(1) 232.3(1)
Rh-P2 237.7 232.1 237.2 232.7 238.7 234.4 233.0 233.4(1) 232.1(3)
Rh-C1 184.8 182.7 185.4 184.6 185.2 184.9 183.7 183.0(5) 183.4(4)
Cl1-N 122.0 121.8 122.1 121.4 121.8 121.0 121.4 117.7(6) 115.9(5)
N-C2 138.4 138.4 146.0 145.2 138.7 137.9 138.4 139.5(6) 143.4(6)
Bond angles (°)
P1-Rh-P2 164.4 167.4 164.2 166.1 170.9 171.8 172.2 178.21(5) 175.88(4)
F-Rh-Cl1 179.7 179.2 179.9 179.8 178.8 179.0 179.4 o
P1-Rh-F 82.2 83.7 82.1 83.3 85.5 86.0 86.2 89.11(3) 90.76(5)
P1-Rh-CI 97.7 96.3 97.9 96.8 94.5 94.0 93.8 90.89(3) 88.7(1)
Rh-CI-N 180.0 174.7 176.3 175.6 180.0 178.5 176.2 180.0 178.4(4)
ClI-N-C2 179.1 155.2 157.9 152.0 175.2 168.9 157.7 180.0 166.8(4)

“ Ref. [36].
® Value is not given.

It
7
trans-[RhX(2,6-Me,-C H NC)(PiPr,) ]

Raman Intensity

T T T 7K T T
2100 2050 2000 1950 1650 1600 1550 1500
Wi ber/em”

Fig. 4. The high wavenumber region of the FT-Raman spectra of
trans-[RhX(2,6-Me,C¢H;3;NC)(PiPr3),] (X =F, Cl, Br, I).

X =1 (DFT1)) in the FT-Raman spectrum of trans-
[RhX(2,6-Me,—CgH3NC)(PiPr3),] (X=F, Cl, Br, I).
The v(CN) stretching mode for these complexes is
shifted to higher wavenumbers in the order F <1<
Cl ~ Br (Fig. 4). This order is slightly different to that
of the analogous carbonyl complexes where the v(CO)
stretching mode increases along F <Cl <Br <I. The
calculated CN bond lengths are similar for X = F or Cl
in the model compounds trans-[RhX(2,6-Me,C¢H3NC)-
(PMej3),] (Table 3), while the v(CN) stretching mode is
calculated at 1991 for X = F and 2009 cm ' for X = Cl
using the method DFTS.

The fact that the v(CN) stretching mode appears at
lower wavenumbers for the iodo complex than for the
chloro analogue could be due either to crystal packing
effects or to steric hindrance between the isopropyl
groups at phosphorus and the methyl groups of the 2,6-
Me,C¢H;sNC ligand. This steric hindrance should be
stronger for the iodo complex, since the P-Rh—P angle
increases from the fluoro to the iodo complex with the
consequence that the triisopropylphosphine ligands are
pushed toward the 2,6-xylenyl unit.

Two vibrations corresponding to the v(RhC) stretch-
ing mode have been calculated for the model com-
pounds trans-[RhX(2,6-Me,CsH3NC)(PMes),] at 525
and 690 cm ! for X = F (DFT5) and at 523 and 687
em ! for X =Cl (DFT5). However, both modes mix
strongly with a ring bending vibration. Therefore, the
medium to strong band at 688 cm ! in the FT-Raman
spectrum of  trans-[RhF(2,6-Me>CsH3;NC)(PiPr3),],
being shifted to lower wavenumbers in trans-[RhX(2,6-
Me,CcH;NC)(PiPr3),] (X =Cl, Br, I), can be assigned
to the J(CCC)ne and v(RhC) vibrational modes.
Similarly to the vinylidene and carbonyl complexes,
the shift of these modes to lower wavenumbers in the
order F > CI > Br > I (Fig. 5) reflects the trans influence
of the halide ligand in the order I >Br > Cl>F. The
assignment of the second v(RhC) vibrational mode is
more complicated due to the presence of several broad
peaks in the 510—-540 cm ~' spectral region of the FT-
Raman and FT-IR spectra of trans-[RhX(2,6-
Me,CcH;NC)(PiPr3),] (X=F, Cl, Br, I) (Figs. 5 and
6). The medium band at 580 cm ' in the FT-Raman
spectrum of trans-[RhF(2,6-Me,CsH3NC)(PiPr;),] is
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trans-[RhX(2,6-Me,-C H NC)(PiPr,) ]
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Fig. 5. The low wavenumber region of the FT-Raman spectra of
trans-[RhX(2,6-Me,CsH3;NC)(PiPr3),] (X =F, Cl, Br, I).
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Fig. 6. The low wavenumber region of the FT-IR spectra of trans-
[RhX(2,6-Me,CcH;NC)(PiPrs3),] (X =F, Br, I).

attributed to the 6(CNCy,,) bending vibration and is
shifted to lower wavenumbers in the FT-Raman spectra
of the chloro, bromo and iodo counterparts trans-
[RhX(2,6-M82C6HgNC)(PlPl'g)z]

Similarly as for the fluoro vinylidene and carbonyl
complexes, the v(RhF) vibration in the isocyanide
compounds is also slightly mixed with the v(RhC)
stretching mode. However, the pure v(RhF) mode
calculated at 452 cm ! (DFT5) for the model com-
pound trans-[RhF(2,6-Me,C¢H3NC)(PMes),] is as-
signed to the strong band at 457 cm ! in the FT-IR
spectrum of trans-[RhF(2,6-Me,CcH3;NC)(PiPr3),]. It is
worth mentioning that this mode appears at the same
wavenumber than for the vinylidene complex trans-
[RhF(=C=CH,)(PiPr3),].

The v(C=C) stretching mode of the PhC=C ligand
can be assigned in the FT-Raman and FT-IR spectrum
of trans-[Rh(C=CPh)(2,6-Me,CcH3NC)(PiPr3),] to the
medium to strong peak at 2076 cm ' (calc. 2076 cm ',
DFT1). In comparison with trans-[Rh(C=CPh)(=C=
CHPh)(PiPr3),] and trans-[Rh(C=CPh)(CO)(PiPr3),],
it is shifted by 4 and 14 cm ™' to higher and lower
wavenumbers, respectively. The corresponding v(Rh—
C) mode, which is expected in the same wavenumber
region as for the related vinylidene complex, has been
assigned in the FT-Raman spectrum to the medium
band at 545 cm ~ ! (calc. 546 cm ~ !, DFT1).

In agreement with the DFT calculations, the medium
band at 512 cm ™' (calc. 513 cm ~ !, DFT1) observed in
the FT-Raman spectrum of trans-[Rh(C=CPh)(2,6-
Me>CsH3NC)(PiPr3),] is attributed to the v(RhCisocya-
isocyanide) Vibration. For the model compound trans-
[RhF(CN¢Bu)(PMe;),], the v(C=N) stretching mode is
calculated at 2007 and 2005 cm~' using DFTI-2,
respectively. The FT-Raman spectrum of trans-
[RhCI(CNzBu)(PiPr;),] shows two bands of high and
medium intensities at 2059 and around 2085 cm ~'. The
exact position of the second band, which is a broad one
cannot be determined unequivocally. At least, the shift
of the v(C=N) stretching mode for complex trans-
[RhCI(CN-¢Bu)(PiPr3),] to higher wavenumbers com-
pared with trans-[RhCI(CNCH,CMe;)(PiPr3),] (2056
and 2032 ecm™') and frans-[RhCI(2,6-Me,CsH;NC)-
(PiPr3),] (2047 and 2016 cm ') is consistent with the
different C1-N and N-C2 bond lengths found crystal-
lographically for trans-[RhCI(CNR)(PiPr3),] (R =
CHzCMe_?,, 2,6-M02C6H3) [36]

By comparing the FT-Raman spectra of compounds
trans-[RhCl(2,6-Me,C¢H3NC)(PiPr3),] and  trans-
[RhCI(CNzBu)(PiPrs3),] (Fig. 7), it is possible to attri-
bute some peaks to the group R of the isocyanide ligand,
since the bands at 508, 515 and 527 cm ! appear only in

trans-[RhCI(CNR)(PiPr)),] 306
el
@ R=2,6-Me,-CHNC
=)
28 . i
~
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Fig. 7. The low-wavenumber region of the FT-Raman spectra of
trans-[RhCI(CNR)(PiPr3),] (R =2,6-Me,CqH;NC, #Bu).
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Table 4

Selected calculated and experimental vibrational wavenumbers (cm ~ ') for the complexes frans-[RhF(C,H,)(PMes),] and frans-[RhF(C,H4)(PiPr3),]

together with their tentative assignment

trans -[RhX(C,H4)(PR3),]

R=iPr,X=F R=Me, X=F R=Me, X=Cl Assignment
R IR DFTI DFT2 DFT3 DFTS5 DFTS5
1501w 1505m 1495 1501 1480 1510 1516 v(C=C)+(CH,)
1438m 1438br 1436 1419 1424 1439 1440 J(CH,)
1197s 1197s 1188 1187 1198 1197 1198 0(CH,)+v(C=C)
1183w 1183w 1180 1168 1164 1184 1184 7(CHy)
885vs 882s v(CCC)p;pr3
801m 791 782 712 0 (CH,)
665vs v(PC3)
656m 659vs 620 642 646 642 642
648m 650vs 615 636 639 635 636
576s 576mw
514m S14mw 470 477 492 494 485 Vas(Rh—C,yHy)
471m 471m 456 448 466 468 vs(Rh—C,Hy) + v(RhF)
436 vs(Rh—C,Hy)
425vs 425vs 409 404 419 423 v(RhF)+vy(Rh—-C,H,)
349w 320 330 337 337 337 v(RhP)
306m 319 312 311 316 318 v(RhP)
284 v(RhCI)

the spectrum of trans-[RhCI(2,6-Me,CsH3;NC)(PiPr3),].
Therefore, these bands are good candidates for assign-
ing the ring deformation modes of the 2,6-xylylisocya-
nide ligand, whereas the band at 752 cm ! in the FT-
Raman spectrum of trans-[RhCI(CNzBu)(PiPr3)s,]
should be attributed to the v(CC;) mode of the Bu
group. This mode is calculated at 744 cm ~' (DFT2) for
the model compound frans-[RhF(CN¢Bu)(PMe;),] and
is mixed with the v(RhC) vibrational mode. Further-
more, a vibrational mode with v(RhC) and 6 (CNC)
components is found at 520 cm ~ ' and is assigned to the
medium band at 531 cm~ ' in the FT-Raman spectrum
of trans-[RhCI(CN¢Bu)(PiPr3),].

2.3. Ethylene complexes

As an extension of our studies of the vinylidene
complexes trans-[RhX(=C=CH,)(PiPrs),], we recently
became also interested to investigate the bonding
characteristics of the corresponding ethylene rhodium(I)
derivative trans-[RhF(C,Hy4)(PiPr3),]. The calculated
geometries using the DFT3 amd DFT5 methods for
the model compound trans-[RhF(C,Hy)(PMes),] were
in excellent agreement with the experimental data found
for trans-[RhF(C,H4)(PiPr3),] [2c]. There is a minor
difference between the Rh—C bond lengths of trans-
[RhF(C,Hy4)(PiPr3),] (209.6(5) and 210.3(5) pm) and of
the analogous chloro complex trans-[RhCI(C,Hy)-
(PiPr3),] (211.6(2) and 212.8(2) pm) [37], which indicate
that in the fluoro derivative the bond between ethene
and the metal is somewhat stronger. For the bis(tri-

methylphosphine) complex trans-[RhCI(C,H4)(PMes),],
the Rh—C bond lengths were calculated as 212.2 and
212.9 pm, respectively.

A larger difference exists between the C1-C2 distance
of the ethene ligand in trans-[RhF(C,Hy4)(PiPr3),]
(138.0(8) pm) and in the chloro counterpart (131.9(4)
pm) resulting from a higher degree of back bonding
from rhodium to the olefin in trans-[RhF(C,Hy)-
(PiPr3),]. As the electron density on the metal increases,
the back donation is enhanced and the double bond
character of the ethene ligand is reduced. This is
reflected in a longer (and weaker C—C) bond and a
bending back of the substituents on the carbon atoms.
As expected, the fluoro ligand shows a lower trans
influence than the chloro ligand and permits a stronger
push—pull effect to the n*-orbital of ethene.

The bonding in alkene complexes can be described by
two models, the synergistic ligand-to-metal c-donation
and metal-to-ligand m-back-donation of Dewar, Chatt
and Duncanson [38,39], and the model where there are
two metal—carbon o-bonds forming a metallacyclopro-
pane ring. In molecules described by the first method
only one metal—carbon stretching band is expected,
while in metallacyclopropane-type compounds two
bands, one symmetrical and one antisymmetrical,
should be observed [5,40,41].

The calculated fundamental modes for the model
compound trans-[RhF(C,Hy)(PMes),] are summarized
in Table 4 together with their tentative assignment and
with the experimental values measured for trans-
[RhF(C2H4)(PlPI'3)2] (Table 4)
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A vibration which is mainly a v(Rh—F) stretching
mode in character was calculated at 409 cm~'. The
band observed in the FT-IR and FT-Raman spectra of
trans-[RhF(C>H4)(PiPr3),] at 514 cm ~ ! was tentatively
assigned to the antisymmetric Rh—-C,H, stretching
vibration. The intense and medium bands at 425 and
471 em ', respectively, could be due to the Rh—F and
the symmetric Rh—C,H, stretching modes. We note that
these bands lie in the same region as those of the
fluororhodium complexes trans-[RhF(C,H,)(PCys3),]
and trans-[RhF(PhC=CPh)(PCy3),] (421 and 462
cm !, respectively) which were assigned to the v(RhF)
stretching mode [10]. The v(C=C) vibrational mode for
complex trans-[RhF(C,Hy)(PiPr3),] was observed at
1505 cm ! in the IR- and FT-Raman spectra. This
value is close to the calculated one (1495 cm ~ !, DFTI1)
for the model compound trans-[RhF(C,H4)(PMes),].
The wavenumber of the v(C=C) mode is 118 cm ™'
smaller than that of gaseous ethylene (1623 cm ') [42]
and also slightly smaller than that of trans-
[RhCI(C>H4)(PiPrs),] (1510 em ') [37]. It should be
noted that the value of the v(C=C) stretching mode
which is calculated at 1516 cm ~ ' (DFT5) for the model
complex trans-[RhCI(C,H4)(PMes),] is in good agree-
ment with the experimental result and is consistent with
the observed C=C bond distances: 131.9(4) pm for the
chloro complex [37] and 138.0(8) pm for the fluoro
complex [2c].

Nevertheless, only the decrease in the v(C=C) wave-
number alone cannot be used as a measure of the M—
C,H, bond strength, since the calculations carried out
on [PtCl3(C,Hy)] ™ [40], [PACl3(C,Hy)] ™ [41] and our
model complex trans-[RhF(C,H4)(PMes),] show that
the v(C=C) stretching vibration is strongly coupled with
the in-plane CH, scissoring mode. The band at 1197
ecm ', which does not appear in the FT-Raman
spectrum of trans-[RhF(=C=CH,)(PiPr;),], was attrib-
uted to the 6 (CH,) mode of the ethylene ligand. For the
model complexes trans-[RhX(C,H4)(PMes),], this band
was calculated at 1188 (X =F) and 1198 cm ' (X = Cl),
and it is also strongly coupled with the v(C=C) mode.
Moreover, for the compound trans-[RhCI(C,Hy)-
(PMe3),] the v(Rh—C,H,) and v,i(Rh—C,H,) stretching
modes are predicted at 436 and 485 cm ~ ' using DFTS,
respectively, which is in agreement with the previous
results. We finally note that the trans influence of the
halide ligand in trans-[RhX(C,H4)(PCy3),] (X =F, Cl,
Br, I) has already been studied by van Gaal and van den
Bekerom [10] using IR and NMR spectroscopy, but the
assignment made was restricted to the v(C=C) and
0(CH,) vibrational modes being shifted to higher
wavenumbers in the order I <Br <Cl <F.

In summary, the confirmed sensitivity of the v(MC),
v(CC), v(CO) and v(CN) vibrational modes to the
electronic modifications occurring in the vinylidene,
carbonyl, ethylene and isocyanide complexes, should

allow in the future also to examine the donor—acceptor
properties of ligands of other types.

3. Computational and experimental details

The DFT calculations were performed using Gaussian
98 [43] and Becke’s 1988 exchange functional [44] in
combination with the Perdew-Wang 91 gradient-cor-
rected correlation functional (BPW91) [45]. The Los
Alamos effective core potential plus double zeta
(LANL2DZ) [46,47] was employed for rhodium,
whereas the Dunning/Huzinaga full double zeta basis
set with or without polarization and diffuse function
(D95, D95 +(d) and D95+ (3df,2p)) for P, C, H, F, CI
and O atoms (DFT1-3) or 6-31+G(d) for P, C, H, and
0, 6-311+G(d) for Br and 3-21G(d) for I (DFT4) was
used. In addition, the quasi relativistic energy-adjusted
effective core potential (ECP) for the 28 core electrons
of rhodium in conjunction with a contracted 6s5p3d
basis (311111/22111/411) for the valence orbitals [48]
and the 6-31+4G(d) Pople basis set for the other atoms
was employed for the calculation of the model com-
pounds trans-[RhF(L)(PMes),] (L =C=CH,, CO,
C,Hy4, 2,6-Me>,CgH3NC) and was denoted DFTS. The
isopropyl groups of the existing complexes have been
substituted with methyl groups in order to reduce the
time for computation.

The NMR spectra were obtained at room temperature
on Bruker AC 200 and Bruker AMX 400 instruments.
The FT-Raman spectra were recorded at room tem-
perature using a Bruker IFS 120-HR spectrometer with
an integrated FRA 106 Raman module (resolution =3
cm ~'). Radiation with 1064 nm from a Nd-YAG laser
was employed for excitation of crystalline samples
contained in NMR tubes under argon. The infrared
spectra were recorded with a Bruker IFS 25 spectro-
meter using Nujol suspensions between KBr plates. The
synthesis and the complete spectral data for the reported
compounds have been previously reported [25,26,34].
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