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ABSTRACT: Catalytic transition-metal complexes often occur in
several conformations that exchange rapidly (<ms) in solution so
that their spatial structures are difficult to characterize with
conventional methods. Here, we determine specific bond angles in
the two rapidly exchanging solution conformations of the hydro-
formylation catalyst (xantphos)Rh(CO),H using two-dimensional
vibrational spectroscopy, a method that can be applied to any
catalyst provided that the exchange between its conformers occurs
on a time scale of a few picoseconds or slower. We find that, in one
of the conformations, the OC—Rh—CO angle deviates significantly
from the canonical value in a trigonal-bipyramidal structure. On the
basis of complementary density functional calculations, we ascribe
this effect to attractive van der Waals interaction between the CO
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and the xantphos ligand.

B INTRODUCTION

Many catalytic transition-metal complexes exist in several
conformations that exchange rapidly (on the ms time scale or
faster) under ambient conditions. Generally, these conforma-
tions have very different catalytic activities.' Hence, to obtain an
understanding of how a fluxional transition-metal complex
catalyzes a reaction, one ideally would like to characterize all of
its conformations in detail. It is, however, very difficult to
investigate such rapidly exchanging conformers with conven-
tional experimental methods. X-ray crystallography generally
provides access to only a single conformer. The standard
method to probe conformations in solution is nuclear magnetic
resonance (NMR). However, if the exchange between the
conformations is faster than the NMR time scale (determined
by the difference between the resonance frequencies of the
exchanging conformers, and typically 1 ms),” the observed
spectrum is an average of the spectra of the different
conformers, and the structural information about the individual
conformations is lost.

In the infrared (IR) spectrum, the difference between the
resonance frequencies is much larger than that in the NMR
spectrum. The difference between the CO-stretching frequen-
cies of different conformers of a transition-metal complex is
typically several cm™" (10"'—10'* Hz), which corresponds to a
time scale of a few picoseconds. Hence, any exchange taking
place more slowly than this time scale is not averaged out in the
IR spectrum,””” and the exchanging conformers appear as well-
separated peaks or sets of peaks. IR spectroscopy is thus an
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excellent tool for studying catalytic reactions,”®”"” but the
conformational information provided by a conventional IR
spectrum is rather limited. This limitation can be overcome by
using two-dimensional infrared (2D-IR) spectroscopy experi-
ments,"* ™' the IR analog of 2D-NMR spectroscopy. In the
pump—probe version of these experiments, one specifically
excites a normal mode of a molecule (more precisely, one
induces a transition between the v = 0 and v = 1 eigenstates of
the molecule—bath system’), and by probing the response of
all other normal modes, observes the couplings between the
excited and the probed modes as cross-peaks in a 2D plot, in a
similar manner as in 2D-NMR (COSY). The 2D-IR cross-peak
intensities and polarization dependences provide direct
information about the relative distance and orientation of the
coupled vibrating bonds,'® information that generally cannot be
obtained from the conventional (1D) IR spectrum. Because of
its picosecond time resolution, 2D-IR is a powerful method to
investigate the structure and dynamics of catalytic transition-
metal complexes in solution.”'**"*372%

Here, we use 2D-IR spectroscopy to study the catalyst
(xantphos)Rh(CO),H (Figure 1, right), a prototypical member
of a large class of rhodium catalysts used for the hydro-
formylation of terminal alkenes."**' These catalysts occur in
two conformations, one in which the two P atoms are
equatorial and the CO ligands are equatorial and axial (here
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Figure 1. Right: Schematic representation of the two conformers of (xantphos)Rh(CO),H. The phenyl groups on the P atoms and all H atoms,
except the one coordinated to Rh, have been omitted for clarity. (A) Conventional IR absorption spectrum of (xantphos)Rh(CO),H. The labels "e"
and "a" refer to the equatorial and axial positions of the CO ligands. This spectrum is also shown above 2D spectrum C and to the right of 2D spectra
C and E. (B, C) 2D-IR spectra of (xantphos)Rh(CO),H in hexane at S0 bar syngas pressure, for parallel (B) and perpendicular (C) polarizations of
the pump and probe pulses, recorded at a delay of 1.8 ps. Red colors denote AA > 0, blue colors AA > 0, green AA = 0. (D, E) Calculated 2D-IR
spectra obtained from a global least-squares fit, for parallel (D) and perpendicular (E) polarizations of the pump and probe pulses, using 0,, = 121°,
0., = 108°, and 6, = 170°, as obtained from a global least-squares fit to the data.

denoted as “ea”), and one in which one P atom is equatorial
and the other axial, and the CO ligands are both equatorial
(denoted as “ee”) (Figure 1, right). These conformers exchange
on a 250 ns time scale (estimated by extrapolating low-
temperature NMR data; see the Supporting Information), so in
the IR spectrum, the two conformers are separately visible. We
find that, from the 2D-IR spectrum, we can determine specific
bond angles in both the exchanging conformers.

B EXPERIMENTAL SECTION

Sample Preparation. The preparation of the (xantphos)Rh-
(CO),H sample is based on the procedure described by van der Veen
et al>* All chemicals were purchased from Sigma Aldrich and were
used without further purification. We dissolved 3.87 mg (1.5 X 107°
mol) of (acetylacetonato)dicarbonylrhodium(I) in S mL of degassed
cyclohexane under an inert atmosphere (Ar). A separate solution of
3472 mg (6.0 X 107 mol) of 4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene (xantphos) in 25 mL of degassed cyclohexane
under an inert atmosphere was prepared in a home-built in situ
infrared autoclave. The autoclave was heated to 60 °C and pressurized
to S0 bar with syngas under continuous stirring. The formation of the
(xantphos)Rh(CO),H complex was followed with FTIR after the
high-presssure injection of the (acetylacetonato)dicarbonylrhodium(I)
solution into the xantphos mixture. A portion of the mixture was
transferred, under pressure, to a modified high-pressure IR cell (HPL-
C-13, Harrick Scientific). The sample was kept between two CaF,
windows separated by a 1 mm spacer.

Two-Dimensional Infrared Spectroscopy Setup. Using an
experimental setup that has been described previously,> we generate

mid-infrared pulses with a duration of ~100 fs at 2000 cm™ and an
energy and bandwidth of 10 yJ and ~200 cm™, respectively. Probe
and reference pulses are obtained from the mid-IR by reflection off the
front and back surfaces of a wedged BaF, window. Each beam is
approximately 5% of the total intensity of the mid-IR radiation. The
remainder of the light is used as a pump beam. Both the probe and the
reference beams are focused through the sample by means of an f =
100 mm off-axis parabolic mirror. The probe is 200 ym in diameter at
the sample. The mid-IR reference beam passes through an area of the
sample not influenced by the pump (the purpose of the reference
beam is to correct for small pulse-to-pulse fluctuations in the infrared
intensity). The changes induced in the sample by the pump pulse are
monitored by the mid-IR probe pulses, at various time delays between
the pump and mid-IR probe pulse. The delay between pump and
probe pulses is controlled with a motorized delay stage. The beams are
recollimated with a second f = 100 mm off-axis parabolic mirror. The
probe and reference are focused into a spectrograph (MS260j,
Newport Oriel) by a third f = 100 mm off-axis parabolic mirror. The
spectrograph images both beams onto a 2 X 32 pixel HgCdTe array
detector (MCT, Infrared Associates). The pump pulses are optically
filtered using a Fabry—Perot interferometer. This results in spectrally
narrow pump pulses with a bandwidth of 10 cm™ and an energy of
approximately 1 pJ. The center frequency of the light is varied by
adjusting the distance between the parallel mirrors of the Fabry—Perot
filter using a feedback-controlled piezoelectric mount. To provide the
feedback, we project the pump beam after it has passed the sample
onto the probe array of the MCT detector. We achieve this by
overlapping pump and probe on an adjustable CaF, plate that then
couples the pump into the spectrograph. Since pump and probe now
run collinearly from the plate onward, a bipositional flag is placed such
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that it blocks the probe and reference during the optimization of the
Fabry—Perot etalon and the pump when data are acquired for the
measurement. The delay between pump and probe pulses is controlled
with a motorized delay stage. The pump is optically chopped at half
the laser repetition frequency to provide the pumped and unpumped
shots necessary for the generation of the difference absorption
spectrum. The pump pulses have an intensity envelope that is an
approximately single-sided exponential with a fwhm of 800 fs, as
determined from a cross-correlation measured using two-photon
absorption in InAs. The polarization of the IR pump pulse is set at 45°
with respect to that of the probe pulse using a MgF, zero-order 1/2
plate. Subsequently, the polarization of the measured spectrum is
selected using a rotating polarizer situated directly after the sample set
at either 0° (parallel spectrum) or 90° (perpendicular spectrum) with
respect to the pump polarization.

B RESULTS AND DISCUSSION

Figure 1A shows the IR spectrum of (xantphos)Rh(CO),H in
hexane at 50 bar syngas pressure. The spectrum consists of four
intense peaks at 1950, 1975, 1997, and 2040 cm™, and a
weaker shoulder at ~1930 cm™. We expect five peaks in total
for the two conformers: two CO-stretch modes (symmetric and
antisymmetric) for the ee conformer, and three CO/Rh—H
combinations for the ea conformer. The Rh—H mode
contributes to the spectrum only in the ea conformer, because
this mode gains sufficient absorption intensity to be observable
only if it mixes with the CO-stretch modes (the intrinsic
absorption of the Rh—H-stretch mode is much smaller than
that of the CO-stretch modes®?), and the Rh—H/CO mixing is
much stronger in the ea conformer than in the ee conformer,
since in the former one of the CO bonds is parallel to the Rh—
H bond. From the conventional IR spectrum, it is only possible
to determine which of the five peaks belong to which
conformer by means of isotope labeling,** but this question
can be solved directly by inspection of the 2D-IR spectrum,
shown in Figure 1B,C for parallel (B) and perpendicular (C)
polarizations of the pump and probe pulses. In this 2D graph,
the absorption change AA is plotted as a function of the pump
and probe frequencies. On the diagonal, we observe four
positive—negative couplets when v, is resonant with one of
the four most intense absorption bands. The negative AA
feature is due to the v = 0 — 1 bleaching and v =1 — 0
stimulated emission of the excited vibrational mode, and the
positive AA feature is due to v = 1 — 2 excited-state
absorption, which is decreased in frequency with respect to the
v =0 — 1 frequency as a consequence of the anharmonicity of
the CO-stretch potential. The diagonal peak of the lowest-
frequency mode is too weak to be observable. Coupling
between vibrational modes causes cross-peaks in the 2D-IR
spectrum. Like the peaks on the diagonal, these cross-peaks are
also positive—negative doublets. This can be understood as
follows. When two modes A and B (with v = 0 — 1 frequencies
U4 and 1) are coupled, the frequency of the state in which both
modes are in the v = 1 state is < v/, + Uz by an amount x,5 (the
cross-anharmonicity), which is determined by the strength of
the interaction between modes A and B.'"® As a consequence,
exciting mode A to the v = 1 state effectively gives rise to a
change of —x,y in the v = 0 = 1 frequency of mode B, leading
to a negative AA at v, = g and a positive AA at v, = Vg
— xap. The frequency shift x,5 is often smaller than the line
width, resulting in a cross-peak AA signal that (in the .
direction) looks approximately like the derivative of the
absorption band. In the 2D-IR spectrum of (xantphos)Rh-
(CO),H, cross-peaks are observed between the 1950 and 1997

cm™! modes, and between the 1930, 1975, and 2040 cm™
modes. Since coupling occurs only within a conformer, we can
conclude from the cross-peaks that the peak sets {1950, 1997
cm™'} and {1930, 1975, 2040 cm ™'} each belong to one of the
two conformers. Since the ea conformer should have three
peaks, we also can assign the peak sets in the IR spectrum to
specific conformations: the {1930, 1975, 2040 cm™'} peaks
arise from the ea conformer, the {1950, 1997 cm™ } peaks
from the ee conformer. The larger line widths of the ea
conformer are probably caused by the contribution of Rh—H
stretching in the (mixed C=0 + Rh—H stretch) normal
modes.

We can use the 2D-IR spectrum to characterize the structure
of both the conformers, in particular, to determine the OC—
Rh—CO and OC—Rh—H angles 8., 0., and 0, defined in
Figure 1. These angles determine the dependence of the cross-
peak intensities on the angle between the pump and probe
polarizations'® (the contributions of rotational diffusion,
fluxionality,'” and energy transfer'® to the cross-peak are
negligible at our pump—probe delay of 1.8 ps; see the
Supporting Information). To obtain the angles and the
coupling strengths from the 2D-IR spectrum, we globally fit
an excitonic model'® to the data (details are given in the
Supporting Information). It should be noted that, since the
strength of the coupling between the modes is of the same
order as the difference between their frequencies, the data
cannot be analyzed by reading off the cross-peak intensities and
anisotropies directly from the 2D-IR spectrum. If the localized
C=0 and Rh—H stretching modes are used as the basis set,
the Hamiltonians of the two conformers are given by

&y ﬁH,e ﬂH,a
&

ee

andHe(al)= Py. & B,

,€

/))Ha ﬂea &

) ”

H =

£
e,e e

where ¢; are the stretching frequencies of the Rh—H bond (i =
H) and of the axial and equatorial CO bonds (i = a, e), and B
are the couplings between the stretching modes. The angles
between the CO bonds in each conformer (see Figure 1, right)
enter the calculation through the transition-dipole moment
matrix.'® These angles, the couplings, and site frequencies in
the Hamiltonians, together with the anharmonic shifts (the
difference between the v=0 — 1 and v = 1 — 2 frequencies of
a local mode), completely determine the 2D-IR spectrum of
each conformer. The experimental 2D-IR spectrum is the sum
of the 2D-IR spectra of the ee and ea isomers weighted with
their relative abundances.

From the fit (shown in Figure 1D,E), we obtain 6,, = 121° +
1°, 6., = 108° + 3° and 6,; = 170° + 50°. The complete list of
parameters obtained from the fit is given in the Supporting
Information. Comparing the coupling strengths obtained from
the fit (see the Supporting Information) to the frequency
splittings in the IR spectrum, we find that, in both conformers,
the contribution of the couplings to the frequency splittings in
the IR spectrum is substantial. In the ee conformer, the local-
mode CO-stretch frequencies are identical because of
symmetry, and the splitting between the IR bands of this
conformer is caused purely by the coupling. Accordingly, the
coupling obtained from the 2D spectrum (22.8 + 0.1 cm™) is
exactly half the frequency splitting in the IR spectrum. In the ea
conformer, the local-mode frequencies are all different, and the
observed differences in frequency of the three IR bands are
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caused partly by the coupling and partly by differences in the
local-mode frequencies. It is interesting to note that, in the ee
conformer, in which the local-mode frequencies are the same
because of symmetry, the angle between the CO ligands might,
in principle, still be determined from the conventional IR
spectrum, but this is not the case for the ea conformer, for
which the number of unknown parameters is too large to derive
the bond angles from the 1D-IR spectrum. They can be
obtained only from the 2D-IR spectrum.

We find that the OC—Rh—CO angle in the ee conformer is
equal to the canonical value of 120°, whereas, in the ea
conformer, the OC—Rh—CO angle deviates significantly from
the 90° expected for an ideal trigonal-bipyramidal structure. To
investigate the origin of this deviation, we performed density
functional calculations (see the Supporting Information), which
we have used previously to investigate similar Rh and Co
catalysts.’>*® We find that geometry optimizations (DFT,
BP86, def2-TZVP) without dispersion corrections (attractive
van der Waals forces) produce structures with OC—Rh—CO
angles close to 90°, deviating significantly from the measured
value of 108°. Optimizations including Grimme’s dispersion
corrections (disp3; DFT-D) lead to a structure (shown in
Figure 2) with a larger OC—Rh—CO angle (101°), which is

Figure 2. Calculated structure of the ea conformer of (xantphos)Rh-
(CO),H. All H atoms, except the one coordinated to Rh, have been
omitted for clarity.

clearly in better agreement with the 2D-IR measurements.
Hence, the large 6., probably arises from van der Waals
attraction between the CO ligands and the xantphos ligand.
One might think that the observed widening of the OC—Rh—
CO angle could be purely the result of steric repulsion, leading
to tilting of the axial CO ligand toward the hydride and away
from the second CO ligand. However, such behavior was not
reproduced with uncorrected DFT methods, which include
repulsive steric interactions but lack attractive dispersion forces.
Only upon including Grimme’s dispersion corrections (disp3)
was a calculated OC—Rh—CO angle of 101° obtained, showing
that attractive van der Waals forces cause the deviation of the
OC—Rh—-CO angle from 90°.

B CONCLUSION

To conclude, we have used 2D vibrational spectroscopy to
unravel the IR spectrum of a hydroformylation catalyst that
occurs in two rapidly exchanging conformations, and to
characterize the spatial structure of these conformations. We

find that, in one conformer, there exists significant distortion
from the ideal trigonal-bipyramidal geometry, probably due to
Van der Waals attraction between the CO and xantphos
ligands. Such detailed structural information about the
conformations of fluxional complexes is difficult to obtain
from conventional spectroscopic methods (including 1D-IR
spectroscopy). Similar 2D-IR experiments can be performed to
determine the exchanging conformations of any fluxional
catalyst, provided that the exchange occurs slower than the
~1 ps time scale corresponding to typical vibrational frequency
splittings, and that the bond-stretching modes are at
frequencies where subpicosecond IR pulses with sufficient
intensity can be generated and detected (~1000 cm™' and
higher). Determination of the coordination geometry of
transition-metal complexes in solution is important, as this
geometry to a large extent determines their reactivity.' In
particular, it is well-documented that the bite angle of a
bidentate ligand is an important parameter,®” since ligands with
large bite angles lead to relatively unstable square-planar
complexes and as such are more reactive than analogues with
small bite angles. For hydroformylation, it has been
demonstrated that large bite-angle ligands give high selectivity
for the linear product. A direct correlation between the relative
stability of the resting state and its reactivity in palladium-
catalyzed allylic substitution reactions has been reported and
used as a basis for a screening protocol.>® As yet, the crucial
information on coordination geometry in catalytic transition-
metal complexes is mainly extracted from X-ray analysis of such
compounds in the solid state, where packing effects can also
play a role. With 2D-IR spectroscopy, we now can obtain such
information also for complexes in solution.
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