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7
Exchanging conformations of a hydroformylation catalyst

determined using two-dimensional vibrational

spectroscopy

Catalytic transition-metal complexes often occur in several conformations that exchange
rapidly in solution, so that their spatial structures are difficult to characterize with conven-
tional methods. Here, we use two-dimensional vibrational spectroscopy to determine specific
bond angles in the two rapidly exchanging solution conformations of the hydroformylation
catalyst (xantphos)Rh(CO)2H. We find that in one of the conformations the OC-Rh-CO an-
gle deviates significantly from the canonical value in a trigonal bipyramidal structure. Based
on complementary density-functional calculations we ascribe this effect to attractive Van der
Waals interaction between the CO and the xantphos ligand.
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Exchanging conformations of a catalyst

7.1 Introduction

Many catalytic transition-metal complexes exist in several conformations that exchange
rapidly under ambient conditions. Generally, these conformations have very different cat-
alytic activities.193 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 conventional 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),194 the observed spectrum is an average
of the spectra of the different conformers, and the structural information about the individual
conformations is lost.

e e

e a

Figure 7.1: The two conformers of (xantphos)Rh(CO)2H. Note that the labels “e” and “a” refer to
the equatorial and axial positions of the P atoms. All H atoms except the one coordinated to Rh have
been omitted for clarity.

In the infrared (IR) spectrum, the difference between the resonance frequencies is much
larger than in the NMR spectrum. The difference between the CO-stretching frequencies of
different conformers of a transition-metal complex is typically several cm–1 (1011–1012 Hz),
which corresponds to a time scale of a few ps. Hence, any exchange taking place more
slowly than this time scale is not averaged out in the IR spectrum,195–199 and the exchang-
ing conformers appear as well-separated peaks or sets of peaks. IR spectroscopy is thus an
excellent tool for studying catalytic reactions,194,200–209 but the conformational information
provided by a conventional IR spectrum is rather limited. This limitation can be overcome by
using two-dimensional infrared (2DIR) spectroscopy experiments,101,116,210,211 the IR analog
of 2D-NMR spectroscopy. In these experiments, one resonantly excites each of the normal
modes of a molecule, and by probing the response of all other normal modes, observes the
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7.1 Introduction

couplings between the excited and the probed modes as cross peaks in a 2D plot, in a sim-
ilar manner as in 2D-NMR. The 2DIR cross-peak intensities and polarization dependences
provide direct information about the relative distance and orientation of the coupled vibrat-
ing bonds,116 information that generally cannot be obtained from the conventional (1D) IR
spectrum. Because of its ps time resolution, 2DIR is a powerful method to investigate the
structure and dynamics of catalytic transition-metal complexes in solution.95,101,199,211–217

Here, we use 2DIR spectroscopy to study the catalyst (xantphos)Rh(CO)2H (Fig. 7.2,
right), a prototypical member of a large class of rhodium catalysts used for the hydroformy-
lation of terminal alkenes.193,218,219 These catalysts occur in two conformations, one in which
the two P atoms are equatorial (denoted as “ee”), and one in which one P atom is equatorial
and the other axial (denoted as “ea”). These conformers exchange on a 250 ns time scale
(estimated by extrapolating low-temperature NMR data, see subsection 7.4.2), so in the IR
spectrum the two conformers are separately visible. We find that from the 2DIR spectrum we
can determine specific bond angles in both the exchanging conformers.
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Figure 7.2: Right: the two conformers of (xantphos)Rh(CO)2H. (A) Conventional IR absorption
spectrum of (xantphos)Rh(CO)2H. (B,C) 2DIR spectrum of (xantphos)Rh(CO)2H in cyclohexane
at 50 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 ∆A > 0, blue colors ∆A < 0, green
∆A = 0. (D,E) Calculated 2DIR spectra obtained from global a least-squares fit, for parallel (D) and
perpendicular (E) polarizations of the pump and probe pulses, using θee = 121◦, θea = 108◦, and
θaH = 170◦, as obtained from a global least-squares fit to the data.
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Exchanging conformations of a catalyst

7.2 Results and discussion

Figure 7.2A shows the IR spectrum of (xantphos)Rh(CO)2H in cyclohexane at 50 bar syngas
pressure. The spectrum consists of 4 intense peaks and a weaker shoulder at ∼1930 cm–1.
We expect five peaks in total for the two conformers: two CO-stretch modes (symmetric an
antisymmetric) for the ea conformer, and three CO/Rh−H combinations for the ee 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 modes220), and the Rh−H/CO mixing is much stronger in the ee conformer than
in the ea conformer, since in the former conformer 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 2DIR spectrum, shown in Fig. 7.2B,C for parallel
(B) and perpendicular (C) polarizations of the pump and probe pulses. In this 2D graph,
the absorption change ∆A is plotted as a function of the pump and probe frequencies. On
the diagonal we observe four positive-negative couplets when νpump is resonant with one
of the four most intense absorption bands. The negative ∆A feature is due to the v = 0 → 1
bleaching and v= 1→ 0 stimulated emission of the excited vibrational mode, and the positive
∆A 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 2DIR spectrum. Like the
peaks on the diagonal, these cross peaks are also positive-negative doublets. This is because
the cross peaks arise effectively from a small decrease in frequency of the probed frequency
upon excitation of the pumped frequency.116 Cross peaks are observed between the 1950 cm–1

and 1997 cm–1 modes, and between the 1930cm–1, 1975 cm–1 and 2040 cm–1 modes. Since
coupling occurs only within a conformer, we can conclude from the cross peaks that the
peak sets {1950, 1997 cm–1} and {1930, 1975, 2040 cm–1} each belong to one of the two
conformers. Since the ee conformer should have three peaks, we also can assign the peak sets
in the IR spectrum to specific conformations: the {1930, 1975, 2040 cm–1} peaks arise from
the ee conformer, the {1950, 1997 cm–1} peaks from the ea conformer.

We can use the 2DIR spectrum to characterize the structure of both the conformers, in
particular, to determine the OC-Rh-CO and OC-Rh-H angles θee, θea, and θaH defined in
Figure 7.2. These angles determine the dependence of the cross-peak intensities on the an-
gle between the pump and probe polarizations116 (the contributions of rotational diffusion,
fluxionality101 and energy transfer116 to the cross-peak are negligible at our pump-probe de-
lay of 1.8 ps, see subsection 7.4.3). To obtain the angles and the coupling strengths from the
2DIR spectrum, we globally fit an excitonic model116 to the data (details are given in sub-
section 7.4.4). 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 2DIR spectrum.

*Singular-value decomposition of the concentration dependence of the spectrum would not work, since the
relative concentrations of the conformers are independent of the (xantphos)Rh(CO)2H concentration.
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7.2 Results and discussion

If the localized C=O and Rh−H stretching modes are used as the basis set, the Hamiltonians
of the two conformers are given by

H
(1)
ee =

(

εe βe,e

βe,e εe

)

and H
(1)
ea =





εH βH,e βH,a

βH,e εe βe,a

βH,a βe,a εa



 ,

where εi are the stretching frequencies of the Rh−H bond (i = H) and of the axial and equato-
rial CO bonds (i = a, e), and βi, j are the couplings between the stretching modes. The angles
between the CO bonds in each conformer (see Fig. 7.2, right) enter the calculation through
the transition-dipole moment matrix.116 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 2DIR spectrum of each
conformer. The experimental 2DIR spectrum is the sum of the 2DIR spectra of the ee and ea
isomers weighted with their relative abundances.

From the fit (shown in Figs. 7.2D,E) we obtain θee = 121±1◦, θea = 108◦±3◦, and θaH =
170◦±50◦. The complete list of parameters obtained from the fit is given in subsection 7.4.4.
Comparing the coupling strengths obtained from the fit (see subsection 7.4.4) 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 ea 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–1) is exactly half the frequency splitting in
the IR spectrum. In the ee conformer, the local-mode frequencies are all different, and the
observed differences in frequency of the three IR bands are caused partly by the coupling
and partly by differences in the local-mode frequencies. It is interesting to note that in the
ea 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 ee conformer, for which the number of unknown
parameters is too large to derive the bond angles from the 1D-IR spectrum, and they can be
obtained only from the 2DIR spectrum.

We find that the OC-Rh-CO angle in the ea conformer is equal to the canonical value
of 120◦, whereas in the ee 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 subsection 7.4.5). 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 sig-
nificantly from the measured value of 108◦. Optimizations including Grimme’s dispersion
corrections (disp3; DFT-D) lead to a larger OC-Rh-CO angle (101◦), which are clearly in
better agreement with the 2DIR measurements. Hence, the large θea probably arises from
Van der Waals attraction between the repulsion 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 towards the hydride and
away from the second CO ligand. However, such behavior was not reproduced with uncor-
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Exchanging conformations of a catalyst

rected DFT methods, which include repulsive steric interactions but lack attractive dispersion
forces. Only upon including Grimme’s dispersion corrections (disp3) a calculated OC-Rh-
CO angle of 101 degrees was obtained, showing that attractive van der Waals forces cause
the deviation of the OC-Rh-CO angle from 90 degrees.

7.3 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 char-
acterize 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 con-
ventional spectroscopic methods (including 1D-IR spectroscopy). Similar 2DIR experiments
can be performed to determine the exchanging conformations of any fluxional catalyst, pro-
vided 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–1

and higher). Determination of the coordination geometry of transition-metal complexes in so-
lution is important, as this geometry to a large extent determines their reactivity.193 In particu-
lar, it is well documented that the bite angle of a bidentate ligand is an important parameter,221

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 it’s reactivity in
palladium catalyzed allylic substitution reactions has been reported and used a basis for a
screening protocol.222 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 2DIR spectroscopy, we now
can obtain such information also for complexes in solution.

7.4 Additional methods and data relevant to this chapter

The time-resolved two-dimensional infrared experiments were performed with the setup de-
scribed in chapter 2, section 2.4.

7.4.1 Sample preparation

The preparation of the (xantphos)Rh(CO)2H sample is based on the procedure described
by van der Veen et al.220 All chemicals were purchased from Sigma Aldrich and were
used without further purification. We dissolved 3.87 mg (1.5×10−5 mol) (acetylace-
tonato)dicarbonylrhodium(I) in 5 ml of degassed cyclohexane under inert atmosphere

90



7.4 Additional methods and data

(Ar). A separate solution of 34.72 mg (6.0×10−5 mol) 4,5-Bis(diphenylphosphino)-9,9-
dimethylxanthene (xantphos) in 25 ml of degassed cyclohexane under inert atmosphere was
prepared in a home-built in situ infrared autoclave.223 The autoclave was heated to 60◦C
and pressurized to 50 bar with syngas under continuous stirring. The formation of the
(xantphos)Rh(CO)2H complex was followed with FTIR after the high-pressure 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 CaF2 windows separated by a 1 mm
spacer.

7.4.2 Exchange rate determined from extrapolation of NMR data
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Figure 7.3: Rate of the ee⇋ea exchange (see Fig. 7.1) vs. temperature. Data measured at low
temperatures using NMR exchange narrowing (points), least-squares fit to the Arrhenius equation
(line), extrapolated to room temperature (indicated by red dotted line).

The exchange rates at low temperatures as obtained from NMR experiments were re-
ported in by Brown et al.224 In Fig. 7.3 below, we show their data as the solid points. We
find that the observed rates k as a function of temperature T can be well described by the
Arrhenius equation

k(T ) = Aexp(−∆H‡/RT ), (7.1)

where R is the universal gas constant, ∆H‡ the activation enthalphy, and A a prefactor. From
a least-squares fit (shown as the line in the figure), we obtain ∆H‡ = 61±1 kJmol−1 and A =
1.7±0.5×1016 s−1. Extrapolating to room temperature we obtain k(298 K) = 3.9×106 s−1,
which corresponds to an exchange time constant of 0.25 µs, the number given above.
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7.4.3 Delay dependence of IR pump-probe signals

Figure 7.4 below shows the (negligible) delay dependence of the absorption change for upon
resonant excitation of each of the four most intense IR absorption bands.
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Figure 7.4: Absorption change upon resonant excitation of each of the four most intense IR absorp-
tion bands. These graphs are horizontal cross sections of the 2DIR spectrum shown in Fig. 7.1.
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7.4.4 Global least-squares fit to the 2DIR spectra

The 2DIR spectra can be well described using the standard vibrational-exciton model.116,225

The vibrational one-exciton Hamiltonians of the two conformers are given by

H
(1)
ea =

(

εe1 βee

βee εe2

)

(7.2)

and

H
(1)
ee =





εH βHe βHa

βHe εe βea

βHa βea εa



 , (7.3)

where εi are the stretching frequencies of the Rh−H bond (i = H) and of the axial and equa-
torial CO bonds (i = a, e), and βi, j are the couplings between the stretching modes (note
that in the names of the conformers, “e” and “a” refer to the equatorial and axial P atoms,
whereas in the labels of the CO-stretching modes they refer to the CO ligands). The an-
gles between the CO bonds in each conformer (see Fig. 7.1) enter the calculation through
the transition-dipole moment matrix.116 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 2DIR spectrum of
each conformer. The experimental 2DIR spectrum is the sum of the 2DIR spectra of the ee
and ea isomers weighted with their relative abundances. From these 1-exciton Hamiltonians,
the 2-exciton Hamiltonians are obtained using the standard procedure.116 The orientations of
the transition-dipole moments with respect to each other are defined by the angles θee and θea

and θeH (see Fig. 7.1). We assume identical magnitudes for the C=O-stretch transition-dipole
moments, and treat the transition-dipole magnitude of the Rh−H stretch mode as a separate
free parameter in the fit.

For a particular set of local-mode frequencies {εe1,εe2,εe,εa,εH} the absorption changes
of the two conformers, ∆A

εe1,εe2
ea (νprobe,νpump) and ∆A

εe,εa,εH
ee (νprobe,νpump) (where the para-

metric dependence of these functions on the local-mode frequencies is indicated by the super-
script) are obtained by diagonalizing the Hamiltonian, and calculating the nonlinear response
of the eigenmodes using the standard perturbative approach.116,225 Spectral inhomogeneity is
taken into account by integrating these transient absorption changes over all possible values
local-mode frequencies

∆A(νprobe,νpump) =
∫

dεe1

∫

dεe2 Gea(εe1,εe2)∆Aεe1,εe2
ea (νprobe,νpump)+

∫

dεe

∫

dεa

∫

dεH Gee(εe,εa,εH)∆Aεe,εa,εH
ee (νprobe,νpump),

(7.4)
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where we assume independent normal distributions for the local-mode frequencies:

Gea(εe1,εe2) = e−
1
2 (

εe1−εee
σee

)2− 1
2 (

εe2−εee
σee

)2
(7.5)

Gee(εe,εa,εH) = e−
1
2 (

εe−εe
σea

)2− 1
2 (

εa−εa
σea

)2− 1
2 (

εH−εH
σea

)2
. (7.6)

Note that for the ea conformer the center frequencies and widths of εe1 and εe2 are equal
because of symmetry. We determine the molecular parameters (angles, couplings, center
frequencies, inhomogeneous widths) from a global least-squares fit to the 2DIR data. The
resulting parameter values are listed in the Table below.

Table 7.1: Couplings, structural parameters and abundances (relative concentrations) of the two
conformers derived from the 2DIR spectrum

ea conformer ee conformer
θe,e 121±1◦ θe,a 108◦±3◦

βe,e 22.8±0.1 cm–1 θe,a 170◦±50◦

σee 2.8±0.1cm–1 βH,a 28±1 cm–1

εee 1974.5±0.1cm–1 βH,e −2.7±0.7cm–1

abund. 30±1% βe,a 27.8±0.3cm–1

σea 3.9±0.2cm–1

abund. 70±1%

7.4.5 Density-functional calculations

Two geometrical isomers were considered, see Figure 7.5: isomer A in which one of the CO
ligands points in the pocket of the xanthene backbone, and isomer B in which the hydride
ligand points in the pocket of the xanthene backbone. Isomer A has the lowest energy, and
both the calculated IR frequencies and the OC-Rh-CO angle of A correspond better with the
measured values than the corresponding values of isomer B (Table 7.2). The measured OC-
Rh-CO angle of 108±3° is still somewhat larger than calculated for A by DFT-D. The only
experimentally available x-ray structure of a related (bidentate-P2-ligand)Rh(CO)2H com-
plex reported in the Cambridge Structural Database has an experimental OC-Rh-CO angle of
106◦,226 which is close to the measured value of (xantphos)Rh(CO)2H in solution. Hence,
the small deviation between the OC-Rh-CO angle determined by 2DIR spectroscopy and
DFT-D geometry optimization (A) may well reflect (a combination of) experimental errors
and inaccuracies in the applied computational model.
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Figure 7.5: Optimized structures of isomer A (left) and isomer B (right).

Table 7.2: Experimental and DFT-D calculated parameters of (xantphos)Rh(CO)2H.

Exp. A B
Relative energy (kcal mol−1) 0 +1.1
OC-Rh-CO angle 108±3◦ 101◦ 99◦

RhH-stretch (cm–1) 1930 1930 1930
Asymm. CO-stretch freq. (cm–1) 1975 1968 1970
Symm. CO-stretch freq. (cm–1) 2040 2040 2046
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