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Structure analysis of substrate catalyst complexes in
mixtures with ultrafast two-dimensional infrared
spectroscopy†

Andreas T. Messmer,a Katharina M. Lippert,b Peter R. Schreinerb and
Jens Bredenbeck*ac

The understanding of reaction mechanisms requires structure elucidation of short-lived intermediates,

even in the presence of other, similar structures. Here we show that polarization dependent two-

dimensional infrared spectroscopy is a powerful method to determine the structure of molecules that

participate in fast equilibria, in a regime where standard techniques such as nuclear magnetic

resonance spectroscopy are beyond their limits. Using catalyst–substrate complexes in a Lewis acid

catalyzed enantioselective Diels–Alder reaction as an example we present two methods that allow the

resolution of molecular structure in mixtures even when the spectroscopic signals partially overlap.

The structures of N-crotonyloxazolidin-2-one, a reactant carrying the Evans auxiliary, and its complex

with the Lewis acid SnCl4 were determined in a mixture as used under the typical reaction conditions.

In addition to the chelate that mainly forms, three additional substrate–catalyst complexes were

detected and could be tentatively assigned. Observation of minor complex conformers suggests a

rationale for the observed diastereoselectivity of the reaction using SnCl4 as compared to other Lewis

acids. Knowledge about additional species may lead to a better understanding of the different

selectivities for various Lewis acids and allow reaction optimization.

Introduction

Some of the main challenges in modern chemistry are the
development of new catalytic reactions and the optimization of
existing ones. This requires a detailed understanding of the
underlying reaction mechanisms. Still, many reaction mecha-
nisms are inferred from reactivity and product studies. This is
an indirect approach and leaves room for rather broad inter-
pretation. Direct approaches require knowledge about the three
dimensional structure of the intermediates present under
the reaction conditions. However, these are in most cases

short-lived and in (fast) equilibrium with other species. Addi-
tionally, they are usually only weakly populated and can hardly
be isolated. For these reasons, the intermediate structures are
typically not accessible using standard approaches such as
multidimensional NMR techniques or crystallographic studies.
Methods combining high sensitivity, structural resolution and
ultrafast time resolution are required.

In a recent study we showed that polarization-dependent
two-dimensional infrared (P2D-IR) spectroscopy is capable of
resolving the conformation of small molecules in solution and
their complexes with a catalyst.1 Both, complex formation and
dissociation are fast compared to the timescale of NMR. With
its inherent (sub)picosecond time resolution and the high
sensitivity of infrared spectroscopy, P2D-IR is a powerful techni-
que to investigate the structure of short-lived intermediates.
Here we show how the P2D-IR spectra of mixtures can be analyzed
and demonstrate that the individual structure of molecules
coexisting in equilibria can be determined accurately, even in
the case where some infrared bands overlap strongly.

We investigated the catalyst substrate complexes in the Lewis
acid catalyzed, enantioselective Diels–Alder reaction (Scheme 1)2

with the Lewis acid SnCl4. The chiral oxazolidin-2-one moiety,
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widely known as the Evans auxiliary, is a common motive used
in asymmetric synthesis to impose stereoselectivity.3,4 The
stereochemistry of the reaction is mainly determined by the
conformation of N-crotonyloxazolidinone (1).2 Using Et2AlCl as
the catalyst, this reaction is a textbook example for dictating the
structure of an intermediate through metal chelation.4,5

Despite the popularity of this approach, the mechanism is
mainly derived from the stereochemistry of the product. Only
recently, Bakalova et al. presented an alternative mechanism
based on NMR measurements and DFT computations.6

In the study presented here, we analyzed a mixture of free 1
and its SnCl4 complexes and determined the structures of the
major complex, chelate 1-spc-k2O,O0�SnCl4, in addition to the
structure of the substrate, 1-apc, under equilibrium conditions.
In addition to the primarily formed chelate, three additional
complexes formed in low concentration. These were detected
and tentatively assigned.

Basics of P2D-IR spectroscopy

A 2D-IR spectrum has two frequency axes; the y-axis is called
the pump axis, the x-axis is the probe axis. In the experiment,
the wavelength of a narrowband pump pulse with a duration of
B1.2 ps is scanned across the spectral region of interest.
A subsequent broadband probe pulse (B150 fs) measures the
absorption change of the sample that is induced by the pump
pulse. All spectra shown are therefore plotted as difference
spectra. Negative signals are shown in blue, positive signals are
shown in red. Analogous to a 2D-NMR spectrum, a typical 2D-IR
spectrum of a molecule consists of diagonal peaks and, if the
vibrations interact with each other, i.e., couple, cross peaks
between them.7–9 Each peak consists of a negative part, caused
by bleach of the ground state absorption and stimulated
emission, as well as a red shifted positive part caused by excited
state absorption. The signal sizes depend on the size and
direction of the transition dipole moments of the involved
vibrations and the relative polarization of the pump and probe
pulses.7–12 The dependence on the laser pulse polarization can
be quantified by the anisotropy r(t) calculated as

rðtÞ ¼
DajjðtÞ � Da?ðtÞ
DajjðtÞ þ 2Da?ðtÞ

ð1Þ

where Da||(t) and Da>(t) are the signal intensities for parallel
and perpendicular polarization of the pump and probe
pulse.13–17 For a fixed isotropic distribution of molecules in
space, the anisotropy gives direct access to the angle y between
the transition dipole moments of the molecular vibrations via
the relation

y ¼ cos�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5rðtÞ þ 1

3

r
ð2Þ

or, alternatively, directly using the signal ratio Da||(t)/Da>(t)

y ¼ cos�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6
DakðtÞ
Da?ðtÞ

� 4

� ��
3
DakðtÞ
Da?ðtÞ

þ 3

� �s
ð3Þ

Because the molecules rotate on the time scale of a 2D-IR
measurement, exact values for y are only obtained if the delay
time between the pulses is extrapolated to t = 0 ps.18

Material and methods
Experimental

Compound 1 was synthesized following the procedures
described in the literature.2,19 For the P2D-IR measurements
it was dissolved in dry dichloromethane (CH2Cl2) and mixed
with SnCl4.

The P2D-IR setup used is described in detail in ref. 1. The
output of a Ti:sapphire-oscillator–amplifier system (Spectra
Physics, Spitfire XP, 800 nm, 120 fs, 1 kHz) was used to generate
mid-IR pulses (B2.4 mJ per pulse, center frequency around
1660 cm�1, bandwidth B200 cm�1 FWHM, pulse length B150 fs)
in a two-stage optical parametric amplifier.1,20 In the sub-
sequent pump–probe P2D-IR setup, based on the concept of
Hamm et al., the mid-IR pulses were split into a pump, a probe
and a reference beam.21 The pump beam passed a computer
controlled Fabry–Perot filter, a chopper running at half the
repetition rate of the laser, and was moved in time with respect
to the probe pulse using a computer-controlled delay line. The
pump and probe beams were focused with an off-axis parabolic
mirror in spatial overlap onto the sample cell, which had an
optical path length of 250 mm.22 Special care was taken to
obtain proper polarizations of the beams at the sample posi-
tion. The polarization of the pump beam was rotated by 451
relative to probe and reference beam polarizations.18,23,24 The
polarization contrast at the sample position was >1400 : 1 for
the pump and >1200 : 1 for probe and reference. Directly after
the sample, the probe and reference beams passed through a
motorized, computer controlled polarizer, while the pump
beam was blocked. The motorized polarizer swapped every
300 laser pulses between +451 and �451 and therefore allowed
the quasi-simultaneous measurement of parallel and perpendi-
cular polarization. After both beams were collimated, they were
frequency dispersed by a spectrometer onto a 2 � 32 pixel
mercury–cadmium–telluride detector array.

The P2D-IR signal was calculated as the difference in the
absorption between the pumped and unpumped sample. The
spectra shown in Fig. 1 were measured directly after each other

Scheme 1 Top: Enantioselective, Lewis acid catalyzed Diels–Alder reaction of 1
with cyclopentadiene using the Evans auxiliary (R) with the proposed transition
state.2 The conformers of 1 are labeled with their shorthand notation: ap and sp
denote the antiperiplanar and synperiplanar arrangement of the carbonyl group;
c and t relate to the s-cis and s-trans configuration of the C–C single bond.
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in four blocks to span the entire region of interest, with
minimal changes to the setup between measurements. Sub-
sequently, the blocks were set together to form the final
spectrum without further treatment.

Quantum chemical computations

All computations were performed by employing the program
suite Gaussian 09,25 using density functional theory (DFT) with
Truhlar’s hybrid meta-exchange-correlation functional M0626

in conjunction with a 6-31+G(d,p) basis set.1 Computations on
Sn-containing species were performed using a 6-31+G(d,p) basis
set with Stuttgart–Dresden effective core potentials (SDD) on
the Sn atom.27 Computations that use a DGDZVP basis set are
reported in the ESI.† The influence of the solvent was taken into
account by the self-consistent reaction field (SCRF) method,
using the polarizable continuum model (PCM)28 with van der
Waals radii of Bondi29 with the Gaussian 09 default scaling of
1.1 and explicit hydrogen atoms.

Results and discussion
Analysis of the major species present in a mixture of 1 and
SnCl4

In previous work we have determined the conformation of 1 to
be 1-apc in solution and the structure of its major SnCl4

complex, the chelate 1-spc-k2O,O0�SnCl4 (see Scheme 1). In both
cases, pure solutions of the substances were prepared and
analyzed. Fig. 1 shows the P2D-IR spectrum of a 1 : 1 mixture
of 1 and SnCl4 in CH2Cl2 for parallel (left panel) and perpendi-
cular polarization (right panel). In NMR measurements under
such conditions, free 1 and 1�SnCl4 complexes cannot be
detected individually. The exchange between species is faster

than the inherent NMR time resolution (ESI†). The rapid
exchange does not pose a problem for IR spectroscopy.30,31

The FTIR spectrum of the mixture is shown in the top panel for
orientation (black). It is the sum of the FTIR spectra of free 1,
shown in green, and its Lewis acid complex 1�SnCl4, shown in
red. Both species show three intense bands between 1500 cm�1

and 1800 cm�1 originating from the carbonyl and alkenyl
vibrations of the molecules. The bands of 1 (n1, n2 and n3) shift
to lower wavenumber when forming the complex 1�SnCl4 (n01, n02
and n03). n1 and n02 strongly overlap, while all other bands are
nicely separated from each other.

The P2D-IR spectrum is also the sum of the P2D-IR spectra
of the single species present in solution.1 The main signals of 1
are connected by the green grid and the ones from 1�SnCl4 are
connected by the red grid. Each signal set consists of nine
signals: three diagonal peaks and six cross peaks. The diagonal
peaks are most intense in the spectrum measured with the
pump and probe polarizations parallel to each other and are
approximately three times stronger than those for perpendi-
cular polarization conditions. As mentioned above, the angle
between the transition dipole moments of the coupled vibra-
tions can be obtained from the anisotropies of the cross peaks.
Because the molecules rotate during the measurement, the
anisotropy decays with time and needs to be extrapolated to
t = 0 ps to accurately deduce the angle between the transition
dipole moments and thus, the three dimensional structure of
the molecule. We will refer to this procedure as the anisotropy
method throughout the paper. The anisotropy time dependence
of the peaks marked by numbers in Fig. 1 is shown in Fig. 2 for
free 1 (top) and 1�SnCl4 (bottom). The lines show the linear
extrapolations of the measured data points between 1.5 ps and
5 ps (colored crosses). The data points before a delay time of 1.5 ps

Fig. 1 P2D-IR spectrum for parallel (left) and perpendicular polarization (right) of a mixture of 1 (24 mM) and SnCl4 (24 mM) in CH2Cl2 (1.5 ps). The contour lines
are spaced by 0.05 mOD. Signals larger than �0.5 mOD are truncated. The signals that belong to the same species are connected by the grids. Green: free 1; red:
1�SnCl4. The FTIR spectra of the mixture (black), 1 (green), and 1�SnCl4 (red) are shown in the top panel for orientation.
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are not used for analysis because the pump and probe pulse
still overlap.

The extrapolation of the diagonal peak I leads to an aniso-
tropy of r(0) = 0.403(9), which agrees very well with the true
value of 0.4 that is expected for a 01 transition dipole angle.
The anisotropy of cross peak II extrapolates to r(0) = 0.069(3).
This translates into an angle of 481 � 21 between the transition
dipole moments of modes n02 and n03. The stated error in the
angle includes the fit error and estimated experimental errors.
The same analysis is performed for all the cross peaks and is
summarized in Table 1. All determined angles agree within the
experimental error with the ones found by analyzing the pure
species in solution.1

This shows that it is possible to determine the structure of
molecules that are in dynamic equilibrium with each other
under conditions where NMR signals are motionally averaged
(see ESI†). The overlap of n1 and n02 in the one-dimensional
absorption spectra does not pose a problem, as the cross peaks
II and 3 in the two-dimensional spectrum do not overlap.

However, the anisotropy method, in which the anisotropy of
the cross peaks is directly evaluated, assumes that the aniso-
tropy is constant over the cross peak and therefore is only
applicable if the cross peaks do not overlap significantly. If they
do overlap, the measured anisotropy cannot be translated into
the individual angles in a straight forward and unique manner.
In this case, an alternative approach can be used, in which
single cross peaks are selectively annihilated by taking weighted
differences in the spectra recorded with parallel and perpendi-
cular polarization (Da||(t) � xDa>(t)). According to eqn (3) the
ratio x of the signals between the spectra measured with parallel
and perpendicular polarization also gives direct access to the
transition dipole moment angle. In doing so, the band shape of
the peaks is also accounted for and thus the single contributions
to the signal (i.e., the overlapping peaks) can be identified and
analyzed independently. This approach is referred to as the
annihilation method throughout the paper and is exemplified in
Fig. 3 for the mixture of 1 and SnCl4 analyzed above.

The top left spectrum shows the measured P2D-IR spectrum
for parallel polarization conditions (cf. Fig. 1 left). All other
spectra are weighted differences between parallel and perpendi-
cular polarization, where the weighting factor x has been
chosen such that the signals at the marked positions are
annihilated. The required weighting factors x are shown in
the insets and can be translated into the angles between the
transition dipole moments. Since we only evaluate one set of
spectra with a delay time of 1.5 ps, we cannot extrapolate the
ratio to zero delay time. Therefore, the derived angles show a
systematic error originating from the rotational diffusion of the
molecules within the first 1.5 ps. This error can be estimated
based on the anisotropy plots shown in Fig. 2 and is at
maximum 31 for the molecules analyzed here and angles larger
than 201 (for a detailed discussion see ESI†). The determined
angles (see Tables 2 and 3) agree very well with the angles
obtained using the anisotropy method. Thus, the annihilation
method works well and the two methods are equivalent when
the bands do not overlap.

This approach is similar to polarization angle scanning
(PAS) 2D-IR spectroscopy introduced by Cho and co-workers.10,11

In PAS 2D-IR, several 2D-IR spectra are measured in which the
polarization conditions between the laser pulses are changed
stepwise in order to alter the cross peak intensities. In a
simplified picture, this procedure experimentally weights the
parallel and perpendicular spectra differently for each measure-
ment. After the measurements, the peak intensities are fitted as
a function of the polarization conditions. The conditions where
the signals are annihilated give access to the angle between the
transition dipole moments. In order to carry out the annihilation
based on only two separate measurements for parallel and
perpendicular polarization, it is essential that the measurements

Fig. 2 Time dependence of the anisotropy for the signals marked in Fig. 1. The
straight lines show the linear fit of the data from 1.5 ps to 5 ps. Top, diagonal
peak n02: blue (cf. pos. I); cross peak n02=n

0
3/n01=n

0
2: green (cf. pos. II); cross peak

n01=n
0
3/n02=n

0
3: red (cf. pos. III); cross peak n01=n

0
2/n01=n

0
3: black (cf. pos. IV). Bottom,

diagonal peak n2: blue (cf. pos. 1); cross peak n2/n3: green (cf. pos. 2); cross peak
n1/n2: red (cf. pos. 3); cross peak n1/n3: black (cf. pos. 4).

Table 1 Determined angles between the transition dipole moments for 1 and
1�SnCl4 in CH2Cl2 (anisotropy method)

Cross peak Modes Angle y Anisotropy r(0)

II n01=n
0
2 ð
�Þ/n01=n03 ð

�Þ 481 � 21 0.069(3)
III n01/n02 181 � 41 0.340(5)
IV n03/n01=n

0
2 461 � 21 0.086(2)

2 n2/n3 431 � 21 0.102(2)
3 n1/n2 571 � 21 �0.020(5)
4 n1/n3 271 � 31 0.273(8)
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are carried out under the same conditions, i.e., that the laser
power does not change between the measurements. This is
accomplished here by a quasi-simultaneous measurement of
the spectra with the two different polarization conditions.

Based on the transition dipole angles the molecular struc-
ture can be determined. In the ideal case where each stretching
vibration is localized on one bond, the angles measured
between the transition dipole moments are identical to the
angles between the bonds and give direct access to the geometry.
However, in most molecules the vibrations are delocalized over
several bonds, as is also the case for the systems studied
here. In these cases the transition dipole moments of the
vibrations are not necessarily aligned parallel to certain bonds.

Quantum chemical computations, e.g., based on DFT, provide
the orientation of the transition dipole moments in the mole-
cule. In Table 2, the results of the DFT computations for the
four conformers of 1 are compared with the experimental
values. The experiment agrees very well with the computation
for conformer 1-apc, which is the lowest lying conformer in
CH2Cl2. There are two possible reasons for the slight deviations
between the experiment and theory. First, the computed struc-
ture is the energy-minimized structure at 0 K. At room tem-
perature one expects a distribution of structures around the
minimal energy structure, leading to small deviations from the
expected values. Additionally, the computations are based on
the harmonic approximation. This may alter the composition of

Fig. 3 Differences between the P2D-IR spectra of a mixture of 1 (24 mM) and SnCl4 (24 mM) in CH2Cl2 (1.5 ps) measured with parallel and perpendicular polarization.
The weighting factors given in the insets are chosen such that the peaks highlighted by the circles are annihilated. The contour lines are spaced by 0.04 mOD.
Signals larger than �0.4 mOD are truncated. The signals that belong to the same species are connected by the grids (green: free 1; red: 1�SnCl4).

Table 2 Comparison between the experimentally determined transition dipole moment angles of 1 in CH2Cl2 (annihilation method) and the results of DFT
computations (M06/6-31+G(d,p)/PCM/Bondi). The overall deviation of the three angles is expressed as the sum of the single deviations, Dtotal

Experiment at 1.5 ps 1-apc 1-apt 1-spt 1-spc

n1/n2 (1) 60 � 7 64 (D = 4) 33 (D = 27) 74 (D = 14) 67 (D = 7)
n1/n3 (1) 30 � 5 21 (D = 9) 54 (D = 24) 65 (D = 35) 42 (D = 12)
n2/n3 (1) 46 � 2 43 (D = 3) 40 (D = 6) 52 (D = 6) 71 (D = 25)
Dtotal = S|Di| (1) 16 57 55 44
DG298 (kcal mol�1) 0.0 3.6 6.0 3.3
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the vibrations and therefore change the orientation of the
transition dipole moments compared to the real, anharmonic
system. The systematic error caused by rotational diffusion of
maximum 31 in the angles determined by the annihilation
method is in the range of the experimental errors and has
no significant impact (see ESI†). The computed angles and
frequencies for the other conformers of 1, which are higher in
free energy, deviate strongly from the values obtained in the
experiment. An instructive value for comparison is the sum of
the deviations of computed and measured angles. This value is
161 for 1-apc and higher than 401 for the others. Single angles
deviate up to 351 for the angle between n1 and n2 computed in
1-spt. This comparison proves that 1-apc is the conformer
present in solution. This is in agreement with the conclusions
drawn by the comparison of the computed vibrational energies
(see ESI†) and earlier studies on pure solutions of 1.1,6,32

The angles determined by the annihilation method for
the complex 1�SnCl4 match the computations for the chelate
1-spc-k2O,O0�SnCl4 very well (see Table 3). The total deviation
between the measurement and the computation is 131, while it
is up to 1041 for the other mono-complexes. The di-tin-complex
(1-spc-1kO,2kO0�(SnCl4)2), also discussed in the literature, is
shown in the last entry of Table 3.6 It deviates even more from
the measurement and can be excluded under these conditions.
A previous NMR study concluded that a chelate complex is formed,
but could not further discriminate between 1-spc-k2O,O0�SnCl4

and 1-spt-k2O,O 0�SnCl4.33 The identification of the chelate
1-spc-k2O,O0�SnCl4 as the major complex formed under these
conditions is in agreement with our earlier study.1 Its percen-
tage of complex population is >80%, the remaining portion is
composed of the minor species that are discussed in the
following.

Detection of minor species present in mixtures of 1 and SnCl4

Because the method of annihilating distinct cross peaks takes
into account the anisotropy of the whole peak, structural
inhomogeneities of the sample become accessible. It also
allows one to identify overlapping bands more clearly. By
analyzing the P2D-IR spectra of the mixtures of 1 and SnCl4

more closely, it is possible to prove the existence of at least
three additional complexes in solution. Two of these minor
species (A and B) show the same concentration dependence as
the major species, while species C is only present at large excess
of SnCl4. In NMR experiments, there has been no evidence for
these minor complexes (ESI†). A potential cause is the limited
sensitivity of NMR spectroscopy. In addition, fast exchange
between the various complexes is likely, which makes the
detection of minor species present in low concentrations with
NMR very difficult or even impossible.

Species A

One minor species becomes apparent in the cross peak between
n03 and n01 (see Fig. 4). The high energy shoulder of the band n01
couples to a different part of the band n03 (black lines) than the
main band (red lines) and shows a slightly different anisotropy,
indicating different geometries in the molecule. This is readily
seen because the two signals disappear at distinct weighted
differences, as illustrated in Fig. 4d and e. The weighting
factors where the two parts of the cross peak disappear in
Fig. 4 translate into angles of 461 for the major species and 411
for the minor species. Therefore, the angle between these two
transition dipole moments needs to be at least 51 smaller than
for the major species. Because the bands strongly overlap and
the fraction of molecules leading to this cross peak is very small
(o15%, estimated by the size of the signal at 1658 cm�1, see
ESI†), it is difficult to extract the unperturbed line shape of the
minor species and the difference in angle could be larger, but
hidden by overlapping effects – even though these are strongly
reduced by the annihilation method. The measurement clearly
shows that the angle between the transition dipole moment nA

1

belonging to the high-energy shoulder of n01 and the transition
dipole moment of nA

3 is smaller than for the main band. The
corresponding cross peak between n01 and n03 shows the same
effect (see Fig. 4b and c). This inhomogeneity shows the same
concentration dependence as the major complex 1�SnCl4 and
could not be observed by NMR techniques to date.

The finding of an angle less than 411, combined with the
computed vibrational frequencies, could be interpreted as

Table 3 Comparison between experimentally determined transition dipole moment angles of 1�SnCl4 in CH2Cl2 (annihilation method) and the results of DFT
computations (M06/6-31+G(d,p)/SDD/PCM/Bondi). The overall deviation of the three angles is expressed as the sum of the single deviations, Dtotal

Experiment at 1.5 ps 1-spc-k2O,O0 1-spt-k2O,O0 1-apc-kO 1-apc-kO0 1-apt-kO 1-apc-1kO,2kO0

n01=n
0
3 15 � 8 16 (D = 1) 24 (D = 9) 56 (D = 41) 81 (D = 66) 38 (D = 23) 84 (D = 69)

n02=n
0
3 46 � 2 46 (D = 0) 20 (D = 26) 80 (D = 34) 20 (D = 26) 44 (D = 2) 5 (D = 41)

n02=n
0
3 ð
�Þ 49 � 2 61 (D = 12) 42 (D = 7) 44 (D = 5) 61 (D = 12) 38 (D = 11) 89 (D = 40)

Dtotal = S|Di| (1) 13 42 80 104 36 150
DG298 (kcal mol�1) 0.0 6.5 8.4 6.7 10.2 —a

a The free energy of the di-tin-complex cannot be directly set into relation to the mono-complexes. A comparison of complex dissociation energies
is reported in the ESI.
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small amounts of the chelate 1-spt-k2O,O0�SnCl4 in solution
(see ESI† for detailed discussion). The presence of conformer
1-spt-k2O,O0�SnCl4 has been hypothesized by Castellino in
his NMR study as a potential cause of the low stereo-
selectivity, however, this claim was without any spectroscopic
support.33

Species B

A second minor species shows vibrations at B1570 cm�1 (nB
1),

B1635 cm�1 (nB
2) and B1700 cm�1 (nB

3). The band nB
3 appears as

a shoulder on the low energy side of band n03 and the diagonal
peak appears overlapping with the diagonal peak of the major
species. This is clearly seen in the slice of the P2D-IR spectrum
(Fig. 5a) at 1699 cm�1, which is shown in Fig. 5b (blue). The
population of the minor species B can be estimated by compari-
son with the signal originating from the 13C isotopologue (1.1%
natural abundance, Fig. 5b, red curve) to be around 2–4%. The
cross peak between nB

1 and nB
3 can be seen in the difference

between parallel and perpendicular polarization shown in
Fig. 5c (highlighted by the black arrow). The angle between
the transition dipole moments involved is larger than the angle
between n01 and n03, i.e., larger than 461. Since the entire peak
strongly overlaps with the excited state absorption part of the
cross peak between n01 and n03, the angle cannot be more
precisely determined. Additionally, the angle between the tran-
sition dipole moments nB

2 and nB
3 is larger than that between n02

and n03, i.e., larger than 491. The corresponding cross peak is
seen in the difference spectrum shown in Fig. 5d (highlighted
by the black arrows). The cross peaks of the major species and
species B overlap here too, which makes a more precise
measurement of the angle unfeasible. The chemical structure

of this species could not be derived from the experiment and
DFT computations.

Fig. 4 (a) P2D-IR spectrum (parallel, 1.5 ps) of a solution of 1 (6 mM) and SnCl4 (47 mM) in CH2Cl2. The grids indicate the observed coupling pattern (red: major species;
black: species A). The contour lines are spaced by 0.04 mOD. Signals larger than �0.4 mOD are truncated. The FTIR is shown in the top panel. (b–e) Differences
between the P2D-IR spectra measured with parallel and perpendicular polarization. Only the regions highlighted (a) are shown. The colored contours are spaced by
6 mOD. The contour lines of the signal in (a) are overlaid for orientation. (b) Da|| � 1.25Da>. (c) �(Da|| � 1.35Da>). (d) Da||�1.1Da>. (e) �(Da|| � 1.35Da>).

Fig. 5 (a) P2D-IR spectrum (parallel polarization, 1.5 ps) of a mixture of 1 (6 mM) and
SnCl4 (47 mM) in CH2Cl2. The grids highlight the coupling pattern of the major species
(red) and of species B (black). The contour lines are spaced by 0.04 mOD. Signals larger
than �0.4 mOD are truncated. (b) Slices through the spectrum shown in (a) at the
marked positions. (c) and (d) Differences between the P2D-IR spectra measured with
parallel and perpendicular polarization. The contour lines are spaced by 8 mOD. Signals
larger than �0.09 mOD are truncated. (c) Da|| � 1.5Da>. (d) Da|| � 2.25Da>.
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Species C

In solutions with a large excess of SnCl4, additional vibrations
were observed in the FTIR spectra (see Fig. 6 top panel). The
coupling between them is highlighted in the 2D-IR spectra with
the black grid. Due to strong overlapping effects, only the cross
peaks between nC

1 and nC
3 and between nC

2 and nC
3 are seen. The

angles between the corresponding transition dipole moments
can be determined by annihilating the cross peaks as 561 � 81
between nC

1 and nC
3 and 501 � 61 between nC

2 and nC
3 (Fig. 6 and

ESI†). The angle between n01 and n02 (major species) is found to
be 151 � 41, which is in perfect agreement with the angle
determined earlier (see Table 3). A comparison of the computation
for the di-tin-complex 1-spc-1kO,2kO0�(SnCl4)2 (see Table 3)

with the experiment excludes this complex as the source of
the signal of species C. In fact, there is no evidence for the
formation of 1-spc-1kO,2kO0�(SnCl4)2 under these conditions,
although this structure has been discussed for the Lewis acid
Et2AlCl.6 The stronger frequency downshift of n3 in species C
compared to the major species could be caused by the forma-
tion a complex between 1 and a (SnCl4)x cluster.

Conclusions

We have shown that P2D-IR spectroscopy in combination with
quantum chemical computations is able to determine the struc-
ture of species coexisting in equilibrium, even under conditions
where well-established techniques such as multidimensional
NMR spectroscopy fail. The determined angles between the
transition dipole moments agree with those determined for
the species in a pure solution. Overlapping absorption bands
in the FTIR spectrum of a mixture do not pose a difficulty when
they are connected to well-separated bands by cross peaks in the
P2D-IR spectrum. The annihilation method additionally allows
the analysis of congested spectra, where cross peaks overlap
and cannot be analyzed using the anisotropy method. Where
both methods are applicable, cross validation verifies that the
methods agree. A detailed analysis of the P2D-IR spectra of
mixtures of 1 and SnCl4 showed that at least four different
complexes form in solution at ambient temperature. In addition
to the major complex, 1-spc-k2O,O0�SnCl4, two more complexes
coexist at low concentration of SnCl4. The experimental results
in addition to the tentative assignment of the minor species are
summarized in Table 4. None of the additional complexes have
been observed before and they might be important for under-
standing the reactivity and selectivity of SnCl4 catalyzed and
related reactions. The presence of conformer 1-spt-k2O,O0�SnCl4

has, for example, been hypothesized by Castellino as a potential
cause of the lower stereoselectivity using SnCl4 compared to
other Lewis acids such as Et2AlCl, however, without direct
spectroscopic support. The present study of 1�SnCl4 complexes
highlights the potential of P2D-IR spectroscopy to investigate
species that are short-lived or in low concentration in reaction
mixtures. This capability makes P2D-IR spectroscopy a powerful
tool for future studies of reaction mechanisms.

Fig. 6 Differences between the P2D-IR spectra of a mixture of 1 and SnCl4 in
CH2Cl2 (c1 = 28 mM; cSnCl4 = 531 mM, 1.5 ps). The contour lines are spaced by
9 mOD. Signals larger than �0.1 mOD are truncated. The signals that belong to
the same species are connected by the grids. Red: major complex; black: minor
complex. The colored circles highlight the position of the annihilated peaks.
The FTIR spectrum of the sample is shown in the top panel for reference.

Table 4 Overview of the detected complexes of 1 and SnCl4 in CH2Cl2

Major species Species A Species B Species C

Determined structure 1-spc-k2O,O0�SnCl4 Possibly 1-spt-k2O,O0�SnCl4 — Possibly complex
with (SnCl4)x

Populationa (%) >80 o15 2–4 —b

Vibrational band origins (cm�1) n01 1567 nA
1 B1575 nB

1 B1570 nC
1 B1590

n02 1633 nB
2 B1635 nC

2 B1610
n03 1727 nA

3 B1730 nB
3 B1700 nC

3 B1645
Measured angles between the
transition dipole momentsc (1)

n01/n02 15 � 8

n01/n03 46 � 2 nA
1/nA

3 o41 nB
1/nB

3 >46 nC
1 /nC

3 56 � 8
n02/n03 49 � 2 nB

2/nB
3 >49 nC

2 /nC
3 50 � 6

a At low and moderate SnCl4 concentrations. b Only populated at high SnCl4 excess. c Measured at a delay time of 1.5 ps.
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