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Abstract: Spectroscopic characterizations of key reaction
intermediates are often considered the final confirmation
of a reaction mechanism. This proof-of-principle study
showcases the application of vibrational circular dichroism
(VCD) spectroscopy for the characterization of in situ gen-
erated reaction intermediates using the key intermediates
of enamine catalysis of Jorgensen-Hayashi-type prolinol
ether catalysts as model system. By comparison of experi-
mental and computed spectra, the enamines are shown
to preferentially adopt an anti-conformation with E-config-
ured C=C bond. For the parent prolinol catalyst, the struc-
ture and stereochemistry of the oxazolidine side product
is determined as well. This study thus demonstrates that
VCD spectra can provide insights into structural preferen-
ces of organocatalysts that utilize a covalent activation
mechanism. Thereby it outlines new fields of applications
for VCD spectroscopy and finally adds the technique to
the toolbox of physical organic chemistry for in-depth
mechanistic studies.

- /

In the rapidly growing field of asymmetric catalysis, detailed
knowledge about the relative orientation of reactants and cat-
alysts is very important as the success of the stereo-induction
step crucially depends on the exact positioning of the reactant
in the chiral field of the catalyst. Therefore, any insights into
the structure of reactive intermediates or active conformations
of catalysts foster an understanding of the underlying reaction
mechanisms and, in the long term, lead to an improvement of
the catalyst design. Besides computational methods,” solu-
tion-phase spectroscopic techniques such as NMR spectrosco-
py are typically used to gain information about the formation
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and stability of intermediate species such as hydrogen bonded
complexes and covalently activated substrates. However, there
is often no direct link between the computational results and
NMR spectroscopic data. In fact, conformational preferences
are mostly derived from comprehensive scalar and through-
space coupling analysis using methods such as COSY and
NOESY before they are qualitatively compared to computation-
ally predicted structures.

Vibrational circular dichroism (VCD) spectroscopy is the chi-
roptical version of IR spectroscopy and measures the differen-
tial absorbance of left- and right-circularly polarized light
during vibrational transitions.”’ As it does not rely on specific
UV/Vis chromophores, it has become a versatile and powerful
tool for the determination of absolute configurations.® More-
over, as vibrational spectroscopic technique, VCD spectroscopy
has shown a remarkable sensitivity for solute-solvent and
solute-solute interactions.”! All these applications rely on the
direct comparison of experimental and computed spectra and
a good match directly confirms the predicted conformational
preferences.”’ In several studies, we could already show that
VCD spectroscopy can significantly contribute to a better un-
derstanding of stereochemical information transfer in asym-
metric catalysis. Our initial study in this field focused on an
ion-pair based catalyst system which consisted of an achiral
salen-manganese cation and a chiral BINOL-derived phos-
phate.”! The spectral analysis showed that the phosphate
binds to the cation and thereby induces a preference for a
chiral conformation to it. The intensities of VCD spectral signa-
tures associated with vibrations of the cation were found to
correlate with stereo-selectivities observed in epoxidation reac-
tions. Subsequently, we focused on hydrogen-bonding organo-
catalysis with chiral thiourea catalysts. For a model thiourea'™
and the bifunctional thiourea catalyst developed by Takemo-
to,”? we revealed unexpected binding motifs’® and interesting
challenges in their computational prediction.”>®

After having demonstrated the applicability of VCD spectros-
copy for ionic and hydrogen bonding organocatalysts, we ex-
pected that valuable information about active conformations
could also be derived for catalysts that utilize a covalent sub-
strate activation mechanism. This mode of activation, however,
is particularly challenging to study by VCD spectroscopy as the
technique generally requires relatively high concentrations,
while the concentration of a covalently activated substrate,
that is, the substrate-catalyst complex of interest, is often quite
low due to subsequent (intramolecular) reactions. Hence, a
proof-of-principle study required a model system in which the
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active substrate-catalyst complex can be generated in high
yields and which does not react (too fast) during the course of
the measurement.

The search for a suitable model system has drawn our atten-
tion to enamine catalysis®'” based on prolinol and prolinol
ethers and in particular to the model reaction shown in
Scheme 1. Following the generally accepted reaction mecha-
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1b (R =TMS) 2b (R=TMS)
1c (R=H) 2c (R=H) 3

Scheme 1. Reaction of isovaleraldehyde with prolinol-based catalysts 1a-c
gives the enamines 2a-c. In an undesired side reaction, which occurs mainly
in absence of nucleophilic reagents, the enamine may react further to 3 via
an iminium intermediate (not shown). This side reaction proceeds rapidly for
2¢, slowly for 2b and it is not detected for 2a.”

nism of enamine catalysis proposed by Houk and List,"¥ the
prolinol ethers 1a/b and prolinol 1c itself react with isovaleral-
dehyde to enamine 2, the active structure of the catalytic
cycle.! This transformation activates the former a-position of
the aldehyde for addition reactions to nucleophiles as second
reactants. According to extensive NMR spectroscopic data on
the kinetics of the formation of these enamines reported by
Gschwind and co-workers,”'® <" 2a_c are formed immediate-
ly after mixing of equimolar amounts of 1a-c and the alde-
hyde in [Dg]DMSO. Yet, the enamines feature different stabili-
ties: Enamine 2a is obtained in about 85 % yield and stable for
a long period of time (more than 8 hours). The TMS-deriva-
tive 2b is formed in about 75% vyield, but tends to react fur-
ther towards oxazolidine 3 over several hours, thus decreasing
the concentration of 2b. The prolinol enamine 2c is not ob-
tained in significant yields as the reaction towards 3 takes
place almost immediately. The described transformation of the
enamine species 2 to oxazolidine 3, which passed through an
iminium intermediate, is considered an undesired side reaction
of the catalytic cycle as it withdraws enamine from the reac-
tion equilibrium. Consequently, under catalytic conditions, its
formation leads to a decrease in catalyst turnover as 3 does
not participate in the catalytic cycle anymore."?

The kinetic profiles of enamine formation of the three cata-
lysts 1a-c made them ideal model systems for this proof-of-
principle VCD study on covalent substrate activation. In fact,
depending on the choice of the catalyst, we get VCD spectro-
scopic access to two key intermediates of the catalytic cycle,
that is, the enamine and the oxazolidine side product. This is
demonstrated in Figure 1, in which each panel shows the IR
and VCD spectra of a catalyst (1a-c) and the respective reac-
tion intermediates derived therefrom by preparing equimolar
mixtures of the catalyst with isovaleraldehyde. As the en-
amines 2a and 2b are formed from 1a/b almost instantane-
ously and in high yields, the VCD spectra of 2a/b were record-
ed after a short equilibration period of 15 minutes after
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Figure 1. Comparison of the experimental spectra of catalysts 1a-c and the
reaction intermediates 2 b/c and 3. All spectra were recorded in [Dg]DMSO at
concentrations of 0.3-0.4m and 100 um pathlength. The scaling bars repre-
sent intensities of 10°m~'cm ™" in the IR and 107>m 'cm ™" in the VCD spec-
tra. The asterisk marks the carbonyl C=0 stretching vibration of residual al-
dehyde. Numbers denote band assignments discussed in the text and in Fig-
ures 3 and 5.

mixing. The VCD spectra of 2a were recorded over the course
of 4 hours using the same sample. Due to the slow rearrange-
ment of 2b to 3, the VCD spectra of 2b were obtained by
averaging over four 1 hour measurements of freshly prepared
samples. In order to follow the rearrangement reaction, one of
the samples of 2b was left on the bench for 72 hours in the
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cuvette, which subsequently allowed us to record also the
spectrum of the resulting rearrangement product 3. As the en-
amine 2c undergoes an immediate rearrangement reaction to
3, the mixture of 1c with isovaleraldehyde gave the spectra of
pure oxazolidine.

The overview in Figure 1 nicely highlights the spectral differ-
ences between pure catalysts and the reaction intermediates.
Without going into detail on band assignments, a few spectral
signatures can easily be traced to certain species. The band at
1650 cm ™" in the IR spectra (band 1) of the enamines can be
assigned to the C=C stretching vibration of the enamine, for
instance. Similarly, all IR spectra in Figure 1b feature a strong
band at 1250 cm™', which arises from the C-Si stretching vi-
bration of the TMS group in 1b/2b. Further empirical band as-
signments can be made: The IR spectra of the enamines 2a/b
and the oxazolidine 3 derived from 2b also show a small band
at 1720 cm ™' which can be assigned to residual aldehyde still
present in the sample solution. In the reaction 1c¢—[2¢c]—3, all
aldehyde is consumed during the rearrangement reaction, so
that the aldehyde band is not observed. Instead, the weak
broad band at 1660 cm™' of the water bending mode can be
observed which arises from the about two equivalents of
water produced during the formation of the enamine and the
ring closure reaction.

It has to be noted that the VCD spectral signatures are even
more characteristic for the different species than the IR signa-
tures. In fact, significant similarities between the VCD spectra
of the two investigated enamines can be identified (a direct
comparison of the two sets of spectra is provided in Figure S1
of the Supporting Information). Besides the positive band of
the C=C stretching mode (band 1), these are the characteristic
(—=/+/-) pattern in the range of 1340-1290 cm™' (bands 8/9)
and the bisignate (+/—) VCD signature centered at 1250 cm™'
(bands 11/12). The TMS-group with its C—Si stretching vibra-
tion at 1250 cm™', which is dominant in the IR spectra of the
series 1b—2b—3, does not seem to have significant influence
on the overall VCD spectral pattern of the enamine species.

The experimental spectra in Figure 1 show that the inter-
mediates can easily be distinguished experimentally. From a
mechanistic perspective, however, it is not only important to
distinguish the different species but also to characterize their
conformational preferences. In particular, it is important to es-
tablish the preferred spatial orientation of the C=C bond, that
is, if it points towards (syn) or away from (ant) the diphenyl
ether side chains, as well as its configuration (E/2). While the
latter is easily derived from 3J-coupling constant analysis in
'HNMR spectra and for 2a/b known to be E® information
about the syn/anti orientation can only be derived from
{"H,"H}-NOESY and {'H,"*C}-HMBC experiments.”” As we show
in the following, direct access to this information can be ob-
tained by comparing the experimental VCD spectra with com-
puted spectra.

A comprehensive conformational analysis is the basis for reli-
able spectra simulations. The conformational search for enami-
ne 2a required the systematic evaluation of nine dihedral
angles and rotatable bonds that define the conformational
space of the molecule. Briefly, these are the torsional angles
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determining the conformations and relative spatial orientations
of the alkyl and the diphenyl ether side chains and two tor-
sional angles defining the ring puckering of the pyrrolidine
ring. At the B3LYP/6-31G+ (2d,p)/IEFPCM(DMSO) level of
theory, the search led to a total of 105 unique conformers of
which three are almost identical in energy (full list including
geometries can be found in the Supporting Information).
Figure 2 shows two of them denoted 2a-c7 and -c2, which

2a-c1

2a-c2

Figure 2. The computed lowest energy conformers ¢1 and c2 of 2a, which
only differ in the torsional angle NC*CO (—62° and ~180°).

differ by the spatial orientation of the C(Ph),OMe side group
(i.e. the torsional angle NC*CO). The third highly populated
conformer differs from 2a-c7 only in the spatial orientation of
the methoxy group (torsional angle spanning C*-C(Ph),-O-CH,
is —76° instead of ~180°). Together these three conformers
contribute equally to total of about 70% to the Boltzmann
population. It should be noted that, in agreement with previ-
ous NMR studies,”” the syn-conformers and the Z-isomers are
predicted to have negligible contributions to the conforma-
tional equilibrium (0.3 % respectively 0.1% according to AE,p).

Based on the full set of conformers, population averaged IR
and VCD spectra of 2a were calculated by co-adding the re-
spective single-conformer spectra multiplied by their corre-
sponding Boltzmann weights (according to AEzc). Thereby, the
contribution of each conformer is weighted and the spectral
intensities are scaled accordingly. Following this procedure, the
calculated spectra shown in Figure 3 were obtained. Already
on first sight, an almost perfect match between experiment
and theory can be noted. All experimental VCD spectral fea-
tures are nicely reproduced. Solely in the IR spectra, there are
some bands that appear to be overestimated in intensity
which may, however, simply be related to the uniform line
width used to simulate the spectra.

The good match between the experimental and theoretical
spectra confirms the validity of the computed conformational
distribution. In fact, considering only the Z- or the syn-con-
formers in the prediction of the VCD signatures, that is,
making them the major species in the conformational distribu-
tion, yields VCD spectra that are clearly different from the ex-
perimentally observed ones (cf. Supporting Information Fig-
ure S2). Consequently, the lowest energy conformers shown in
Figure 2 can be assumed to be the major species in solution
without the need to analyse and interpret NOE contacts and
simply by directly comparing experimental and computed
spectra.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparison of the experimental and computed IR and VCD spec-
tra of 2a. The measurement was carried out for a solution of an equimolar
mixture of 1a and isovaleraldehyde in [Ds]DMSO (0.37 m, 100 pm path
length) after 15 minutes of equilibration. Spectra were computed at the
B3LYP/6-31 + G(2d,p)/IEFPCM(DMSO) level of theory. Numbers indicate band
assignments, the asterisk marks the residual band of unreacted aldehyde.

The computed spectra can also be used to assign bands in
the IR and VCD spectra to specific vibrational motions. This is
of particular interest for the spectral signatures of bands 8-12
that have been identified as characteristic for the enamines. Al-
though the vibrational motions in this range appear complex
upon visual inspection, bands 8 and 9 can qualitatively be as-
signed to CH,-wagging and =C—H in-plane bending motions.
Bands 10 and 11 arise from in-phase and out-of-phase C,.—H
deformation modes at the stereocenter and the isopropyl
group. Interestingly, band 10 does not contribute much to the
VCD spectral signature although it is quite strong in the IR. In
contrast, the weak band 12, which is best described as CH,-
twisting motions localized in the five-membered ring, shows a
very strong VCD band. As the computational analysis of the IR
and VCD spectra of 2b leads to essentially the same quality of
match and the same conclusions (cf. Figure S3), these band as-
signments can be considered general for the enamines.

As mentioned above, the oxazolidine 3 is produced in an
unwanted side reaction for equimolar mixtures of 1a and iso-
valeraldehyde almost quantitatively. After 72 hours it was ob-
served as main species in solutions of 1b with the aldehyde.
Previous NMR-based reports on the stereochemistry of 3°'¥
can be confirmed by carrying out a systematic conformational
analysis for both diastereomers of the oxazolidine, (R,R)- and
(R,S)-3. In contrast to 2a, the conformational space of 3 is sig-
nificantly smaller as only the alkyl chain conformations had to
be considered. Hence, we found seven conformers for each of
the stereoisomers; the lowest energy conformer of (RR)-3 is
shown in Figure 4 and the energetic and structural data for
both isomers is summarized in the Supporting Information.
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Figure 4. The structures of the (R,R)- and (R,S)-3 diastereomers. Only the
(R,R)-isomer is observed experimentally by VCD spectroscopy.
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Figure 5. Comparison of the experimental IR and VCD spectra of 3 derived
from 1c and isovaleraldehyde with those computed for (R,R)-3. The mea-
surement was carried out for a solution of an equimolar mixture of 1c and
the aldehyde in [Dg]DMSO (0.31 ™M, 100 um path length) after 15 minutes of
equilibration. Spectra were computed at the B3LYP/6-31 + G(2d,p)/
IEFPCM(DMSO) level of theory. Numbers indicate band assignments.

The comparison of the experimental and computed VCD
and IR spectra in Figure 5 presents a very good match be-
tween the experimental spectra and those predicted for (R,R)-
3. In particular the VCD spectral pattern is very nicely repro-
duced by the calculations. Even in the range from 1350-
1250 cm™' (bands 7-11) where the IR spectrum features a
broad and little defined band pattern, the sharp VCD signa-
tures match very well. This range is also suitable to distinguish
the (R,R)- and the (R,S)-stereoisomers (Figure S4): For (R,S)-3,
bands 9 and 10 are inverted in sign so that a clear differentia-
tion of the stereoisomers is possible.

In summary, this study describes the VCD spectroscopic
characterization of reaction intermediates of the prolinol ether
catalytic cycle. As such it is the first VCD study on an asymmet-
ric catalyst that operates by covalently activating the substrate,
which presents a particular challenging target as such species
typically have limited lifetimes. Given the prior knowledge on
the kinetics of the reaction,® the timeframes in which the in-
termediates could be captured were known and we could
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show that all important structural information about the inter-
mediates such as E/Z and syn/anti conformational preferences
could be directly confirmed by comparison of the experimental
spectra with computed ones. Thereby we could show that
VCD spectroscopy has the potential to become a powerful
complementary technique to NMR spectroscopy for the char-
acterization of reaction intermediates. Hence, this combined
approach is highly promising and should be applicable to all
systems for which the target species reaches a reasonably high
concentration and lifetime in a steady state. In order to be
able to capture the VCD signatures of unknown short(er)-lived
species, further instrumental developments are required that
allow for higher time-resolution respectively significantly
faster measurements.!"”
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