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Herein we report the first application of infrared multiple-
photon dissociation (IRMPD) spectroscopy to study noncova-
lent interactions in organocatalysis. Phenylalanine-derived
iminium ions, central to numerous organocatalytic processes,
display dynamic conformational behavior as a consequence
of stabilizing noncovalent interactions (e.g., CH–π, π–π).
Electronic modulation of the aryl ring causes notable varia-
tion in the conformation; this can be detected spectroscopi-
cally and correlated with enantioselectivity. Given that these
interactions, which orchestrate stereoinduction, encode for
specific conformers (I, II, or III), a diagnostic IRMPD spectrum

Introduction

Noncovalent interactions are ubiquitous in protein struc-
tural biology and play an integral role in governing confor-
mation and function.[1] Often, these interactions are preva-
lent in regions of molecular space containing electron-rich
amino acid side chains. Although highly preorganized bio-
molecules offer the possibility to study these interactions
closely (Figure 1), the bioinspired nature of many small-
molecule organocatalysts offers a structurally simplified
platform for their investigation.[1b]
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is generated: the C=O stretching frequency of the imidazole
carbonyl group serves as a diagnostic marker. The calculated
conformers and their respective spectra can be compared
with experimental data. Consequently, valuable insight into
the ubiquitous noncovalent interactions associated with Mac-
Millan-catalyst-derived α,β-unsaturated iminium ions can be
obtained in the absence of solvent or counterion effects. A
preliminary structure–catalysis correlation is disclosed, thus
demonstrating the potential of this approach for studying re-
active intermediates and facilitating catalyst design.

Figure 1. Correlating structure and function in organocatalysis by
IR multiple photon dissociation (IRMPD) spectroscopy.

Consequently, the intimate structure–function relation-
ship that is central to structural biology may be effectively
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translated into the realm of organocatalysis. The practical
value of drawing this parallel manifests itself in a range of
catalyst design strategies and reactivity models. This anal-
ogy with nature’s catalysts is perhaps most obvious upon
considering the iminium ion intermediate derived from
MacMillan’s phenylalanine-derived imidazolidinone cata-
lyst (1).[2] The structural rigidity of the catalyst core pro-
vides a geometrically optimized platform for the oscillating
phenyl ring to engage in a stabilizing CH–π interaction[3]

with the syn methyl group, a π–π stack with the pendant
iminium chain, or even engage in a weak CH–CO
van der Waals interaction.[4] Consequently, three staggered
conformers partitioned by 60° can be envisaged and corre-
lated with these interactions (Figure 2; I, II, and III). These
stabilizing phenomena manifest themselves in the confor-
mations of the reaction intermediates[5] and ultimately play
a role in orchestrating selectivity, which further accentuates
this structure–function analogy to enzyme catalysis. Under-
standing the synergy and function of these interrelated con-
formers remains challenging but will confer practical ad-
vantages for future organocatalyst design.

Figure 2. Conformational diversity in MacMillan imidazolidinone-
derived iminium ions (1): I consistent with CH–π interaction, II
consistent with π–π stack, III eclipsed with the carbonyl group,
consistent with CH–CO van der Waals interaction, IV C–Cipso and
C–H bond eclipsed, also with possible CH–CO van der Waals in-
teraction.

Modulating C–Cipso torsional rotation in iminium salts
such as 1 can be achieved by inducing electronic pertur-
bations in the aryl shielding group. Indeed, the quadrupole
moment (Qzz) of the aryl ring and the enantioselectivity of
certain reactions can be correlated.[6] The clear reciprocity
between noncovalent interactions in conformers I and II
and effective enantioselective catalysis necessitates the de-
velopment of structure–function correlation methods. To
complement the existing structural analysis methods of
computation, NMR spectroscopy and crystallography, IR
multiple photon dissociation (IRMPD) spectroscopy was
investigated. The gas-phase conditions of this technique
would alleviate concerns pertaining to crystal-packing ef-
fects influencing conformation and allow the naked imin-
ium ion to be analyzed in the absence of counterions. A
major caveat of solution-phase analyses is that counterions
are often far from innocent.[7] To realize this goal, a series
of iminium salts (i.e., 2–6, Figure 1) was prepared and their
IRMPD spectra were recorded.[8] Unlike classical IR spec-
troscopy, which is not applicable for ions stored in an ion
trap, the use of IRMPD spectroscopy[9] has been developed
as an effective alternative “action spectroscopy” method.[10]

IRMPD spectroscopy combined with theory has proven to
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be a powerful analytical strategy, especially for cases in
which the ions have only a limited number of oscillators
that exercise vibrations obeying harmonic approxi-
mations.[11] This prerequisite holds true for the MacMillan-
type imidazolidinone-derived iminium ions, which are
structurally analogous to peptide b-type fragment ions; the
oxazolone components of these systems have been eluci-
dated by IRMPD spectroscopy.[12] In IRMPD spec-
troscopy, a given precursor ion is slowly heated by absorp-
tion of tens to hundreds of IR photons, for which powerful
laser systems are needed.[13] Upon intramolecular vi-
brational redistribution (IVR), the activated ion finally
reaches the critical internal energies of one or more frag-
mentation pathways and dissociates.[14] Free electron lasers
(FEL) are well suited for this experiment and have the capa-
bility of continuous wavelength tunability over a wide wave-
length range (e.g., 3–250 μm for the FEL used in this
study).[15]

In addition to noncovalent hydrogen bonds C=O···HX
(X = O, N, C), which lead to a redshift in the C=O stretch-
ing mode,[16] weak dispersion forces such as XH···π (X = C,
N, O) interactions shift the respective bands and are useful
diagnostic features for the identification of individual con-
formers.[17] It was envisaged that the stretching mode imid-
azolidinone carbonyl group of 1 would be a sensitive probe
from which to investigate changes in conformation resulting
from rotation about the C–C(Ph) bond. Importantly, the
diagnostic shifts of the C=O stretching modes are expected
to be small, as the C=O moieties experience at best only
weak interactions, for example, side-on interactions with
aromatic substituents or interactions with CH groups. To
achieve pronounced electronic changes for this study, imin-
ium salts with vastly differing quadrupole moments were
prepared (i.e., 2, 3, and 4; Qzz = –5.68, +3.01, and –7.62,
respectively).[18] In addition, conformational equivalents 5
and 6 frozen by virtue of the fluorine-iminium ion gauche
effect[19] were studied (Figure 1). For all of these com-
pounds, calculation of the lowest-energy conformers (e.g.,
see Figure 2) were performed by using density functional
theory (DFT) with the B3LYP functional[20] and a triple-
zeta (6-311G**) basis set[21] as implemented in
Gaussian09.[22] These calculations (full details are given in
the Supporting Information), together with simulation of
their IRMPD spectra would allow for rapid comparison
with the experimental data collected from photodissocia-
tion experiments generated by the FELIX free-electron la-
ser. Comparison of the observed CO frequencies with calcu-
lated values shows a maximum deviation of 6 cm–1. Thus,
the conformation of each modified iminium ion could be
assigned in the absence of counterions and solvents, which
ultimately allows comparison with catalysis findings.
Herein, we present a preliminary validation of IRMPD
spectroscopy as a powerful method to study noncovalent
interactions in organocatalysis and disclose a preliminary
structure–catalysis correlation examining the role of these
interactions in the Friedel–Crafts alkylation of N-methyl-
pyrrole, a transformation that is known to be sensitive to
counterion effects.[23,24]
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Results and Discussion

As a starting point for this study, electron-rich trimethoxy-
phenyl derivative 2 was chosen; this derivative is known to
significantly populate conformation I, which allows for a
CH–π interaction with the syn Me group. Moreover, con-
formation II is also populated to an extent in solution,
which thus directs the aromatic group over the pendant
iminium chain. Three energy minima were identified within
3.3 kJmol–1 of the global minimum electronic energy (Fig-
ure 3). The global minimum was found to be conformer II
(ΦNCCC = –78.2°). A structure with the freely rotatable C–
C bond to the phenyl group almost eclipsed with the neigh-
boring C–H bond (conformer IV, ΦNCCC = –132.2°; see
Figure 2) was found to be only 0.08 kJ mol–1 higher in en-
ergy. This latter conformer was previously reported by
Houk and co-workers.[4a] Moreover, Seebach and Grimme
reported that these two conformers are connected by an
energetic plateau in their “windshield-wiper” model.[25] In-
significantly higher in energy (+0.4 kJ mol–1) is the con-
former that is stabilized by a CH–π interaction (i.e., I,
ΦNCCC = +51.7°). A fourth energy minimum (3.3 kJmol–1

higher in energy) also adopts conformer II (ΦNCCC =
–71.7°), but with the methoxy groups oriented differently.
From this computational analysis it is proposed that the
shielding group oscillates freely between ΦNCCC = –132.2°
and +51.7°. Comparison of the computed IR spectra for
each conformer with the measured IRMPD spectra beauti-
fully illustrates the distributed conformer population
of 2. Whereas the C=O stretching bands corresponding to
the two lower lying conformers have very similar fre-
quencies, the measured band is slightly blueshifted owing
to non-negligible population of the third conformer in
which the weaker H-bond leads to a blueshift in the band.
Next, pentafluorophenyl analogue 3 was studied as an
electronic extreme of 2. Previous studies suggest that this
iminium ion preferentially adopts conformation III,[6] in
which the aromatic ring is rotated away from the
imidazolidinone core; this brings it in close proximity
to the carbonyl group, whereby a CF–CH van der Waals
interaction stabilizes this structure. Computational analysis
of 3 verified this conformer to be the global minimum
structure (ΦNCCC = –168.8°; Figure 3, center left). This is
in good agreement with the crystal structure (ΦNCCC =
–176.7°).[6]

The second lowest conformer was calculated to be that
stabilized by the postulated π–π interaction (i.e., II,
+7.1 kJ mol–1 higher in energy). Higher in energy is the
third identified minimum structure (+11.8 kJ mol–1) corre-
sponding to the CH–π conformer (i.e., I). Even though the
differences in C=O stretching frequencies of the computed
IR spectra are subtle, it is clearly visible that the measured
IRMPD C=O band fits best to the IR C=O band of the
global energy minimum (Figure 3). It is noted that the C6F5

breathing motion found at ν̃ = 1510 cm–1 is predicted to be
notably redshifted by theory. To probe the effect of steric
modification, anthracenyl derivative 4 was also investigated.
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Examination of the calculated minima structures (Figure 3)
revealed that only conformer II is significantly populated
(ΦNCCC = –77.2°). This is believed to be due to an edge-on
interaction between the electron-rich aromatic system and
the positively charged iminium chain as well as a CH–CO
van der Waals interaction. The other two minima identified,
corresponding to the CH–π conformer (i.e., I) and the rot-
amer with the aromatic group in proximity to the carbonyl
moiety (i.e., III), lie much higher in energy (13.2 and
18.2 kJmol–1, respectively), which suggests that oscillation
of the shielding group is restricted, contrary to the Seeb-
ach–Grimme model.[25] This supposition was again verified
by IRMPD spectroscopy (Figure 3). The experimentally
observed C=O bond stretching frequency matches the cal-
culated value for the global minimum structure, whereas the
computed spectra for the other two conformers are both
shifted, and this further validates the method. The low ex-
perimental intensity of the otherwise strong CH wagging
absorption of the aromatic system is presently not well
understood.

Finally, iminium ions 5 and 6 were examined by using
IRMPD spectroscopy. This laboratory has previously re-
ported that a configurationally defined benzylic fluorine
substituent can be exploited to fix the position of the sub-
stituents on the fluorine-bearing carbon atom by virtue of
the fluorine gauche effect [σC–H�σ*C–F, Fδ–···N+]. Conse-
quently, this steering group can encode for conformer I or
II, depending on the configuration of the stereogenic center.
By locking the phenyl group in the π–π conformation (i.e.,
6; II) or the CH–π conformation (i.e., 5; I), it is possible to
generate diastereomeric “conformer equivalents”[19b] of the
two rotamers, which are believed to be important for en-
antioinduction. As expected, the global minimum of 5 was
calculated to be the one allowing for CH–π interaction (i.e.,
I, ΦNCCC = +45.4°; ΦNCCF = –79.0°). Only one other mini-
mum structure was identified (+8.8 kJmol–1 higher in en-
ergy), which conceivably would still allow for the same in-
teraction, but with inverted configuration around the C=N+

bond. The gas-phase spectrum matches the computed IR
spectrum of the global minimum structure (Figure 3, upper
right). For 6, the calculated lowest-energy conformation
(Figure 3, lower right) was found to be the expected syn-
clinal endo conformation (i.e., II; ΦNCCF = +48.8°) but dis-
torted in comparison to the X-ray structure, which dis-
played a perfect syn-clinal endo conformation (i.e., II;
ΦNCCF = +64.4°).[19b]

A second low-lying conformer only 1.3 kJmol–1 higher
in energy was found to be conformer IV, which results in
the C–F bond eclipsing the C–N bond of the iminium core
(ΦNCCC = –130.7°, ΦNCCF = +7.7°). Once again, compari-
son of the computed IR spectra for the two conformers
with the measured IRMPD spectra confirms these findings,
and this beautifully illustrates that the two conformers lie
close in energy and that the recorded C=O band lies in the
middle of the two calculated for the two isolated conform-
ers. This observation further underscores the need for struc-
tural methods to study iminium ions that are complement
to crystallographic techniques.[26]
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Figure 3. (Left) IRMPD spectrum (red) of 2 overlaid with theoretical spectra of global minimum structure (green) and the other identified
energy minima conformations at +0.08 kJmol–1 (blue), +0.5 kJmol–1 (pink) and +3.3 kJ mol–1 (turquoise). The three optimized minimum
energy conformers and relative energies. IRMPD spectrum (red) of 3 overlaid with theoretical spectra of global minimum structure
(green) and the other identified energy minima conformations at +7.1 kJmol–1 (blue) and +11.8 kJmol–1 (pink). The three optimized
minimum energy conformers and relative energies. IRMPD spectrum (red) of 4 overlaid with theoretical spectra of global minimum
structure (green) and the other identified energy minima conformations at +13.2 kJ mol–1 (blue) and +18.2 kJmol–1 (pink). The three
optimized minimum energy conformers and relative energies. IRMPD spectrum (red) of 5 overlaid with theoretical spectra of global
minimum structure (green) and the other two identified energy minimum conformations at +8.8 kJmol–1 (blue) and +13.3 kJmol–1 (pink).
The two optimized minimum energy conformers and relative energies. IRMPD spectrum (red) of 6 overlaid with theoretical spectra of
global minimum structure (green) and the other two identified energy minimum conformations at +1.3 kJmol–1 (blue) and +18.8 kJmol–1

(pink). (Right) The optimized minimum energy conformers, torsion angles, calculated frequencies, and relative energies. Calculated fre-
quencies were scaled by 0.97. Each was convoluted with a Gaussian function (full width at half maximum: 15 cm–1) to obtain the
theoretical IRMPD spectra.

Finally, in an effort to correlate the IRMPD findings
with reaction outcomes, the Friedel–Crafts alkylation of N-
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methylpyrrole was selected as a model transformation. This
reaction has previously been reported to be highly suscepti-
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ble to counterion effects, solvent effects, catalyst conforma-
tion, and electronic nature of the shielding group on the
MacMillan catalyst,[6,19b,23,24] which renders it ideal for this
analysis. Moreover, a recent study by Sigman and co-
workers demonstrated that selectivity in catalysis can be
correlated as a function of the IR spectrum, which makes
this analysis timely.[27]

Catalysts 7–11, which form trans-cinnamaldehyde-de-
rived iminium ions 2–6, respectively, were employed in the
Friedel–Crafts alkylation of N-methylpyrrole in a THF/
H2O medium (Table 1). The products were reduced in situ,
and the enantiomeric excess (ee) values of the products
alcohol were determined by HPLC analysis. Reactions pro-
ceeding via electron-rich iminium intermediates 2 and 5
(catalysts 7 and 10) performed best in this transformation,
and enantioselectivities of 94 and 90% were obtained,
respectively. IRMPD measurements demonstrate that these
species adopt stabilizing conformations I and II, consistent
with CH–π and π–π stacking interactions. These interac-
tions have been implicated in the enantiodetermining step
of this reaction.[4,6,20] Anthracenyl derivative 9, proceeding
via intermediate 4, led to lower levels of induction (55 %)
despite the electron-rich nature of the aryl shielding group
that conceivably should allow for stabilizing interactions,
as found in I and II. IRMPD measurements supported by
computation indicate that conformation II is adopted and
that steric repulsion enforces the aromatic moiety to rotate
out of plane, which thus erodes shielding. Conformer equiv-
alent 6 (catalyst 11), in which the phenyl ring is positioned
over the π system (i.e., II), also populates undesired con-

Table 1. Catalysis screening results with the use of imidazolidinones
7–11.[a]

Synthesis Computation IRMPD Cataly-
signature sis

Catalyst Salt Energy of conformers ee
[kJmol–1]
I II III IV [%]

7 2 0.4 0.0 – 0.0 II 94
8 3 11.8 7.1 0.0 III 65
9 4 13.2 0.0 18.2 – II 55
10 5 0.0 – – – I 90
11 6 – 0.0 1.3 II 63

[a] TFA = trifluoroacetic acid.
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former IV and consequently gives lower levels of enantioin-
duction (63%ee). Similarly, catalysis with the use of elec-
tron-deficient pentafluorophenyl derivative 8 (iminium salt
3), which adopts conformation III, also gave low levels of
enantioselectivity (65 %ee).

By comparing the IRMPD signatures to catalysis out-
comes it is possible to correlate discrete conformers and
the molecular space that they occupy to enantioselectivity
(Figure 4). The gas-phase structures indicate that popula-
tion of conformers I and II facilitates enantioinduction
(structures 2 and 5, 90 and 94%ee, respectively). Con-
versely, population of conformer III is detrimental (3,
65 %ee).

Figure 4. An overview of the IRMPD spectroscopy structure–catal-
ysis correlation.

Conclusions

In summary, we report a preliminary validation of
IRMPD spectroscopic techniques to give structural insights
into the complex, charged intermediates that are of central
importance to the rapidly developing field of enantioselec-
tive organocatalysis. The unique spectroscopic fingerprints
gleaned from IRMPD measurements provide new struc-
tural data on these well-studied iminium ions in the absence
of counterions and solvents (Figure 4). These data, in turn,
can be translated into useful guidelines for catalyst design.
A preliminary step towards structure–catalysis correlations
has been reported in the organocatalytic Friedel–Crafts alk-
ylation of N-methylpyrrole.

Supporting Information (see footnote on the first page of this arti-
cle): Full experimental details and computational details.
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