
About underappreciated, yet active
conformations of thiourea organocatalysts

Adriana Supady,† Stefan Hecht,‡ and Carsten Baldauf∗,†

†Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin, Germany
‡Department of Chemistry, Humboldt-Universität zu Berlin, Germany

E-mail: baldauf@fhi-berlin.mpg.de

Abstract Conformational dynamics can define
the function of organocatalysts. While the ac-
cepted mechanism of Schreiner’s catalyst fea-
tures a double hydrogen bond to the substrate
that only forms with the anti-anti conforma-
tion of its central thiourea group, our electronic-
structure theory study reveals that binding of
the model substrate methyl vinyl ketone prefers
syn-anti conformations. We find a new mecha-
nism featuring π stacking interactions and high-
light the need for extensive structure searches
for flexible molecules, especially when aiming
for structure-based design of catalytic activity.
Catalysts speed-up reactions by binding sub-

strates and by stabilizing transition states,
thereby lowering reaction barriers. Noncova-
lent organocatalysts represent a highly selec-
tive and sustainable design alternative to con-
ventional metal based catalysts,1–4 e.g. by uti-
lizing a combination of hydrogen bonding with
entropic and enthalpic effects to accelerate re-
actions. An example is illustrated in Figure 1a:
Schreiner’s catalyst 1 catalyzes the Diels-Alder
reaction of the dienophile methyl vinyl ketone
(2) with cyclopentadiene (3) to the endo prod-
uct 4.1 The established mechanism exploits the
capability of NH protons in the anti-anti con-
formation of the central thiourea moiety to form
a double hydrogen bond to the keto-group of 2
(Figure 1b).
Organocatalysts such as 1 are flexible com-

pounds with rich structural dynamics. Sim-
ilarly to enzymes,3 their function is directly
linked to their structure and their activity may

be regulated via their conformational dynam-
ics. Consequently, it is crucial to investigate
their full conformational space when studying
such flexible molecules. We performed first-
principles structure searches5 at the dispersion-
corrected6 PBE7 level of density-functional
theory with the FHI-aims code.8 All struc-
tures were re-relaxed using PBE augmented
by Grimme’s D3 dispersion correction9 in
dichloromethane modeled by the COSMO ap-
proach10 as implemented in ORCA.11 Gibbs en-
ergies were obtained by numeric rigid-rotor and
harmonic-oscillator calculations using D3 dis-
persion corrected PBE and single point PBE012

calculations, both in COSMO dichloromethane.
Dunning’s correlation-consistent cc-pVTZ ba-
sis set was used.13 Our choice of functionals
was influenced by good experience in testing
and using PBE and PBE0 for biomolecules.14–16
In the Supporting Information (SI) we demon-
strate the agreement between the dispersion
corrected PBE and PBE0 functionals with
coupled-cluster calculations for conformers of 1
and also the consistency among different func-
tionals for the reaction we describe.
The global minimum structure is associated

with the syn-syn conformation of the thiourea
moiety, followed by the 3.1 kcalmol−1 less sta-
ble syn-anti conformer (Figure 1c). The anti-
anti conformation, capable of forming the dou-
ble hydrogen bond depicted in Figure 1b, is en-
ergetically the least favored and 3.5 kcalmol−1

less stable than the syn-syn conformer. Confor-
mational changes between the minima involve
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Figure 1: a) The prototypical Diels-Alder reaction of the dienophile methyl vinyl ketone 2 with
cyclopentadiene 3, catalyzed by Schreiner’s catalyst 1, leads to the endo product 4. b) The
formation of a double hydrogen bond is the established catalytic mechanism of thiourea catalysts.
c) The plot shows relative Gibbs energies at 298.15K in dichloromethane (PBE+D3/PBE0+D3)
of minima and bond-rotation transition states of 1.

rotations of the thiourea N-C bonds as well as of
the substituted phenyl groups and are hindered
by conformational locking due to attractive in-
teractions of the phenyl ortho-hydrogens with
the sulfur atom. However, the resulting barri-
ers in the range of 10 kcalmol−1 are low enough
to be overcome at room temperature.
Along with catalyst 1, the conformational

preferences of three further thiourea based
molecules were investigated (details can be
found in the SI) among which the bifunctional
asymmetric Takemoto catalyst17 is of particular
interest. Interestingly, the syn-anti conforma-
tion is most stable for the Takemoto catalyst,
while the anti-anti conformation is again ener-
getically substantially penalized.
Environmental effects influence the confor-

mational preferences of flexible bioorganic
molecules. In crystals of 1, intermolecular
double-hydrogen bonds lead to a preference for
the anti-anti orientation of the central thiourea
moiety.2 Our first-principles simulations in iso-
lation as well as in dichloromethane (modeled
as continuum) however, show that the syn-syn
conformer of 1 dominates. In agreement with

our results, gas-phase free-energy calculations
by others predict the syn-anti conformer of
1 to be more stable than the anti-anti con-
former.18–20 However, predictions for the syn-
syn conformer deviate: It is predicted to be of
similar stability as anti-anti in a study that re-
lies on first-principles calculations without cor-
rections for long-range dispersion.18 Another
study employs the M06 functional, which in-
cludes dispersion by parametrization, but the
syn-syn form of 1 is not considered.19 Same as
in our study, Madarász et al.20 compute Gibbs
energies by combining dispersion-corrected
density-functional approximations with con-
tinuum simulations of an apolar solvent. Both
studies independently predict the syn-syn con-
formation as most stable in solution. Clearly,
long-range dispersion interactions have a big
impact as it can be seen from the conforma-
tional energy hierarchies of 1 with and without
Grimme’s D3 dispersion correction compared
to basis-set extrapolated coupled-cluster calcu-
lations (see SI).
Also specific interactions, for example with

the substrates of the reaction, can affect con-
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formational preferences. Hence we investigated
whether binding of Diels-Alder substrates 2 and
3 alters the population of different conform-
ers of 1. Besides the anti-anti, syn-anti, and
syn-syn conformers of the catalyst alone, we
estimated Boltzmann populations at 298.15K
based on Gibbs energies also for the complexes
1+2 and 1+2+3 in endo arrangements. In
case of the syn-anti conformer of 1, two differ-
ent complexes are possible with either the sub-
strates located on the opposite side of the sulfur
atom and parallel to the phenyl ring of 1 (dis-
cussed in the following) or with the substrates
located next to the sulfur atom of 1. The latter
has been studied, but is not discussed due to its
unfavorable energetics.
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Figure 2: Relative Gibbs energies of conform-
ers of Schreiner’s catalyst 1 alone, bound to the
dienophile methyl vinyl ketone 2, and bound
to 2 and cyclopentadiene 3 in dichloromethane
(PBE+D3/PBE0+D3). Pie charts represent
Boltzmann populations at 298.15K.

Figure 2 summarizes the results: At room
temperature, the Boltzmann population of 1
alone is dominated by the syn-syn conformer.
Binding of dienophile 2 alters the share of
catalyst conformations and syn-anti is now
most populated. Upon additional binding of
3, essentially the formation of the catalyst-
substrates complex (cat.+S) directly prior to
the reaction barrier, syn-anti is dominating the
population with a share of 89%. The cat.+S
complex that is based on the anti-anti con-

former of 1 makes up only about 6% of the
population.
We just found out that the anti-anti con-

former of 1, which is believed to be the
catalytically active one, is very little populated.
Consequently, we wanted to challenge the in-
terpretation of this being the only catalytic
mechanism of Schreiner’s catalyst for such a
Diels-Alder reaction. Based on minimum struc-
tures for the cat.+S (1+2+3) and catalyst-
product complex (cat.+P, 1+4) states for the
three conformer types syn-syn, syn-anti, and
anti-anti of 1, transition-path searches were
performed using the growing string method21

as implemented in aimsChain.22 The resulting
structures that are close to transition states
(TS) were further optimized by the eigenvec-
tor following algorithm as implemented in Orca
and verified by identifying exactly one imagi-
nary frequency. The reaction profiles cat.+S
→ TS → cat.+P are shown in Figure 3a. The
transition-state geometries in Figure 3b give an
impression of the mode of action of the differ-
ent catalyst conformations. The anti-anti con-
former of 1 involves dienophile 2 in a double
hydrogen bond. The syn-anti conformer of 1
induces the formation of a π sandwich of sub-
strates and catalyst and aligns them for the re-
action. The correct orientation of 2 is ensured
by a single hydrogen bond. The syn-syn con-
former of 1 leaves the substrates hanging freely
and also only forms a single hydrogen bond.
The reaction barrier of the Diels-Alder re-

action 2 + 3 → 4 without catalyst amounts
to 12.3 kcalmol−1. The lowest absolute reac-
tion barriers of 10.7 and 10.1 kcalmol−1, re-
spectively, result from either the π sandwich
mechanism related to the syn-anti conforma-
tion of 1 or the freely-hanging orientation of
the substrates facilitated by the syn-syn con-
former. The double hydrogen bond mechanism
linked to the anti-anti conformation gives rise
to an absolute barrier of 11.7 kcalmol−1.cat.+S
The lowest barrier relative to the energy of the
corresponding cat.+S complex is induced by
the syn-syn conformer of 1 and amounts to
8.4 kcalmol−1. In all cases, the LUMO energy
of the 1+2 complexes is lowered in comparison
to 2 alone (see SI).
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Figure 3: a) Energy profiles of the Diels-Alder reaction of 2 and 3 catalyzed by different conformers
of 1: anti-anti(red), syn-syn(blue), syn-anti(green). The energy scale shows relative Gibbs energies
∆G at 298.15K in dichloromethane (PBE+D3/PBE0+D3); relative barrier heights ∆∆G are shown
next to the TS. b) Structural representations of the transition states: trifluoromethyl groups and
apolar hydrogens of 1 were omitted for clarity. Hydrogen bonds are highlighted in orange, coloring
of covalent bonds indicates reaction partners (black: 1; rosé: 2; cyan: 3). Bonds to be formed
during the reaction are highlighted in green. The TS related to the syn-anti conformer of 1 is
shown in front and side view.

The different CatCat++S complexes, charac-
terized by the conformation of Schreiner’s cata-
lyst, represent a super basin of the energy land-
scape, most populated is the cat.+Scat.+S
complex with 1 in syn-anti conformation. The
relative barriers (∆∆G) of both the syn-syn
and the commonly accepted anti-anti are lower
than the one associated with the syn-anti con-
former. In order to estimate which is the dom-
inant mechanism, we define flux as the prod-
uct of the reaction rate and the probability for
the cat.+S complex being in one of the possi-
ble states. The latter is known from the pop-
ulations displayed in Figure 2. But how about
the reaction rates out of the respective basins?
According to harmonic transition-state theory
(HTST),23 the reaction rate kHTST is a prod-
uct of a prefactor and the Boltzmann probabil-
ity based on the activation energy. The prefac-
tor, which can be interpreted as an attempt fre-
quency, does not vary significantly for the alter-
native paths (see SI). But while the probability
of overcoming the barrier (linked to the rela-
tive barrier height) is comparable for the dou-
ble hydrogen bond mechanism (anti-anti) and
the π sandwich path (syn-anti), it is higher for
the reaction path associated with the syn-syn
conformer of 1. Which is reflected in the reac-
tion rates discussed in the SI. If we compare,
for example, the π stacking mechanism (syn-

anti) with the double hydrogen bond mecha-
nism (anti-anti), the latter is associated with
an almost 10 times higher reaction rate while
the former is more than 10 times higher popu-
lated.
Computer simulations represent approxima-

tions to reality that can cause errors. By
comparing different functionals for describing
the catalyzed chemical reaction (see Table S4
of the SI), we illustrate how the employed
level of electronic-structure theory may even-
tually alter the findings. Furthermore, the use
of an implicit solvation model as well as the
rigid-rotor and harmonic-oscillator approxima-
tion for the Gibbs energies are possible sources
of errors,24–26 a possible remedy for these short-
comings are first-principles molecular dynamics
simulations27 with explicit solvent molecules.
Given these approximations that we have to
make, the least we can say is: (i) Schreiner’s
catalyst 1 is a flexible molecule that can adopt
multiple conformations, (ii) the anti-anti con-
formation that is linked to the established dou-
ble hydrogen bond mechanism is energetically
penalized and scarcely populated, and (iii) in-
stead, we find alternative reaction mechanisms:
the syn-syn conformation of the catalyst binds
2 with a single hydrogen bond, while syn-anti
involves aromatic interactions28 to align sub-
strates and catalyst in a π sandwich that ex-
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hibits some resemblance of an enzyme’s bind-
ing pocket; mono-methylated variants of 1 rep-
resent a potential way of proving this proposed
mechanism. Our computational studies have
provided detailed mechanistic insights into the
field of thiourea catalysts; the emergence of two
synergistic reaction mechanisms might explain
their robustness, e.g. for protic as well as for
aprotic solvents. We open new routes for the
in silico design of thiourea catalysts, but we
also highlight the importance of carefully elu-
cidating conformational space in the field of
organocatalysis in general.
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