
Tetrahedron Letters 49 (2008) 4666–4669
Contents lists available at ScienceDirect

Tetrahedron Letters

journal homepage: www.elsevier .com/ locate / tet let
A rationally designed cocatalyst for the Morita–Baylis–Hillman reaction
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The application of electronic structure calculations to a key transition state in the reaction manifold of the
Morita–Baylis–Hillman reaction allows the design of two bis(thiourea) cocatalysts capable of accelerating
this reaction through the hydrogen bond mediated recognition of both the nucleophile and the
electrophile.

� 2008 Elsevier Ltd. All rights reserved.
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The rational design of organic catalysts based on hydrogen
bonding1 is an important objective for the burgeoning field of
organocatalysis. We wished to demonstrate that, through the
application of electronic structure calculations, it is possible to de-
sign a catalyst that is capable of recognising and stabilising a tran-
sition state that is assembled from two different reaction partners.
In the past, we have shown2 that the reactivity of organic mole-
cules can be influenced directly by means of appropriately located
recognition elements in the reagents. Further, we3 and others4

have shown that both Michael addition reactions and dipolar
cycloadditions are amenable to acceleration by exploiting hydro-
gen bonds formed between a receptor and one of the reagents. Car-
bon–carbon bond forming reactions mediated by organic catalysts
are currently the focus5 of many research programmes. Several of
these catalysts function by exploiting the fact that hydrogen bond
donors can promote reactions in a similar way to Lewis acid cata-
lysts, and there are many excellent examples6 of effective catalysts
which have been reported to date. Our interest was drawn to the
Morita–Baylis–Hillman (MBH) reaction (Scheme 1), since it is one
of the more sluggish C–C bond forming reactions that requires
more active catalysts in order to realise7 its full potential.

We chose to focus on the reaction between cyclohexenone 1
and 4-fluorobenzaldehyde 2 (Scheme 1). The formation of the
product 3 can be assayed readily by 19F NMR spectroscopy, and
we were intrigued by the high activity for the elegant bis(thiourea)
cocatalyst 4 reported8 by Nagasawa and co-workers. These work-
ers propose that in the key step of the MBH reaction, the addition
of the DMAP-activated enone to the aldehyde forming the C–C
bond, both the aldehyde and enolate are bound and activated by
this cocatalyst. We believed that we could increase the activity of
this cocatalyst significantly by rational application of computa-
tional methods. Through the application of electronic structure
methods, we could compute the structure and properties of the
transition state 3�, for the addition of the activated enone to the
ll rights reserved.

x: +44 1334463808 (D.P.).
.

aldehyde, and, hence, design a bis(thiourea) cocatalyst which was
capable of binding 3� tightly, thus accelerating the reaction
between 1 and 2. Consideration of the structure of 3� suggests that
any cocatalyst must be capable of simultaneously associating with,
and, hence, stabilising both the enolate oxygen arising from the
adduct formed between 1 and DMAP and the partial d� charge
located on the aldehyde carbonyl oxygen atom. As we proceed
towards the transition state 3�, the relative orientations and the
charges on these two species will change. Therefore, any cocatalyst
design must start from a sound knowledge of the structure and
charge distribution present in 3�.
H H
F3C CF3

Scheme 1.
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Figure 1. (a) Schematic view of the transition state of the reaction between 1,
activated by DMAP, and 2. The target oxygen atoms are highlighted. (b) Stick
representation of the calculated (B3LYP/6-31G(d,p)) structure of 3�. Carbon atoms
are green, nitrogen atoms are blue, oxygen atoms are red, hydrogen atoms are white
and fluorine atoms are cyan. The forming C–C bond is the dashed red line and the
location of the anion binding sites are highlighted in blue. Most hydrogen atoms
have been omitted for clarity. (c) Electrostatic potential surface of 3�. Charge is
encoded as a spectrum of red (negative) to blue (positive).

Figure 2. (a) Stick representation of the calculated (AM1/SM5.4a) structure of 3�

docked to cocatalyst 5. (b) Stick representation of the calculated (AM1/SM5.4a)
structure of 3� docked to cocatalyst 6. In both cases, carbon atoms are green, nitro-
gen atoms are blue, oxygen atoms are red, sulfur atoms are yellow, hydrogen atoms
are white and fluorine atoms are cyan. The forming C–C bond is the dashed red line,
and dashed black lines show hydrogen bonds.
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We therefore located and refined the transition state structure
of 3� using9 electronic structure methods. The transition state
was initially located (Fig. 1) using a coordinate scan method using
the semi-empirical AM1 method as implemented by AMSOL 7.1. This
transition state structure was then further refined at the B3LYP/6-
31G(d,p) level of theory providing us with an accurate model of 3�

with which to proceed.
The calculated structure of 3� reveals (Fig. 1) that, as expected,

the regions of highest negative charge are located on the oxygen
atoms of 1 and 2. Interestingly, calculation of the electrostatic
potential surface of 3� (Fig. 1c) reveals that these two sites carry
almost equal negative charge at the transition state, reinforcing
the need for both of these sites to be bound and stabilised by
any cocatalyst. The two oxygen atoms are placed 4.39 Å apart in
the transition state. Interestingly, there is also a C–H� � �O hydrogen
bond (C–H� � �O distance = 2.39 Å) between the aldehyde carbonyl
oxygen and one of the a protons on the pyridine ring of the DMAP
cocatalyst. As expected, all attempts to dock this transition state
structure with the bis(thiourea) cocatalyst 4 such that both of
the target oxygen atoms in 3� were complexed simultaneously
without significant distortion of the calculated transition state
structure were unsuccessful.

New cocatalyst designs were generated by placing two thiourea
groups at the locations required to recognise the two target oxygen
atoms in 3� and then connecting them by appropriately sized
spacer groups in order to generate approximations to ideal cocata-
lyst structures. These structures were then refined using molecular
mechanics calculations, fixing the atomic positions in 3�, but
allowing all other atoms to relax. These proposed structures for
the transition state bound to the cocatalyst were then optimised
using the semi-empirical AM1 method and the SM5.4A8 solvation
model as before. The results of these calculations (Fig. 2) demon-
strated that the transition state structure 3� was supported equally
well on a cocatalyst that consisted of two thioureas separated by
either an m-xylyl 5 or an o-xylyl 6 bridge.
Cocatalysts 5 and 6 were then synthesised in 50% and 72%
yields, respectively, by reaction of 3,5-bis(trifluoromethyl)phenyl-
isothiocyanate and the appropriate diamine in THF at room
temperature.

The ability of the three cocatalysts, 4, 5 and 6, to accelerate the
reaction between 1 and 2 in the presence10 of DMAP was assessed
using a standard set of reaction conditions. In all cases, 1 and 2
were reacted in the absence of solvent. The reaction mixture



Figure 3. Conversion of ketone 1 and aldehyde 2 to product 3 after 6.5 hours at
room temperature in the presence of no cocatalyst (pink) or in the presence of
cocatalyst 4 (green), 5 (yellow) or 6 (blue).

Figure 4. Key angles in the transition states for C–C bond formation in the presence
of no cocatalyst and in the presence of cocatalysts 5 and 6.
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contained 1.0 equiv of cyclohexenone 1 and 0.8 equiv of aldehyde
2. For each of the three cocatalysts, 4, 5 and 6, four different cocat-
alyst loadings were investigated—1 mol %, 5 mol %, 10 mol % or
20 mol %. The ratio of cocatalyst to DMAP was held constant and
was always 1:1.5. The reaction mixtures were sampled at four time
points—after 1.5, 6.5, 32 and 105 h. These samples were diluted
with CDCl3 and the extent of reaction was assessed by
282.3 MHz 19F NMR spectroscopy—deconvolution of the relative
areas of the 19F resonance arising from 2 at d �102.3 and the fluo-
rine resonance arising from the product at d �115.7 allowed the
conversion to be calculated readily. At each cocatalyst loading an
additional control experiment was performed where the appropri-
ate amount of DMAP was added but no cocatalyst was added. For
example, for the 20 mol % cocatalyst loading, the control reaction
was performed with no cocatalyst, but with 30 mol % of added
DMAP.

The results of these screening experiments are summarised in
Figure 3. It is clear that after 6.5 h, at all DMAP concentrations,
the reaction between 1 and 2 does not proceed to any measurable
extent in the absence of a cocatalyst. The benchmark for the accel-
eration of the reaction between 1 and 2 is the performance of
cocatalyst 4. After 6.5 h, the reaction requires at least 5 mol % of
4 to be present for any conversion of 1 and 2 to the product 3 to
be evident. Increasing the loading of 4 from 5 mol % to 20 mol %
increases the conversion from 12% to 31%.

Although cocatalysts 5 and 6 must also be present in at least
5 mol % for any conversion of 1 and 2 to 3 to be evident, their abil-
ity to accelerate the reaction is much better than 4. Whilst a load-
ing of 5 mol % of 5 affords a similar conversion (14%) to that
observed for 4, this cocatalyst performs better at higher loadings.
The conversion at a loading of 10 mol % is 54% and the conversion
rises further to 65% in the presence of 20 mol % of cocatalyst 5. The
best cocatalyst is, however, 6—increasing the loading of 6 from
5 mol % to 20 mol % increases the conversion from 23% to 84%—
almost three times that observed when the reaction is performed
under the same conditions in the presence of 4. After 32 h, there
is still no measurable reaction between 1 and 2 in the presence
of DMAP only. After the same time, in the presence of cocatalyst
4, the conversion ranges from 26% at 5 mol % loading to 82% at
20 mol % loading. In the presence of cocatalysts 5 and 6, the con-
versions are uniformly higher—>60% for both cocatalysts at
5 mol % loading and >90% at 20 mol % loading. It is therefore clear
that, in agreement with our design, cocatalysts 5 and 6 are both
significantly more active than cocatalyst 4. At a cocatalyst loading
of 1 mol %, no product is formed after 6.5 hours in any of the reac-
tions. However, if the reaction mixtures are left at room tempera-
ture for 32 h, product is detectable in the reactions containing both
cocatalyst 5 (4% conversion) and cocatalyst 6 (2% conversion) indi-
cating that both of these bis(thiourea) cocatalysts retain some
activity at low loadings. Screening of other aldehydes as the elec-
trophile in the MBH reaction (see Supporting Information) reveals
that the pattern of activity observed with 4-fluorobenzaldehyde is
repeated—cocatalyst 6 is between two and three times as active as
cocatalyst 4 under the same conditions.

The difference in activity between 5 and 6 is intriguing. Despite
their structural similarities, in all experiments, cocatalyst 6 outper-
forms cocatalyst 5 significantly. A likely explanation for this differ-
ence in activity can be found by careful examination of the
geometry of the transition state 3� bound (Fig. 4) to each cocata-
lyst. The cyclohexenone ring adopts a twist boat conformation in
the transition state. The geometry of 3� bound to cocatalyst 6 is
much closer to that calculated for 3� in the absence of cocatalyst.
When 3� is bound to cocatalyst 5, however, there is a marked
departure of the conformation of the cyclohexenone ring towards
a true boat geometry. This change in conformation, imposed by
the cocatalyst in order to satisfy the steric and electronic require-
ments of binding, results in an increase in strain within 3� resulting
in lower activity.

In this Letter, we have demonstrated that it is possible to use
electronic structure calculations to design two cocatalysts that
are capable of recognising a key transition state within the reaction
manifold of the Morita–Baylis–Hillman reaction. These cocatalysts
are capable of increasing the rate of the target reaction by a factor
of three and retain some activity even at very low (1 mol %) load-
ings. We believe that the design strategy presented here may be
of significant utility in the design and optimisation of new organic
cocatalysts that utilise hydrogen bonding.
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Supplementary data contain synthetic procedures and charac-
terisation data for compounds 3, 5 and 6. Details of the reactions
of other aldehydes using cocatalysts 4 and 6. Coordinates for the
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