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The conformational studies in solution and in the solid state of substituted 6-methyl-4-hydroxy-2-pyrones
indicated that the substituents on the 4-hydroxy group clearly favored the s-cis arrangement towards the formal
double bond. Steady state kinetic NOE measurements of the tert-butyl, trimethylsilyl and the trimethylstannyl
derivatives showed a marked preference for this conformation in solution. The structures determined by X-ray
diffraction demonstrated the exclusive presence of the same conformation in the solid state. In these three
derivatives, the pertinent dihedral angle deviates only slightly from the value for coplanarity with the formal
double bond. The predictions of the τ-bond model are in accordance with the observations. The X-ray structure
of the trimethylstannyl derivative reveals pentacoordinated tin with short contacts to the oxygens at the 2 and 4
position of neighboring molecules. The tin center plays both the role of a protecting group for the 4-hydroxy
moiety and of a Lewis acid towards the 2-carbonyl oxygen. The X-ray structure of the stannyl derivative shows
unique features which can be compared to the extended transition state of aldol reactions.

Keywords: conformation analysis, enols, Lewis acids, NMR spectroscopy, X-ray diffraction.

Introduction

During the initial phase of our project on tandem
reactions we were confronted with the challenge to
determine the configuration of silyl ketene-acetal
moieties.[1–3] Experimental difficulties with the execu-
tion and interpretation of our NMR results lead to the
research project presented in this publication. The
goal of the project was to acquire the foundation for
the determination of the configuration and the
conformation of the enol part of the substituted
dienes. During these studies we realized that the

results could contribute to the analysis of factors
involved in the path of aldol reactions.

Aldol reactions and their cousin, the Claisen
condensation, belong to the unique class of strategi-
cally important C� C bond-forming transformations. A
distinguishing feature of the couple aldol reactions/
Claisen reactions is the extensive use of the equivalent
retrosynthetic scheme by nature. Salient structural
elements of important natural products are biosynthe-
sized by a sequence which is retrosynthetically
tantamount to an aldol reaction. Aldol reactions have
the additional bonus to create new C� C bonds and
simultaneously one or two new chiral centers.

Numerous selectivity and efficiency problems had
to be solved before the potential of the synthetically
attractive cross-aldol reactions could be fully exploited
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(Scheme 1). A first decisive step towards controlled
cross-aldol reactions was the use of lithium enolates
for directed aldol condensations reported 1964 by
Wittig.[4] Almost 10 years later, a paper by Mukaiyama
disclosing that the use of silyl enol ethers combined
with the use of titanium salts as Lewis acids solved the
condensation problems and thereby anticipating the
spectacular refinements and expansion of the cross-
aldol reaction.[5]

The staggering progress was spearheaded by the
combined seminal contributions of the research
groups of Mukaiyama, Evans, Heathcock and Paterson,
to name just a few.[6–9] A mechanistic framework was
developed to classify and to structure the wealth of
experimental results. Based on the pioneering pro-
posals made almost seventy years ago by Cram,[10]

Prelog[11] and then five years later by Zimmermann and
Traxler[12] mechanistic rationales for the analysis of
reaction pathways were proposed (see Scheme 2).[13–17]

The mechanistic rationales combined the conforma-
tional analysis of the tentative transition states with

the influence of chelation on cyclic as well as on open
transition states. Based on these initial propositions
increasingly more sophisticated mechanistic proposals
have been discussed in the literature.

The studies on metal catalyzed enantioselective
aldol reactions laid the basis for the development of
the Nobel prize winning enantioselective organocatal-
ysis, which initially combined mechanistic insight into
enzyme-catalyzed processes with the development of
catalytic antibodies.[18–22]

The aldol reaction is characterized by a double
activation. Enols, enol ethers and metal enolates are
the reactive carbon nucleophiles in this process. The
concomitant activation of the carbonyl group by a
Lewis or a Brønsted acid is a compulsory part of the
reaction sequence. The terminology introduced
40 years ago is still useful today to categorize and to
analyze qualitatively the experimental results.

Up-to-date molecular modelling methods taking
advantage of the increased computer capacity and the
improvements of the mathematical and numerical
models have been applied to the analysis of the
transition states of aldol processes.[23–27] Despite the
enormous progress made by computational chemistry,
the understanding of the majority of (synthetic)
chemists is mostly empirical, heavily relying on the
efficient search in data banks. Minor changes in the
precise reaction conditions exercise a profound influ-
ence on the success and especially on the diastereose-
lectivity of the transformations. In the daily routine,
models empirically correlating the results to exper-
imental parameters are combined with extensive data
mining searching for the closest possible resemblance
between published observations and the problem at
hand. Under these circumstances the interest for the
understanding of the process faded. Therefore, syn-
thetic chemists today heavily rely on in-depth search
for closest possible literature precedence as the most
efficient method to make (synthetic) progress.

In summary, the following conclusions can be
drawn. The energy differences between the transition
states are the consequence of a large number of
factors and parameters: the energy of the conforma-
tions of all involved reaction partners; the mutual
precise topological arrangement of the three reagents
participating in the transition state and the influence
of the solvent cage. The reliability of calculations
crucially depends on the quality of the calibration and
the numerical approach. For the calibration of these
computational approaches, the access to reliable
(structural) data on the reaction partners and their
conformational preferences is crucial. Ideally not only

Scheme 1. Prototypical cross-aldol reaction enumerating the
initial challenges to be solved.

Scheme 2. The open and the cyclic Zimmermann-Traxler respec-
tively Denmark transition states for the (Z)-enol leading to the
racemic syn-product.
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experimental data on individual partners but also data
on the interaction between at least of two, ideally of
all three main partners should be available.

Physicochemical data on relevant structures (enol,
carbonyl compound and the Lewis acid) have been
reported using many different spectroscopic
methods.[28–31] For volatile model compounds spectro-
scopic methods like PES and microwave spectroscopy
were used. For solutions, NMR methods were the
preferred approach. The X-ray structures of enols and
especially of lithium enolates were studied in an effort
to obtain reliable information on these reactive
reagents.[32,33] In these studies the solid-state struc-
tures were compared to solution state data.

For the simple, vinyl enol ethers with substituents
exercising little steric hinderance the s-cis conforma-
tion is preferred, whereas for the sterically more
demanding isopropyl and tert-butyl vinyl enol ether
the s-trans conformation was observed. For conforma-
tional studies in solution two NMR-based approaches
have been reported: the correlation of the 13C-NMR
chemical shifts with the conformation[34–40] and differ-
ent types of NOE-experiments.[41–45] From the 13C-NMR
results, only qualitative results can be deduced.
Estimations of the numerical values for the conforma-
tional equilibrium between the s-trans and the s-cis
conformation can be obtained using NOE-experiments.
Determination of the conformations of biomacromole-
cules in solution heavily depends on NOE
experiments.[46–49] Typically, distance restraints ob-
tained from kinetic NOE-measurements (NOESY),
sometimes supplemented by other NMR-data like
residual dipolar couplings, are used in classical molec-
ular mechanics calculations such as simulated anneal-
ing. When small molecules (MW�1’000) are studied,
this approach has to be adapted. Because their
tumbling rate is much higher than for biomacromole-
cules, corrections for the relaxation have to be applied
to small molecules. Sanders and Mersh have used this
method to study of the conformations of a series of
methoxy enol ethers.[45]

The ‘complement’ for the description of the
transition state, the Lewis acid complexed to the
carbonyl function, has been examined using analo-
gous procedures. Structural investigations of Lewis
acids complexed to carbonyl compounds have primar-
ily used NMR studies[50] in solution and X-ray diffrac-
tion studies in the solid.[51,52] Recent publications
characterize the structures with the help of in-situ
infrared spectroscopy.[53] The complexes of carbonyl
compounds with the Lewis acids Sn(Cl)4 and Ti(Cl)4

have been characterized as dimeric complexes be-
tween the carbonyl and the Lewis acid.

Structures of interest for studies of transition states
of aldol or aldol-like reactions should ideally unite an
enol or enolate moiety with a carbonyl group com-
plexed to a Lewis acid.

In the context of our studies, which date back to
30 years, we needed a model compound to verify the
scope and limitations of the NOE-experiments with
our ketene acetal structures. With this goal in mind,
we decided to use the 4-methoxy-6-methyl-2-pyron as
pioneered by Mersh and Sanders as basic skeleton for
the determination of the conformational equilibria of
interest to us. We decided to study the more labile
and more reactive trimethylsilyl and trimethylstannyl
derivatives of 4-hydroxy-6-methly-2-pyron (2 and 3;
Figure 1). For comparison, we included the tert-butyl
derivative 1 and the methyl derivative 6 in our studies.

From the beginning, it was obvious that the
analysis of the conformational behavior may allow to
make observations and to draw conclusions reaching
beyond the strict limits of our research project. We
therefore included the 4-vinyl derivative 4 and the
acetonide protected glycol derived from the vinyl
compound rac-5 (Figure 1).

Results and Discussion

The methyl derivative 6[54] and the trimethylsilyl
derivative 2[55] have already been described in the
literature. The synthesis of tert-butyl-substituted cou-

Figure 1. The derivatives of 4-hydroxy-6-methyl-2-pyron 1, 2, 3
and 6 synthesized and their conformations characterized. The
4-vinyl-derivative 4 and its acetonide protected glycol rac-5
were synthesized and preliminary studies for the conformations
in solution were undertaken.
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marin analogue had been reported.[56] In our hands,
this method could not be transferred to the 4-
hydroxy-2-pyrone. Using tert-butyl iodide as alkylating
agent and silver carbonate and triethylamine in THF as
catalyst and base we could isolate the tert-butyl
derivative 1 in 32% yield. The trimethylstannyl com-
pound 3 could be easily synthesized in 68% yield
using NaH to deprotonate the pyrone in THF, adding
trimethylstannyl chloride and crystallizing the product
from chloroform and hexane. The synthesis of 4
started with the bromination of the 6-methyl-4-
hydroxy-2-pyrone,[57,58] followed by a classic Heck-
reaction.[59–61] The dihydroxylation of 4 is best carried
out using the osmium tetroxide catalyzed oxidation
using 4-methylmorpholine 4-oxide as oxidant.[62] Di-
rect chromatographic purification of the raw product
avoiding extraction with water, followed by the
protection of the diol with acetone dimethyl acetal
leads to the cyclic acetal rac-5 in good yields.

To put the following experiments into their context,
one has to take into account, that the NMR measure-
ments were made 30 years ago, using the methods
available at that time. The model compounds are
perfectly suited for NOE experiments. The bond
lengths and the bond angles of the two conformers
should be very similar. Irradiating the methyl groups
of the X substituent linked to the oxygen at the 4
position offers the opportunity to induce the NOE for
both H� C(3) and H� C(5) simultaneously. Because the
interconversion of conformers I and II (Figure 2) is fast
on the NMR-timescale, each observed NOE is a time

average of the corresponding NOE in each conforma-
tion. Due to the 1/r6 dependence of the NOE on
distance, the NOEs X� H� C(5) in I and X� H� C(3) in II
are negligible compared to the NOEs X� H� C(3) in I
and X� H� C5) in II, and the average NOEs will allow to
deduce the molar fractions of conformers I and II, if
longitudinal relaxation rates are taken into account.

The experimental results were gratifying (Figure 2;
Table 1; see also Supporting Information, Figure S1 and
Table S2 for the inverse experiment). For the com-
pounds 1 to 3 and 6, a strong NOE for H� C(3) could
be observed when the X-group (Figure 2) was irradi-
ated. The NOE enhancement measured for H� C(5) was
considerably diminished in all cases. For the com-
pounds 2 and 3, the ratio between the two NOE’s was
considerably smaller than for compounds 1 and 6
possessing a carbon substituent on the oxygen in
position 4.

The steady state NOE of the vinyl derivative 4 was
in accordance with a preference for the s-trans
conformation. No signals compatible with the s-cis
conformation could be detected.

The NOEs for compound 4 were measured irradiat-
ing into H� C(3), H� C(5) and H� C(41) (Supporting
Information, Table S3). The observed enhancement was
compatible with the exclusive presence of the s-trans
conformer. No enhancements pointing at the presence
of the alternative conformer was detected under our
experimental conditions.

The NOE experiments for compound rac-5 were
carried out irradiating the benzylic H� C(41) observing
the increase in intensity at H� C(3) and H� C(5)
(Supporting Information, Figure S2 and Table S4). At
room temperature in CDCl3, the enhancement at
H� C(3) was more than double the size of the
enhancement at H� C(5). In the hope to increase the
conformational bias, the NOE at � 54 °C in (D8)THF was
measured. To our surprise, the preference was in-
verted. The ratio between the two measured enhance-
ments was close to unity. The values for the
enhancement measured at low temperatures were
smaller than the values observed at room temper-
ature.

To obtain the values for the conformational equili-
brium constant, the steady state NOE’s must be
corrected for the longitudinal relaxation times of the
observed protons.[63,64] We applied the method pub-
lished by Mersh and Sanders,[45] for truncated driven
NOE measurements, obtaining the corrections by
determining the initial slope of the NOE build-up.[65–68]

Using a carefully standardized measuring procedure

Figure 2. The steady state NOEs measured to determine the
conformation preferences of the compounds 1–3 and 6.

Table 1. Steady state NOEs of H� C(3) and H� C(5) irradiating X
for compounds 1–3 and 6. The ratio of NOE signals is given in
the last row.

6 X=CH3 1 X=C(CH3)3 2 X=Si(CH3)3 3 X=Sn(CH3)3

H� C(3) 19.0% 37% 20.0% 12.0%
H� C(5) 2.2% 6.0% 4.9% 2.8%
Ratio[a] 9 : 1 6 :1 4 :1 4 :1
[a] This ratio is a qualitative estimation of the conformational
equilibrium I to II.
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we determined the kinetics of the NOE build up for
H� C(3) and H� C(5) (see Table 2).

The comparison of the ratios determined through
the steady state NOE alone (Table 1) and the constants
including the correction factors (Table 2, see also
Supporting Information, Table S5 for the complete
documentation) shows minor difference for the methyl
compound 6 and the trimethylsilyl compound 2. For
the tert-butyl compound 1 and the trimethylstannyl
compound 3 the differences are significant. The
corrected constants are almost a factor of 2 bigger,
than the uncorrected ratios.

The trials to characterize the conformational prefer-
ences of the series of model compounds through NMR
methods had led to results which are close to expect-
ations but show deviations, which were difficult to
explain. We therefore decided to study the X-ray
structures of the compounds 1 to 3. Compounds 1

and 3 yielded suitable crystals (Figures 3 and 4; see the
Supporting Information for more details).

The trimethylsilyl derivative 2 is a liquid at room
temperature. It crystallized directly from the liquid by
slow cooling on the diffractometer. Compounds 1 and
2 crystallized in the same orthorhombic space group
Pbca (Figure 3). The dimensions of the unit cells
(volume and the three axes) are similar as well. The
tin-derivative 3 possess a much smaller unit cell (half
the volume of 1 and 2; Figure 4). Eight molecules are
contained in the unit cells of 1 and 2, whereas only
four molecules are present in the unit cell of 3.

The main difference between the tin-derivative 3
and the carbon- respectively silicon-analogues 1 and 2
is that the individual molecules in the tin derivative 3
are connected through Sn� O bonds forming polymer
chains going through the whole crystal. For com-
pounds 1 and 2, no additional bonds to their
neighbors could be detected. The coordination sphere

Table 2. The results of the truncated driven NOEs of H� C(3) and H� C(5) irradiating X for compounds 1–3 and 6. The corrected
equilibrium constant deduced with the correction factor is given in the last line.

6 X=CH3 1 X=C(CH3)3 2 X=Si(CH3)3 3 X=Sn(CH3)3

<R(H3)>
[a] [s� 1] 0.21�0.01 0.20�0.01 0.13�0.02 0.50�0.05

<R(H5)>
[a] [s� 1] 0.17�0.05 0.11�0.01 0.16�0.03 0.21�0.03

K [b] 13 : 1 11 :1 3.3 : 1 8 :1
[a] <R(H3)> and <R(H5)> : The experimentally determined rate of the initial NOE build-up. [b] The estimation of the equilibrium
constant for conformational equilibrium I to II is deduced from the measurements of the ratio of the steady state NOEs corrected
by the ratio of the build-up rate.

Figure 3. The X-ray crystal structures of 1 and 2.
Figure 4. The X-ray crystal structure of 3 showing a section of
the coordination polymer.
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of the Sn-atom is a trigonal bipyramid. The two
electronegative O-atoms O(2) and O(4) are in the
apical positions of the coordination sphere of the
central tin atom. The distances between the oxygen at
the 4 position and the tin is smaller (Sn(1)� O(4)=
2.199(4) Å) than the distance between tin and the
oxygen at the 2 position (Sn(1)� O(2)=2.340(4) Å). The
tin (Sn(1)) lies slightly above (0.039(12) Å) the plane
through the three surrounding methyl groups dis-
placed toward the oxygen O(4). As a consequence of
the additional coordination to neighboring molecules,
the bond distances between the carbon atoms of the
pyrone skeleton of 3 are undergoing slight but
significant changes. We pick out four changes. The
most significant changes are observed for the
C(4)� O(4) bonds (1.287(6) Å for 3 vs. 1.3396(19) Å,
1.341(2) Å for 1 and 2) and for the C(2)� C(3) bonds
(1.388(8) Å for 3 vs. 1.425(2) Å, 1.430 (2) Å for 1 and 2),
both bond types show a significant contraction for
compound 3; the bonds C(2)� O(2) are slightly ex-
tended for the tin derivative (1.226(7) Å for 3 vs.
1.215(2) Å, 1.211(2) Å for 1 and 2); concomitantly the
bonds C(2)� O(1) are contracted (1.378(6) Å for 3 vs.
1.394(2) Å, 1.401(2) Å for 1 and 2). All these changes
are in accordance with the predictions made using
arguments based on resonance structures (Figure 5).

The original motivation for studying the X-ray
structures was our interest to compare the conforma-
tional preference observed in solution with the
structural data in the solid. The X-ray structures of the
three compounds 1 to 3 are all presenting the s-cis
conformation with a coplanar or near coplanar
arrangement of the substituent X compared to the
pyrone ring. The dihedral angles C(3)� C(4)� O(4)� X are
for all three compounds near to zero (1: 10.2(3)°; 2:
14.3(3)° and 3: 0.0°). The bond lengths and bond
angles for the compounds 1 and 2 are inconspicuous.
No substantive intermolecular interactions between
the molecules present in the unit cell could be
detected.

The X-ray structure of the tin derivative 3 is clearly
distinct from its homologues. Due to the expansion of
the coordination sphere of the tin atom, linear
polymers are formed, covalently linking strings of
molecules through the whole crystal. The additional
coordination of the tin atom to the carbonyl group of
its next neighbor is tantamount to a Lewis acid
activation of the carbonyl group. The changes in the
bond length are a testimony to this interaction. In the
linear polymer two ‘reactivities’ are present within
each structural unit: the electrophilic activation
through an enol respectively enolate unit and the
nucleophilic activation through a complex formed
with a Lewis acid. This type of double activation or
more precisely double coordination has been postu-
lated for the structures of the transition state of aldol
type processes. The approach and the models used in
this context have been systematically studied and
presented by Heathcock.[15,69,70] Important experimen-
tal mechanistic studies have been executed and
analyzed by the Denmark group.[16,17,24,51] Our structure
presents a so-called extended configuration as the two
O bearing ligands on the central tin atom are in apical
positions. The two ‘reactive parts’ are ‘short circuited’
in this structure. The molecules are balancing out the
electron distribution internally (see Figure 5 and the
full data in the Supporting Information). It would be of
interest to explore comparable structures systemati-
cally changing the Lewis acid and the ligands bound
to the reactive metal center to enlarge the experimen-
tal data set on this type of Lewis acid Lewis base
interaction. This proposal can be traced back to the
seminal work of Bürgi and Dunitz using the structure-
correlation method for studies of reaction
pathways.[71–73] Combing the solid-state data with
NMR studies has broadened our knowledge
considerably.[74,75] The focus of published work mainly
aims at the geometry of the coordination sphere of
the central metal atom. In our study the exact
topology and conformation of the ‘organic ligand’ is
just as interesting.

The solid-state structures and the NMR studies in
solution indicate a clear preference for the s-cis
conformation of the substituent on the oxygen at
position 4. For the enolic type structures present in
the compounds 1 to 3 and 6 the s-cis conformer is
preferred as well in solution as in the solid state. The
steric size of the substituent, respectively the steric
hinderance exercised by the substituent X does not
noticeably influence the conformational preference.
The preference in solution is moderately enthalpically
favored so that both conformers can be observed. As

Figure 5. The description of 3 in its crystal structure using the
resonance structures III and IV.
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expected, the vinyl derivative 4 showed only NOEs
compatible with the s-trans conformer. No NOE
enhancement compatible with the s-cis compound 4
could be detected. Compound 4 has probably a
stronger thermodynamic preference for the s-trans
conformer. Studies of compound rac-5 with its
protected benzylic alcohol function in solution showed
that the rotation around C� O bond of the enol unit
does not show a clear preference. The estimated
equilibrium constant indicates the presence of a
mixture with an almost 1 : 1 ratio. The preferred
conformer is changing as function of the temperature.
The conformational preferences of chiral centers in the
α-position of ketones occupy a prominent position in
the rationalization of the diastereoselectivities of
reactions invoking nucleophilic additions to carbonyl
groups. Our results are hinting at conformational
preferences, which are due to small thermodynamic
differences at best. Under these conditions, the
conformational preferences for this class of com-
pounds are subject to factors stemming from the
precise experimental conditions due to minor changes
in the solvent, the temperature and the additives,
which are outside of the scope of our investigations.

Conclusions

Summarizing our results, the s-cis conformational
preference of enol structures and the s-trans confor-
mational preference of vinyl substituents in solution
and in the solid state seems to be the consequence of
reliable thermodynamic preferences. To rationalize this
conformational preference relatively simple, coherent
model concepts have been proposed.[43,76–80] This
problem has equally attracted the attention of chem-
ists applying quantum chemistry and numerical
calculations.[81–85] Considerable and largely satisfactory
progress has been achieved in the numerical approach
towards the description of the conformational prefer-
ences of these simple structures. The results of the
calculations still leave room to improvements and
advanced studies of small compounds are still of
importance.[86] We restrict our conclusions to stating
that for the description of the conformational prefer-
ences of enol ethers the simple τ-model[80] is still
standing out for its simplicity and the ease with which
it can be applied to many conformational questions
most notably to the analysis of the preferred enol
conformations. This problem, which is simple in itself,
is of paramount importance for the analysis of the
diastereoselectivity and/or enantioselectivity of aldol

reactions. The τ-model is giving convincing answers
within the limits of the model concept.

Experimental Section

Detailed experimental procedures and spectral charac-
terization of all new compounds are provided in the
accompanying Supporting Information. The detailed
description of the NMR experiments is also accessible
as Supporting Information.

Supplementary Material

Supporting information for this article is available on
the WWW under https://doi.org/10.1002/
hlca.202200029. Further refinement information, struc-
ture and bonding parameters, SHELXL .res and .hkl
files are given in the deposited CIF file which is
available free of charge from The Cambridge Crystallo-
graphic Data Centre (CCDC 2125806-2125808). On
request to the main author copies of the Ph.D. thesis
of M. B. will be made available.
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