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A B S T R A C T

The effect of an extra EWG in the reactivity and regioselectivity in Diels–Alder reactions of
β-cyanolevoglucosenone and 4 different dienes was studied by a joint computational and experimental
study. Conceptual DFT analysis successfully predicted an important enhancement in the reactivity, and
correctly anticipated the regioselectivity in the reactions with isoprene. However, this static treatment
failed when dealing the regiochemical preference of the reactions involving a substituted anthracene as
diene. MPW1K/6-31G* calculations correctly reproduced the experimental observations. Based on the
collected data, we found that when dealing with dienes and dienophiles with no clear electronically ac-
tivated position, the ease of pyramidalization of the interacting atoms dictates the regioselectivity of the
DA reaction.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The Diels–Alder reaction has been widely applied to the total
syntheses of natural products. The reaction itself has become a val-
uable tool in the development of synthetic, mechanistic, and
theoretical concepts, and this important role could be attributed to
its remarkable regio- and stereoselectivities.1 This versatility pro-
vides a powerful mean to challenge the construction of complex
molecules.2

As part of our studies devoted to the pyrolytic conversion of
biomass into useful chemicals,3 we have extensively explored the
remarkable dienophilic character of levoglucosenone (1,6-anhydro-
3,4-dideoxy-β-d-glycero-hex-3-enopyranos-2-ulose) (1) (Scheme 1)
as chiral building block for the development of new methods for
asymmetric synthesis.4

In this regard, we recently came across a regiochemical uncer-
tainty found in the literature when comparing the results of the
Diels–Alder reaction between levoglucosenone and isoprene which
were reported to afford the meta regioisomer5 and the results ob-
tained by Isobe with 3-bromolevoglucosenone and the same diene

to yield the expected para adduct as a key intermediate in the total
synthesis of optically active (−)-tetrodotoxin,6 a formidable complex
molecule responsible for the deadly toxicity of the delicious puffer-
fish (tora fugu). Based on conceptual DFT calculations we concluded
that both reactions should display the same regioselectivity, result
that was further experimentally validated.7 Conceptual DFT has
emerged as an alternative to the classic frontier molecular orbital
(FMO) theory treatment to provide insight into reactivity and se-
lectivity of DA and related cycloaddition reactions.8 This branch of
the density functional theory built the idea that the electron density
from molecules in their ground state geometries can be used to quan-
tify fundamental properties (such as electronic chemical potential
μ, chemical hardness η, and global electrophilicity ω, that in turn
allows the prediction and interpretation of experimental and the-
oretical data.9

Recently, we found that such static treatment failed in predict-
ing correctly the reactivity trends observed experimentally when
dealing with α-halogenated derivatives of 1 as dienophiles in DA
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reactions with a variety of dienes. Instead, the distortion/interaction
model (also known as activation strain model) successfully ac-
counted for the experimental observations.10 In this fragment
approach, the activation energy (ΔE‡) is decomposed as the sum of
the distortion energy (ΔEd

‡, energy required to distort the reac-
tants from their initial geometries to their transition state
geometries), and the interaction energy ΔEi

‡ (binding energy between
the deformed reactants in the transition state).11 This finding
prompted us to combine conceptual DFT analysis and the distortion/
interaction model to provide a general understanding of the reactivity
trends of polar DA reactions.12

In the context of our ongoing interest to synthesize chiral amines
from levoglucosenone as novel ligands and catalysts,13 we have fore-
seen the introduction of a cyano group at the C4 position of 1. This
structural modification would offer the possibility to create cis-
fused bicyclic ketones bearing angular cyano group β to the carbonyl,
that could subsequently be easily transformed into other useful de-
rivatives, such as 1,4-aminoalcohols.

We speculated that the presence of an exo-cyclic electron with-
drawing group (EWG) should increase the reactivity of the
dienophile, but would also lead to some ambiguity about which
group (i.e. the ketone or the cyano) will have the dominant influ-
ence on regio- and stereoselectivity in DA reactions with different
dienes. To shed light on these questions, we undertook a concep-
tual DFT study to predict in silico the reactivity and regioselectivity
of DA reactions between 2 and four representative dienes:
cyclopentadiene (3) and 2,3-dimethyl-1,3-butadiene (4) as repre-
sentative cyclic and acyclic symmetric dienes, and isoprene (5) and
9-methoxymethyl-anthracene (6) as examples of acyclic and cyclic
dienes that could lead to regioisomeric adducts (Scheme 2).14

2. Results and discussion

First, we computed the global indices of all reagents at the B3LYP/
6-31G* level of theory (Table 1). As expected from normal electron
demand DA reactions, the electronic chemical potential of 1 and 2
are lower than the μ computed for the dienes 3-6, indicating that
a net charge transfer (CT) will take place from the diene toward the
dienophile. As the consequence of the introduction of a second EWG,
the electrophilicity of 2 is much higher than that of 1 (ω 3.14 vs.

1.83 eV, respectively). This indicates that the former is a much pow-
erful electrophile (defined within the ω scale),15 increasing the
polarity of the DA reaction (as measured by the amount of charge
transferred from the diene to the dienophile along the TS).16 On the
other hand, the nucleophilicity of the dienes ranged from 2.94 to
3.91 eV, being 6 the most nucleophilic diene under study.

It has been proved that the interaction and distortion
energies can be fairly predicted as −ΔEi

‡ = aω + bNS + c and
ΔEd

‡ = a′NS + b′RS + c′ω + d′Δd + f′, respectively, where NS and RS are
the number of substituents and ring size of the dienophile, Δd is
the predicted asynchronicity at the TS, which in turn can be guessed
as 0.39Δωk + 0.07 (vide infra) and the coefficients depend on the
nature of the diene.17 Thus, with the static indices shown in Table 1
we could predict that the transition structures arising from the re-
actions of 3 and 4 with 2 should be both more interacted (ΔΔEi

‡

~4.6 kcal/mol) and distorted (ΔΔEd
‡ ~1.8 kcal/mol) than that for 1.

That the interaction prevails over the distortion indicates that the
introduction of a cyano group at C4 might increment in at least one
order of magnitude the reactivity of the resulting dienophile (ΔΔE‡

~2.8 kcal/mol).
A more challenging task was to predict the influence of the ad-

ditional EWG in the regioselectivity of the reactions with
unsymmetrical dienes (5 and 6). For that reason, we next com-
puted the electrophilic Parr and Fukui functions (Pk

+ and fk
+,

respectively) for 1 and 2, and the nucleophilic Parr and Fukui func-
tions (Pk

− and fk
−, respectively) for 5 and 6 (Table 2). These local

descriptors are useful tools in the study of the regioselectivity in
cycloaddition reactions.18

Analysis of the Pk
+ of 1 and 2 indicates that C4 is the most elec-

trophilic center in both cases (ωk = ωPk
+), though the difference with

C3 is higher in the case of 1 (Δωk = 0.29 eV vs. 0.17 eV). On the other
hand, despite C-1′ sites of 5 and 6 are the most nucleophilically ac-
tivated positions of the dienes, the difference between local
nucleophilicity (Νk = ΝPk

−) between the terminal carbons of the con-
jugated diene are low (ΔΝk = 0.13 eV for 5 and 0.08 eV for 6). Similar
results were obtained using the condensed Fukui functions for nu-
cleophilic and electrophilic attack (fk

+ and fk
−, respectively), indicating

that both conceptually different descriptors point in the same
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Scheme 2. Diels–Alder reactions between 1 and 2 with 3–6.

Table 1
Electronic chemical potential (μ), chemical hardness (η), global electrophilicity (ω)
and global nucleophilicity (N) of compounds 1–6 computed at the B3LYP/6-31G* level
of theory

μ (au) η (au) ω (eV) Ν (eV)

1 −0.152 0.172 1.83 2.65
2 −0.186 0.150 3.14 2.02
3 −0.111 0.202 0.83 3.37
4 −0.115 0.222 0.81 2.98
5 −0.121 0.212 0.94 2.94
6 −0.127 0.129 1.69 3.91

Table 2
Electrophilic, Pk

+, and nucleophilic, Pk
−, Parr functions, condensed Fukui functions

for nucleophilic (fk
+) and electrophilic (fk

−) attack and 2pz HOMO and LUMO coef-
ficients computed for compounds 1, 2, 5 and 6 at the B3LYP/6-31G* level of theory

Site Pk
+ fk

+ LUMO 2pz

1 C3 0.069 0.080 −0.214
C4 0.463 0.241 0.343

2 C3 0.235 0.123 −0.278
C4 0.275 0.176 0.314

Site Pk
− fk

− HOMO 2pz

5 C1′ 0.529 0.280 0.348
C4′ 0.373 0.237 −0.260

6 C1′ 0.308 0.142 0.264
C4′ 0.276 0.121 −0.252

55G.F. Giri et al./Carbohydrate Research 415 (2015) 54–59



direction. According to this analysis, the para regioselectivity should
be expected for the reaction between 1 or 2 with 5, and meta for
the reaction between 1 or 2 with 6. A similar trend was also found
from traditional FMO arguments, by analyzing the HOMO and LUMO
coefficients (Table 2).17,19 In addition, considering that the larger Δωk

and ΔΝk were computed for 1 and 5, respectively, the highest and
lowest regioselectivities are expected for the 1 + 5 and 2 + 6 reac-
tions, respectively.16

However, the known ortho preference in the reaction between
1 and 6 suggests additional factors controlling the regioselectivity
of these reactions. Thus, the next step was the synthesis of
4-cyanolevolgucosenone (2) and its evaluation as dienophile in DA
reactions.

The simpler strategy envisioned to achieve our goals was based
on the synthesis of the 3-bromolevoglucosenone (14) through a
bromination/dehydrobromination sequence (Scheme 3). Elimina-
tion of the halogen atom bound to C4 takes advantage of the acidity
of the ketone’s α proton, the use of a non-nucleophilic base render
possible the regeneration of the α,β-unsaturated system in one pot
reaction leading to 14. To introduce the cyano group, a similar ad-
dition and elimination sequence was thought, but in this case
elimination of the bromine atom should start by abstraction of H-4
to rebuild the double bond and extend the conjugation between both
electron-withdrawing groups.

As depicted in Scheme 3, reaction of levoglucosenone with
bromine in CH2Cl2 at 0 °C followed by the addition of Et3N af-
forded the 3-bromolevoglucosenone (14) in 92% yield. However, the
conjugate addition of the cyanide anion to 14 resulted to be more
troublesome than expected.

In Table 3 are listed the most representative reaction
conditions we used in order to optimize the yields of
4-cyanolevoglucosone.17 After extensive experimentation, the desired
compound 2 could be obtained in moderate yields (up to 42%, entry
4), together with a highly polar byproduct. We were able to isolate
and purify that compound which on the basis of the recorded 1H
and 13C NMR spectra was assigned as 15 (Scheme 2). Though

not unexpected, the formation of cyanohydrin 15 by a second
nucleophilic addition of the cyanide anion to the carbonyl group
could not be suppressed. Nevertheless, using the experimental con-
ditions listed in entry 10 we could obtain sufficient amounts of 2
using a fast, simple and economic procedure with reasonable yields.

With the desired β-cyanoenone in hand, we next evaluated ex-
perimentally its performance as dienophile in the DA reactions
depicted in Scheme 2. In Table 4 are summarized the results, along
with the previously reported for 1 for comparative purposes.4,10

In excellent agreement with our conceptual DFT analysis per-
formed, a significant increase in the reaction rates (up to 50-fold)
was achieved with 2. From comparison of entries 1 and 2, it is clear
that the ketone group at C2 seems to control the endo/exo ratio,
which was unaffected upon introduction of an exo-cyclic EWG group
at C4. Interestingly, such structural modification lead to a modest
and high meta selectivity when reacting with dienes 5 and 6, re-
spectively, in clear contrast with the para and ortho regioselectivities,
respectively, observed with 1 at similar reaction conditions. At this
point, the regioselectivity prediction with static local indices (and
classic FMO arguments) was correct only in the case of isoprene
(good para selectivity for 1, lower ratios for 2). However, the con-
ceptual DFT forecast turned out to be wrong when using 6 as diene.
The good ortho selectivity experimentally observed in the 1 + 6 re-
action, and in particular the clear inversion in the regiochemical
preference in the 2 + 6 cycloaddition, motivated us to explore the
origins of such findings by analyzing the geometries and energet-
ics of the corresponding transition structures.

A complete exploration of the reaction surfaces was performed
using the gradient-corrected MPW1K (Perdew–Wang 1-parameter
for kinetics) coupled with the 6-31G* basis set.20 This functional was
developed to provide good accuracy in barrier height prediction, af-
fording accurate results in DA reactions.21 The most stable TSs located
for each channel of addition are shown in Fig. 1.17,22

The calculated activation barriers correlated well with the ex-
perimental observations. Considering the lowest-energy path for each
diene–dienophile system, the ΔE‡ computed for the DA reactions
of 2 are lower (2.2–2.9 kcal/mol) than those computed for 1. It is
important to point out that the energy barriers were computed from
the global minima conformations of all reagents (s-trans in the case
of 4 and 5). In line with the conceptual DFT analysis, the charge trans-
fer computed for TS-2 (~0.23e) are ca. 1.6 times higher than that
computed for TS-1 (~0.14e) leading to higher interacted TSs in the
former (ΔΔEi

‡ 3.2–6.4 kcal/mol). On the other hand, the extra sub-
stituent in 2 affords more distorted TSs (TS-2) than their TS-1 analogs
(ΔΔEd

‡ 1.4–2.8 kcal/mol). As a result, the additional stabilization
caused by the advanced ionicity of the process due to the intro-
duction of a cyano group at C-3 prevails over the extra strain energy
obtained as consequence, leading to lower activation barriers.12 In
line with the experimental findings, the endo selectivity was un-
affected upon the introduction of an exocyclic EWG group. The
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Scheme 3. Synthesis of 4-cyanolevoglucosenone.

Table 3
Conjugate addition reactions evaluated for the synthesis of 2 starting from 14

Entry Conditionsa Time Yieldb

1 KCN (1.15 eq), Amberlyst, NEt3, MeCN 0.5 h 31%
2 KCN (7.1 eq), NEt3, MeCN 24 h 34%
3 KCN (8.2 eq), NEt3, MeCN, 0 °C 216 h 4%
4 KCN (3.3 eq), CuCN, NEt3, MeCN 48 h 42%
5 KCN (5.0 eq), CuCN, (Bu4N)CN, MeCN 96 h 41%
6 KCN (1.5 eq), 18-C-6, MeCN 48 h 33%
7 KCN (3.2 eq), MeOH 2 h 19%
8 KCN (1.2 eq), EtOH 0.25 h 25%
9 KCN (1.1 eq), EtOH 120 h 31%
10 KCN (1.1 eq), H2O 7 min 40%

a Unless otherwise noted, all reactions were carried out at room temperature.
b Yield corresponds to isolated compound 2 after column chromatography.

Table 4
Diels–Alder reactions between 1 and 2 with 3–6

Entry Enone Diene Conditions Yield (%)a Selectivity

1 1 3 25 °C, 4 d 72 95:5b

2 2 3 25 °C, 2 h 85 94:6b

3 1 4 150 °C, 2 h 84 —
4 2 4 150 °C, 10 min. 79 —
5 1 5 150 °C, 3 h 73 65:35c

6 2 5 150 °C, 20 min. 68 48:52c

7 1 6 110 °C, 7 d 63 80:20d

8 2 6 110 °C, 1.5 d 77 30:70d

a Yield corresponds to isolated compounds after column chromatography.
b endo/exo.
c para/meta.
d ortho/meta.

56 G.F. Giri et al./Carbohydrate Research 415 (2015) 54–59



calculated endo/exo selectivity for the 1 + 3 and 2 + 3 reactions are
86:14 and 92:8, close to the 95:5 and 94:6 ratios experimentally
found, respectively. Regarding the regioselectivity, our calcula-
tions reflected good agreement with the experiments. The calculated
para/meta ratios for the reactions of 1 and 2 with 5 are 63:37 and
51:49, respectively, close to the experimentally observed 65:35 and
48:52 ratios, respectively. Similarly, for the reactions involving 6 as
diene, the computed 88:12 and 7:93 ortho/meta ratios agree quite
good with the experimental result of 80:20 and 30:70, respectively.

Analysis of the transition structures located for the two sym-
metric dienes (3 and 4) reflects an interesting trend. While in the
case of 1 the shorter distances (a higher Wiberg bond indices, WBI)
correspond to the bond formation involving the C-4 carbon atom

of the dienophile (the most electrophilic center), the bonding
between C3/diene is more advanced in the case of 2 (the least elec-
trophilic carbon of the enone).

The higher distortion computed for TS-2 is associated with the
fact that a C—CN bond bends more difficult than a C—H bond out
of the plane of the C=C group to which they are attached. This ease
of pyramidalization of a CH over a fully substituted sp2 carbon atom
can be seen by measuring the out-of-plane bending angles χ (also
known as pyramidalization angles),12 that were computed as de-
scribed by Winkler and Dunitz to measure the distortion from
planarity of amides.23 The average χC3 and χC4 in TS-1 + 3 and TS-
1 + 4 are 19.9° and 32.2°, respectively, whereas in TS-2 + 3 and TS-
2 + 4 the corresponding angles are higher (χC3 28.3°) and lower
(χC4 29.5°), respectively, indicating that in 2 the difficulty of
pyramidalization at C4 leads to an advanced out-of-plane distor-
tion at C3. The same trend was also found in the case of isoprene
(5), both in the para and meta modes of addition. As shown in Fig. 1,
TS-1 + 5-XP is slightly more asynchronous than TS-1 + 5-XM (Δd
0.23Å vs. 0.18Å, respectively). The stronger C4—C1 bonding (2.16 Å)
in the former arises from the interplay between the most electro-
philic carbon of the dienophile and the most nucleophilic carbon
of the diene. In contrast, TS-2 + 5-XM is more asynchronous than
TS-2 + 5-XP (Δd 0.15Å vs. 0.04 Å, respectively), and the most ad-
vanced bonding occurs between C3 and C1′. That the least
electrophilic carbon of the dienophile bonds tightly to the most
nucleophilic carbon of the diene indicates that the ease of
pyramidalization seems to prevail over the electrophilicity in terms
of bonding preference. The effect of out-of-plane bending difficul-
ty in controlling the regiochemistry can be best appreciated in the
case of DA reactions with 9-methoxymethylanthracene (6) as the
diene because the terminal carbons of the conjugated diene (a)
display nearly the same nucleophilicity, and (b) display different ease
of pyramidalization (one of them is a CH and the other a fully sub-
stituted sp2 carbon atom). TS-1 + 6-O is much more asynchronous
than TS-1 + 6-M (Δd 0.34 Å vs. 0.02 Å), with the most advanced
bonding between C4 and C4′ (the most electrophilic carbon of the
diene and the easiest pyramidalized carbon of the dienophile). This
tendency is evidenced in TS-2 + 6-M, in which the bonding between
the least electrophilic carbon of the dienophile and the least nu-
cleophilic carbon of the diene is highly advanced (2.09 Å), whereas
the bonding between the most electronically activated carbons (C4
and C1′) is only emerging (2.47 Å). Clearly, the bonding prefer-
ence of the easily pyramidalized carbons (CH) of both diene and
dienophile governs the regiochemistry of the reaction.

3. Conclusion

In summary, the effect of a β-cyano substitution in the dienophilic
performance of the corresponding enone was understood by a joint
computational and experimental study. Conceptual DFT analysis suc-
cessfully predicted an important enhancement in the reactivity, and
correctly anticipated the regioselectivity in the reactions with iso-
prene. However, this static treatment failed when dealing the
regiochemical preference of the reactions involving a substituted
anthracene as diene. MPW1K/6-31G* calculations correctly repro-
duced the experimental observations. Based on the collected data,
we found that when dealing with dienes and dienophiles with no
clear electronically activated position, the ease of pyramidalization
of the interacting atoms dictates the regioselectivity of the DA
reaction.

4. Computational details

All DFT calculations were performed using Gaussian 09.24 Density
functional theory (DFT) calculations were carried out with the
B3LYP25 and the MPW1K20 functionals, with the 6-31G* basis set.
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Fig. 1. MPW1K/6-31G* optimized geometries for the TSs of the DA reactions of enones
1–2 with dienes 3–6. Selected distances (in Å), Wiberg bond indices (in parenthe-
ses), charge transfer (CT) are also shown. Computed activation, interaction and
distortion energies are given in kcal/mol.
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Geometries for all structures were fully optimized and normal
coordinate analyses were used to confirm the nature of the sta-
tionary points. All transition structures were confirmed to have only
one imaginary frequency corresponding to the formation of the ex-
pected bonds. Intrinsic Reaction Coordinate (IRC) calculations were
performed to determine the connections between stationary points.
The electronic structures of TSs and ground states were analyzed
in terms of the Wiberg bond indices (WBI) and the natural charges
obtained from the Natural Bond Orbital (NBO) program as imple-
mented in Gaussian 09.26 Reported thermochemical properties
include zero-point energies (ZPEs) without scaling and were cal-
culated at 1 atm and 298.15 K. Free energies in solution were
computed on the structures optimized in the gas phase at the
MPW1K/6-31G* level of theory with the Polarizable Continuum
Model (PCM) as implemented in Gaussian 09 using dichloromethane
as the solvent.27 Distortion energies were computed by perform-
ing a single point energy calculation using MPW1K/6-31G* on each
of the separated, distorted fragments. The para/meta and endo/exo
ratios were computed using Boltzmann factors based on activa-
tion free energies of all competing TSs. The global electrophilicity
index, ω, which measures the energy stabilization when the system
acquires an additional electronic charge ΔN from the environment,28

has been given by the following expression, ω = μ2/2η, in terms of
the electronic chemical potential μ and the chemical hardness η.
Both quantities may be approached in terms of the one-electron en-
ergies for the frontier molecular orbitals HOMO and LUMO, εH and
εL, as μ ≈ (εH + εL)/2 and η ≈ (εL − εH), respectively.29 The nucleophi-
licity index, N, was computed as N = EHOMO(diene) − EHOMO(TCE) (eV),30

where TCE accounts for tetracyanoethylene. For systems with elec-
tron gain, the condensed Fukui index was calculated according to
fk

+ = qk(N + 1) − qk(N), and for systems with electron donation
the consensed Fukui index was calculated according to
fk

− = qk(N) − qk(N − 1), where qk(N + 1), qk(N) and qk(N − 1) stand for
the gross NBO population on atom k in a molecule with N + 1, N,
and N − 1 electrons, respectively.31 The electrophilic Parr function
of atom k was computed using the Mulliken atomic spin density
(ASD) computed by single-point UB3LYP/6-31G* level of the anion
resulting from adding one electron to the optimized neutral B3LYP/
6-31G* geometry.18 The nucleophilic Parr function of atom k was
computed using the Mulliken atomic spin density (ASD) com-
puted by single-point UB3LYP/6-31G* level of the cation resulting
from removing one electron to the optimized neutral B3LYP/6-
31G* geometry.18

5. Experimental

Microwave heating was performed in a CEM Discover® System
using septum-sealed 10 mL vials for high-pressure reaction condi-
tions with stirring and IR-monitored temperature control. All reagents
and solvents were used directly as purchased or purified accord-
ing to standard procedures. Analytical thin layer chromatography
was carried out using commercial silica gel plates (Merck, Silica Gel
60 F254) and visualization was effected with short wavelength
UV light (254 nm) and a p-anysaldehyde solution (2.5 mL of
p-anysaldehyde + 2.5 mL of H2SO4 + 0.25 mL of AcOH + 95 mL of EtOH)
with subsequent heating. Column chromatography was performed
with silica gel 60 H (Merck), slurry packed, run under low pres-
sure of nitrogen. NMR spectra were recorded at 300 MHz for 1H, and
75 MHz for 13C on a Bruker Avance-300 DPX spectrometer with CDCl3

as solvent and (CH3)4Si (1H) or CDCl3 (13C, 76.9 ppm) as internal stan-
dards. Chemical shifts are reported in delta (δ) units in parts per
million (ppm) and splitting patterns are designated as s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet and br, broad. Coupling
constants are recorded in Hertz (Hz). Isomeric ratios were deter-
mined by 1H NMR analysis. The structures of the products were
determined by a combination of spectroscopic methods such as IR,

1D and 2D NMR (including NOE, DEPT, COSY, HSQC and HMBC ex-
periments) and HRMS. Infrared spectra were recorded on a Shimadzu
IR Prestige-21 spectrometer using sodium chloride plate pellets. Ab-
sorbance frequencies are recorded in reciprocal centimeters (cm−1).
High resolution mass spectra (HRMS) were obtained on a Bruker
micrOTOF-Q II LC–MS spectrometer. Optical rotations were deter-
mined using a JASCO DIP-1000 digital polarimeter in 100 mm cells
and the sodium D line (589 nm) at room temperature in the solvent
and concentration indicated. Levoglucosenone (1) was synthe-
sized following the procedure developed in our research group.3

4-Cyanolevoglucosenone (2): Levoglucosenone (0.86 g,
6.86 mmol) was dissolved in dichloromethane (17 mL) and placed
on an ice bath. Then Br2 was added dropwise (approximately 150 μL)
until the solution turned red indicating excess of Br2. Following this,
Et3N (1.4 mL) was added and let the mixture reacts for 30 minutes.
The reaction mix was diluted with water (20 mL) and extracted
several times with 15 mL portions of CH2Cl2. The combined organic
extracts were dried (Na2SO4) and concentrated. The residue was pu-
rified by flash chromatography to give 3-bromolevoglucosenone (7)
(1.30 g, 1.91 mmol, 92%), that served as the starting material for the
next step. 7 (0.32 g, 1.56 mmol) was vigorously stirred in distilled
water (15 mL). When complete dissolution was achieved, KCN
(120.4 mg, 1.80 mmol) was added to the solution. After 7 minutes
of the last addition, the reaction mixture was extracted several times
with 15 mL portions of CH2Cl2. The combined organic extracts were
dried (Na2SO4) and concentrated. The residue was purified by column
chromatography to obtain 2 (93.8 mg, 0.62 mmol, 40%). 2: Yellow
solid; mp: 71–72 °C (diethyl ether); [α]D = −410.0 (c 1.12, CHCl3); IR
(KBr) νmax: 2995, 2371, 2234, 1717 (CO), 1308, 1101, 1055, 970, 893,
731, 621, 559 cm−1; 1H NMR (300 MHz, CDCl3), δ: 6.47 (d, J = 1.5 Hz,
1H, H-3); 5.43 (d, J = 1.5 Hz, 1H, H-1); 5.11 (d, J = 4.3 Hz, 1H, H-5);
4.03–3.94 (m, 2H, H-6endo, H-6exo); 13C NMR (300 MHz, CDCl3), δ:
185.3 (C, C-2); 136.5 (C, C-5); 131.0 (C, C-4); 113.6 (C, C-7); 100.9
(C, C-1); 73.1 (C, C-5); 67.5 (C, C-6). HRMS: C7H5NO3Na [M + Na+]:
calc.: 174.0167. Found: 174.0172.

Diels–Alder adducts between 1 and 2 with different dienes.
General Procedure: To an oven-dried 10 mL pressure-rated reac-
tion vial equipped with a stirring bar were added the corresponding
enone (0.3–0.5 mmol), dry CH2Cl2 (0.7–1 mL) and the correspond-
ing diene (5–10 equiv.) under argon atmosphere. The resulting
reaction mixture was stirred at the temperature and time indi-
cated in Table 4 until complete conversion of the enone. The solvent
was removed under reduced pressure, and the crude was purified
by column chromatography (Hex/AcOEt).

Adduct 7b: Colorless solid; m.p.: 112–113 °C (ethyl ether);
[α]D = −173.0 (c 0.81; CHCl3); IR (KBr),νmáx: 2968, 2880, 2230, 1734
(CO), 1335, 1123, 1109, 978, 908, 839, 677 cm−1; 1H NMR (CDCl3,
300 MHz,), δ(ppm): 6.27 (dd, J = 5.7 Hz, J = 3.0 Hz, 1H, H-9), 6.13 (dd,
J = 5.7 Hz, J = 3.0 Hz, 1H, H-8), 4.86 (s, 1H, H-1); 4.69 (d, J = 4.5 Hz,
1H, H-5), 4.52 (d, J = 8.4 Hz, 1H, H-6endo); 3.89 (dd, J = 8.4 Hz,
J = 4.5 Hz, 1H, H-6exo), 3.55 (s, 1H, H-7), 3.42 (s, 1H, H-10), 3.26 (d,
J = 4.2 Hz, 1H, H-3), 1.90 (d, J = 9.6 Hz, 1H, H-11a), 1.68 (d, J = 9.6 Hz,
1H, H-11b); 13C NMR (CDCl3, 75.5 MHz) δ(ppm): 195.5 (C, C-2), 137.7
(CH, C-8), 133.6 (CH, C-9), 122.4 (C, C-12), 98.7 (CH, C-1), 74.7 (CH,
C-5), 68.5 (CH2, C-6), 53.6 (CH, C-10), 53.0 (CH, C-3), 49, 4 (CH2, C-11),
48.0 (CH, C-7), 43.9 (C, C-4); HRMS: C12H11NNaO3. Calc.: [M + Na]+

240.0637. Found: [M + Na]+ 240.0642.
Adduct 9b: Brown oil; [α]D = +2.6 (c 1.00; CHCl3); IR (Film), νmáx:

2913, 2237, 1790, 1746 (CO), 1447, 1115, 957, 907 cm−1; 1H NMR
(300 MHz, CDCl3), δ (ppm): 5.16 (s, 1H, H-1), 4.57 (d, J = 4.9 Hz, 1H,
H-5), 4.54 (d, J = 8.6 Hz, 1H, H-6endo), 4.14 (dd, J = 8.7 Hz, J = 4.8 Hz,
1H, H-6exo), 3.26 (d, J = 7.6 Hz, 1H, H-3), 2.77 (d, J = 17.6 Hz, 1H, H-10),
2.63 (d, J = 18.0 Hz, 1H, H-7), 2.28–2.15 (m, 2H, H-7, H-10), 1.70 (s,
1H, H-11), 1.64 (s, 1H, H-12); 13C NMR (300 MHz, CDCl3), δ (ppm):
196.7 (C, C-2), 123.5 (C, C-9), 120.4 (C, C-8), 120.0 (C, C-11), 101.2
(CH, C-1), 77.2 (CH, C-5), 66.3 (CH2, C-6), 43.1 (C, C-4), 41.7 (CH, C-3),
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34.1 (CH2, C-10), 25.2 (CH2, C-7), 18.9 (CH3, C-8a), 18.7 (CH3, C-9a);
HRMS: C14H15NNaO3. Calc.: [M + Na]+ 268.0950. Found: [M + Na]+

268.0944.
Adducts 10b and 11b: Colorless oil; IR (film) νmáx (cm−1): 2970,

2911, 2356, 2239, 1788, 1744, 1721, 1445, 1117, 1101, 968, 889; 1H
NMR (CDCl3), δ (ppm): 5.47 (broad s, 1H, H-9 of 11b), 5.34 (broad
s, 1H, H-8 of 10b), 5.17 (s, 2H, H-1 of 10b and 11b), 4.58-4.53 (m,
4H, H-5 and H-6 endo of 10b and 11b), 4.17–4.12 (m, 2H, H-6 endo
of 10b and 11b), 3.32 (d, J = 7.6 Hz, 1H, H-3 of 11b), 3.26 (d, J = 7.6 Hz,
1H, H-3 of 10b), 2.76–2.60 (m, 4H, H-7 of 10b, H-7 of 11b, H-10
of 10b, H-10 of 10), 2.37-2.16 (m, 4H, H-7 of 10b, H-7 of 11b,
H-10 of 10b, H-10 of 11b)]*, 1.74 (s, 3H, H-8a of 11b), 1.69 (s, 3H,
H-9a of 10b); 13C NMR (CDCl3), δ (ppm): 196.6 (2C, C-2 of 10b and
11b), 131.8 (C, C-9 of 10b), 128.5 (C, C-8 of 11b), 119.9 (C, CN of 10b),
119.8 (C, CN of 11b), 118.3 (CH, C-9 of 11b), 115.4 (CH, C-8 of 10b),
101.3 (CH, C-1 of 10b), 101.2 (CH, C-1 of 11b), 76.7 (2CH, C-5 of 10b
and 11b), 66.3 (2CH2, C-6 of 10b and 11b), 43.0 (C, C-4 of 10b), 42.2
(C,C-4 of 11b), 41.8 (CH, C-3 of 11b), 40.7 (CH, C-3 of 10b), 32.7 (CH2,
C-10 of 10b), 28.5 (CH2, C-10 of 11b), 23.6 (CH2, C-7 of 11b), 23.2
(CH3, C-9a of 10b), 23.1 (CH3, C-8a of 11b), 19.3 (CH2, C-7 of 10b);
HRMS: C13H13NNaO3. Calc.: [M + Na]+ 254.0793. Found: [M + Na]+

254.0799.
Adducts 12b and 13b: Pale yellow solid; IR (film) νmáx: 2922, 2363,

2236, 1736 (CO), 1670, 1460, 1117, 980, 914, 733 cm−1; 1H NMR
(CDCl3, 300 MHz), δ (ppm): 7.59–7.01 (m, 16 H, arom of 12b and
13b), 5.47 (d, J = 5.4 Hz, 1H, H-5 of 12b), 4.88–4.78 (m, 4H, H-3a of
13b, H-5 of 12b, H-7 of 13b), 4.66-4.54 (m, 5H, H-1 of 12b, H-4a of
12b, H-7 of 12b, H-1 of 13b,), 4.40–4.35 (m, 2H, H-6 endo of 12b
and 13b), 3.95–3.90 (dd, J = 8.7 Hz, J = 5.5 Hz, 1H, H-6 exo of 13b),
3.88–3.84 (dd, J = 8.7 Hz, J = 5.5 Hz, 1H, H-6 exo of 12b), 3.75 (s, 3H,
H-8 of 13b), 3.69 (s, 3H, H-8 of 12b), 3.34 (broad s, 1H, H-3 of 12b),
3.21 (d, J = 3.5 Hz, 1H, H-3 of 13b); 13C NMR (CDCl3, 75.5 MHz),
δ: 195.1 (C, C-2 of 12b and 13b), 141.5 (C, arom of 13b), 141.4 (C,
arom of 12b), 141.0 (C, arom of 12b), 140.7 (C, arom of 13b), 140.5
(C, arom of 13b), 139.6 (C, arom of 12b), 138.8 (C, arom of 12b), 138.3
(C, arom of 13b), 127.5–121.5 (CH, arom of 12b and 13b), 120.3 (C,
CN of 13b), 120.2 (C, CN of 12b), 99.1 (CH, C-1 of 12b),
99.0 (CH, C-1 of 13b), 77.8 (CH, C-5 of 12b), 73.5 (CH, C-5 of 13b),
71.2 (CH2, C-7 of 13b), 69.8 (CH2, C-7 of 12b), 67.9 (CH2, C-6 of
13b), 67.3 (CH2, C-6 of 12b), 59.8 (CH3, C-8 of 13b), 59.2 (CH3, C-8
of 12b), 53.8 (CH, C-4a of 12b), 53.4 (CH, C-3 of 13b), 51.0 (CH, C-3
of 12b), 50.7 (C, C-4a of 13b), 50.3 (C, C-3a of 12b), 48.3 (C, C-4 of
13b), 46.7 (CH, C-3a of 13b), 46.0 (C, C-4 of 12b); HRMS: Calc.:
[M + Na]+ 396.1212. Found: [M + Na]+ 396.1197.
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