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For the first time a comprehensive synthetic and computational study of the effect of halogen substi-

tution on both furan and dienophile for the intramolecular Furan Diels—Alder (IMDAF) reaction has been

undertaken. Contrary to our initial expectations, halogen substitution on the dienophile was found to

have a significant effect, making the reactions slower and less thermodynamically favourable. However,

careful choice of the site of furan halogenation could be used to overcome dienophile halogen substi-

tution, leading to highly functionalised cycloadducts. These reactions are thought to be controlled by the
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interplay of three factors: positive charge stabilisation in the transition state and product, steric effects

and a dipolar interaction term identified by high level calculations. Frontier orbital effects do not appear
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Introduction

The intramolecular furan Diels-Alder (IMDAF) reaction has
been the subject of numerous studies over the last 30 years."
The reaction is very sensitive to both furan and dienophile sub-
stitution,'” which has rendered it a useful probe of more
general fundamental effects on pericyclic reactions. The reac-
tion has also been employed as a key complexity-generating
step in a number of target syntheses.>

Halogen substitution was first examined more than 25
years ago,’ but not until a series of elegant experimental and
computational studies by Padwa and Houlk*** (Scheme 1) did
the effect of halogen substitution on furan become clear -
IMDAF reactions with halogenated furans were faster and
more exergonic than those with non-halogenated furans.
Although halogen substitution at the 3-position of 2-furanyl
amides was found to promote the cycloaddition largely for
conformational reasons, the electronic effect of halogen substi-
tution was most profound at the 5-position (Scheme 1). This
was attributed to greater stabilisation of the partial positive
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to make a major contribution in determining the viability of these reactions, which is consistent with our
analysis of calculated transition state structural data.
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Scheme 1 Padwa’s demonstration of activation by halogen substitution in the
intramolecular furan Diels—Alder reaction.

charge at the 5-carbon in both transition state and cycloadduct
than in the starting material, as a result of the change in
hybridisation from sp® to sp®.* The effect was calculated to be
greatest for fluorine, although this is yet to be demonstrated
experimentally, perhaps reflecting current difficulty in the
preparation of simple a-fluorofurans.” Chlorine or bromine
substitution is, however, sufficient to have a profound promot-
ing effect in the cases where a true comparison is available
with the corresponding non-halogenated substrates.?
Although considerable progress has been made in under-
standing these substituent effects, there remain some un-
resolved For example, although the change in
hybridisation at carbon has been identified as one of the

issues.

This journal is © The Royal Society of Chemistry 2013
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contributing factors in substrate activation by halogen substi-
tution at the 5-position, significant activation is still predicted
by halogen substitution at the 4-position,* where no change in
hybridisation occurs during the reaction and no significant
conformational effects would be anticipated. At the beginning
of our studies we also noted that very little work® had been
done on IMDAF substrates involving halogenation on the
dienophile, where change in hybridisation from sp” to sp® at
the halogen-bearing carbon also occurs. We thus undertook to
investigate these fundamental issues through examination of
suitable cycloaddition precursors.

Results and discussion

We prepared various classes of IMDAF substrates that would
allow us to probe the significance of halogenation with respect
to variations in electronics that would also affect the viability
of the cycloaddition. Thus, we first prepared substrates closely
related to Padwa’s original furoic acid-derived examples that
would be used essentially for control experiments and to
compare directly the effect of halogenation of the diene and
the dienophile in turn.

Substrates 1a,b and 1d are directly analogous to those pre-
pared by Padwa and co-workers®®” and show similar reactivity,
consistent with the early work by that group. Bromine substi-
tution at any of the 3-, 4- and 5-positions increases the rate
and yield of the reaction compared to the parent unsubstituted
system 1a (Table 1).°

All of these reactions, and subsequent ones described
herein, are optimised for maximum isolated yield of cyclo-
adduct - longer reaction times than those listed led to some
decomposition. The effect of the N-substituent on the cyclo-
addition rates of furanyl amides has been studied and found
to vary according to the steric bulk of the substituent, rather
than the relative populations of the different amide rotamers.’
Our results are consistent with this work, which suggests that
the N-phenyl substituent would lead to a slightly slower
forward reaction rate (by a factor of ~3) than the N-benzyl one.

In order to determine whether the halogenation effects
showed any variation with a change in the electron-demand of
the IMDAF reaction, we prepared substrates 1le-1h (Table 2),
bearing electron-deficient alkenes, from N-phenyl furfuryl-
amines (see ESIT for details). In these cases, the difference
between the 5-bromo and 4-bromo substrates 1f and 1g was
marginal, although both showed higher reactivity than the
non-halogenated substrate. The 3-bromo derivative 1h was
once again the most reactive of the series, with the cyclo-
addition proceeding at noticeable rate even at room tempera-
ture, suggesting that conformational effects play an important
part in promoting this reaction whether or not the carbonyl
group is attached directly to the furan ring.

We then elected to study substrates that were halogenated
on the dienophile. Chlorine was chosen in the majority of
cases because the three isomeric N-chloroallyl anilines are
readily prepared from the commercially available chloroallyl
chlorides.’® The 2-bromoallyl derivative was also easily

This journal is © The Royal Society of Chemistry 2013
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Table 1 Control experiments with furanyl amides
Precursor 1 Cycloadduct 2 Time/h Ratio 2/1 Yield 29/%
PhN
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—
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“ All reactions carried out at 110 °C in toluene.

synthesised. Clearly, a change in hybridisation at the halogen-
bearing carbon, from sp”® to sp’, is a necessary feature of the
IMDAF reaction for substrates 1i-11 and 1n-1q (Table 3),'" and
we initially hypothesised that this effect would promote the cyclo-
addition with respect to the non-halogenated substrates as was
observed for the earlier work with halogenated furans.’
However, our results indicate the opposite — in all cases the reac-
tion is slower when the halogen is present, although this effect is
greater for the amides 1i-11 than for the N-Boc derivatives
1m-1q. This suggests that steric effects are more important
when the dienophile is halogenated than when the furan is,
since transannular interactions are expected to be more sig-
nificant in these cases. The mass balance was not completely
recovered in these optimised reactions, so in order to verify
that the retardation in rate was genuine, substrates 1a and 1h
were heated for only 3 h. The conversion to 2a was 37% and to
2h was 15%. The crude reaction mixtures were analysed by "H
NMR using a known quantity of cyclohexane as an internal
standard and no significant mass loss was observed for these
shorter reactions,'” supporting our initial supposition of a
decrease in rate for the halogenated system. In particular, the
use of a Z-chloroalkene as dienophile (in 1k and 1p) resulted
in only 11-12% conversion after 24 h at 110 °C. This is some-
what surprising as the chlorine is installed on the normally
less hindered face of the product. The lower reactivity of the
Z-dienophiles compared to the E-dienophiles is in contrast to
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Table 2 Cycloadditions with acylated furfuryl amines
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Table 3 Cycloadditions with haloalkene dienophiles

Ratio Yield
Precursor 1 Cycloadduct 2 Time/h  2/1 2%/%
o}
0, NPh
M 24 93:7 62
7 0]
_—
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= 1e 2e
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S 7 o 2 90:10 70
= Br
g 1 2f
/ZH o} NPh
7 o 12 >95:5 76
Br
2g
PhN
/Zﬁ 0 NPh
Br .
6 %o 6 100:0 83

2h

“ All reactions carried out at 110 °C in toluene.

that observed in some other IMDA reactions using acyclic
dienes.” Indeed, reaction of the E-substrates 11 and 1q and
also the 2-haloallyl systems 1i, 1j, 1n and 1o requires the
halogen to be on the more hindered face of the [2.2.1]-bicyclic
ring system.

We next decided to examine frontier orbital effects using
DFT (B3LYP/6-31G(d))"* calculations to attempt to explain
these results. Furan is normally considered to be an electron-
rich diene in Diels-Alder reactions, such that the important
frontier molecular orbital interaction is HOMO(furan)-LUMO
(dienophile).’? Many examples of IMDAF are consistent with
this, but in a number of cases the cycloaddition occurs still
occurs readily when, as here, the furan bears an electron-with-
drawing carbonyl group, so there has been some debate
regarding frontier orbital effects in IMDAF.>*”%'® The effect of
halogen substitution on frontier orbital energies is less clear
cut,'® due to a mixture of electron-donating field/mesomeric
and electron-withdrawing inductive effects. The similar trends
observed for substrates 1i-11 and 1n-1q, which would be
expected to have rather different FMO properties, suggest that
frontier orbital effects are not overriding source of the
observed differences in reactivity. Our calculations'” predict
that both furan and 2-chlorofuran react with ethylene in a
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Precursor 1 Cycloadduct 2 Time/h Ratio 2/1 Yield 2*%/%

0
PhN
o 0 NPh
24 40: 60 7 (68)
d
0
= 1i
PhN Br o}
o)
/x o NPh
24 50:50 4 (88)
= /
O Br
=
1j 2
PhN 0
0 NPh
24 12:88 7 (58)
4 cl
2k
0
0 PhN/\\f 0 NPh
¢ 24 63:37 28 (44)
—
o cl
——_
1 21
BocN
0, NBoc
ﬁ? 24 54:46 46 (86)
BocN
o} NBoc
A? 96 31:69 5(51)
cl
2n
BocN
0 NBoc
M 24 48:52 8 (58)
Br
20
BocN
0 NBoc
48 11:89 7 (63)
7 cl
2p
BocN NBoc
1(58)

E{ 24 53:47

“ All reactions carried out at 110 °C in toluene. ” Combined recovery
(of 1 +2) in parentheses.
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normal electron-demand sense. The presence of the Cl atom
only results in a very minor change (<0.1 eV) in the HOMO-
LUMO energy gap in these systems. Examination of the rele-
vant orbitals in the more complex intramolecular reactions
indicates that non-halogenated substrates 1le and 1m react
with normal demand, whereas 1a, with an electron-withdraw-
ing group on furan, reacts with inverse demand. Halogenation
does not appear to change the nature of the FMO interactions,
and produces only minor changes in orbital energies
(0.1-0.4 eV) across most of the substrates studied.'” The excep-
tions to this are 1e-1h, where the FMO energy gap increases by
1.1-1.3 eV upon furan halogenation, although the halogenated
systems appear to react more rapidly. Similarly, comparison of
the HOMO-LUMO energy gaps in inverse demand substrates
1a, 1i and 1j suggests that halogenation decreases the energy
gap (by 0.3-0.4 eV), even though 1a undergoes cycloaddition
fastest of these three substrates. Intriguingly, very similar
experimental and FMO trends are found in normal demand
substrates 1m, 1n and 1o, where the FMO energy gap is pre-
dicted to decrease for halogenated systems 1n and 1o, even
though the cycloaddition appears marginally faster in the non-
halogenated substrate 1m. Therefore, dienophile halogenation
decreases the FMO energy gap for both normal- and inverse-
demand systems. These results therefore support the hypothesis
that FMO interactions are not the most important factor in con-
trolling these reactions. This is consistent with a less exergonic
reaction than is usual for a Diels-Alder cycloaddition (e.g. with
a non-aromatic diene),'® giving rise to a less reactant-like tran-
sition state that is not well approximated by examination of
the orbital energies of the starting materials. An examination
of the calculated transition state and product structures is also
supportive of later transition states among the less exergonic
reactions (vide infra).

Our results could instead be explained if a dipolar inter-
action between the C-X and furan C-O bonds served to raise
the energy of the transition state for 1k and 1p and had the
opposite effect in the other substrates. Indeed, such a possi-
bility is supported by the calculations. Using a simple approxi-
mation for the interaction of two (weak) dipoles we have
calculated the orientational dependence of the dipolar inter-
actions of the C-O and the dienophile C-X dipoles at the tran-
sition state structures of certain reactions. Table S4 of the ESI{
presents these values for reactions of 1i-1l1 and 1p-1q. The
X-C-C-O dihedral angle differs significantly in the transition
states for reactions of 1k and 1l, which leads to a significant
difference in the dipolar interaction term. There is some repul-
sion present in the structure of the transition states for reac-
tions of 1k and 1p thus leading to higher Diels-Alder
activation energy. Transition states for reactions of 1i, 1j, 1l
and 1q acquire more attraction interaction, leading to lower
potential energy for the transition state, and thus lower acti-
vation energy for Diels-Alder reaction.

The 2-bromoallyl derivatives 1j and 1o undergo cyclo-
addition to a slightly greater extent than the corresponding
2-chloroallyl substrates 1i and 1n, and indeed any of the other
chlorinated precursors, despite the fact that the bulky bromine

This journal is © The Royal Society of Chemistry 2013
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atom is attached to a crowded tertiary centre. This indicates
that the increased steric requirements of the halogenated
alkene, positive charge stabilisation at halogenated carbon in
the transition state, or dipolar interactions do not account for
these observations, since all of these factors should be more
significant for Cl-substituted systems. It is presently unclear
why the brominated systems react marginally more rapidly
than the chlorinated ones.

In order to compare experimentally the beneficial effect of
furan halogenations versus the detrimental effect of dienophile
halogenation, we finally prepared dihalogenated examples
1r-1z leading to adducts 2r-2z (Table 4). In general, greater
reactivity was observed than in substrates 1i-1l. Interestingly,
bromination at the 5-position of furan was not always more
effective in promoting the cycloaddition than at the 4-position
(substrates 1s vs. 1v),* and indeed the 5-bromo-Z-chloro sub-
strate 1s showed little more reactivity than the analogous com-
pound 1k lacking a brominated furan, presumably for steric
reasons. The 3-bromo derivatives 1y and 1z show the highest
reactivity, which is consistent with our earlier results. Substrate
1x is anomalous given the reactivity of 1r and 1u, and illus-
trates the complexity of the interaction between the steric and
electronic factors controlling these reactions. Careful adjust-
ment of the bromination site is thus sufficient to override the
detrimental effect of the dienophile halogenations, demon-
strating the power of this substitution in facilitating previously
difficult cycloadditions.

Computation

All calculations were performed with the Gaussian09 program
(versions a and c).'” The Complete Basis Set (CBS) set of
methods of Petersson and co-workers was used to obtain accu-
rate thermochemical data.”*> The specific extrapolation used
here (Table 5) is the CBS-QB3 one. Details of others used are
given in ESI (Table S1f) for full comparison. All calculations
were performed in the gas phase. Free energies with CBS
models were calculated for two temperatures: 298 K and 383 K
(the temperature of the experimental studies). The results for
CBS-QB3 model of chosen Diels-Alder reactions for 383 K are
presented in Table 5.>*

Comparison of the calculated thermodynamic and experi-
mental data is somewhat complicated by decomposition of
many of the adducts at the extended reaction times (typically a
number of days) sometimes needed for the reactions to go to
completion. All of the reactions studied are predicted to be
exergonic in nature (Fig. 1 and Table 5), although there is sig-
nificant variation in both activation and overall reaction free
energies.

Those reactions with calculated higher activation energies
predominantly show, as a general trend, lower conversions to
product over the timescale of the reactions, where directly
comparable. However, a quantitative correlation between acti-
vation barrier and yield was not observed. A plot of the calcu-
lated activation energies (Fig. 2 and Table 5) is colour-coded to
show grouping of the different types of substrate. Thus, precur-
sors with halogenated furans (1b-d, 1f-h) possess lower
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Table 4 Dihalogenated systems
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Table 5 CBS-QB3 calculated thermochemical data of IMDAF reactions at

383 K
Reaction AH® AG° AqetivH AqctivG
la — 2a —10.6 =5.2 19.4 23.8
1b — 2b -14.6 -9.1 17.9 22.4
1c - 2¢ —14.0 -8.7 17.6 21.7
1d - 2d —14.0 —-8.1 16.4 21.3
le — 2e -17.2 -9.9 15.6 21.8
1f - 2f -20.7 -14.5 15.0 19.9
1g - 2g -19.8 -13.7 14.5 19.1
1h - 2h —18.8 —-12.8 14.7 19.5
1i — 2i -9.6 -4.0 20.5 25.0
1j - 2 9.9 -4.3 20.4 25.0
1k — 2k -11.6 -5.9 19.4 23.9
11 - 21 -12.1 -5.3 18.1 23.9
1m — 2m —-8.2 -2.7 19.9 24.5
1n — 2n —-8.2 —2.4 20.4 25.2
10 - 20 -8.6 -3.1 20.1 25.2
1p — 2p -7.2 -0.1 21.5 27.6
1q — 2q -8.4 —2.7 20.0 24.7
1ir - 2r —13.5 -7.7 18.8 23.4
1s — 2s -13.7 -8.0 18.4 22.9
1t — 2t —-14.9 -9.2 20.6 21.6
1u — 2u —13.0 -7.3 18.7 23.4
1v — 2v -14.4 —8.6 17.7 22.4
1w — 2w —13.8 -7.9 17.6 22.6
1x — 2x —12.6 —6.2 18.7 24.0
1y — 2y -15.3 -10.1 15.6 19.7
1z — 2z —14.6 —8.5 16.2 21.4
“ All energies reported in keal mol ™.
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Fig. 1

Scatter plot of Gibbs free energies of reaction (in kcal mol™") for systems

a-z (black = unhalogenated; red = halofuran substrate; blue = haloalkene sub-
strate; yellow = dihalogenated substrate).
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“ All reactions conducted at 110 °C in toluene. ” Combined recovery of
1+ 2 in parentheses.
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Fig. 2 Scatter plot of Gibbs free energies of activation (in kcal mol™") for

systems a-z.
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Fig. 3 Scatter plot of percentage change in C-C bond distances from transition
state to product.

activation barriers for cycloaddition (19.1-22.4 kcal mol™" with
mean value 20.6 and standard deviation +1.3) than those with
halogenated dienophiles (1i-l, 1n-q) which lie between 23.9
and 27.5 kcal mol™" (mean 25.1 + 1.2). In turn, those sub-
strates with halogens on both furan and dienophile (1r-z) have
activation barriers that are intermediate in value (21.4 to
23.4 keal mol™, mean 22.4 = 1.3). Substrate 1y is anomalous,
with a low calculated activation energy (19.7 kcal mol™), but
experimentally it shows little reactivity.

In order to probe further the validity of our conclusions
from our studies on possible frontier orbital effects, we elected
to quantify the “product-likeness” of the transition states in
terms of the fractional shortening® of the newly forming C-C
o-bonds (marked as a and b in Fig. 3; the corresponding calcu-
lated numerical data are in Table 6) in moving from transition
state to product. A similar grouping to that seen in both acti-
vation energies and free energies of reaction is observed. Thus,
the more exergonic the reactions (see Fig. 1 and 3), the earlier
their transition states, so that the percentage contraction of
the C-C distance in going from transition state to product is
greater. Conversely, those reactions that are exhibit a lower per-
centage contraction are predicted to be less exergonic, consistent
with later transition states. These data are thus supportive of our
earlier conclusions on FMO energies which are not found to cor-
relate with the reactivities we observe. FMO energies are thus
likely to be less important contributors to transition state ener-
gies for reactions with later transition states than is usual for
Diels-Alder cycloadditions, such as those discussed in our work.

Conclusions

We have investigated the effect of both furan and dienophile
halogenations in IMDAF reactions. Halogenation of the furan
is found to favour the cycloaddition, irrespective of the elec-
tronic effects of the other furan and dienophile substituents.

This journal is © The Royal Society of Chemistry 2013
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Table 6 Calculated transition state and product C-C bond distances® for
systems a-z

Transition state Product
C-C C-C C-C bond C-C bond
System distance a distance b length a length b
a 2.029 2.178 1.558 1.571
b 2.044 2.199 1.558 1.565
c 2.053 2.179 1.556 1.568
d 2.004 2.227 1.555 1.570
e 2.035 2.223 1.556 1.569
f 2.056 2.241 1.556 1.563
g 2.061 2.221 1.553 1.566
h 2.022 2.259 1.553 1.567
i 2.064 2.153 1.563 1.570
j 2.067 2.152 1.562 1.570
k 1.995 2.225 1.557 1.569
1 1.987 2.231 1.555 1.570
m 2.095 2.111 1.576 1.572
n 2.137 2.076 1.581 1.570
o 2.139 2.077 1.579 1.571
p 2.061 2.137 1.574 1.570
q 2.067 2.146 1.574 1.570
r 2.079 2.165 1.563 1.565
S 1.950 2.332 1.553 1.583
t 2.031 2.235 1.554 1.572
u 2.095 2.146 1.562 1.566
\% 2.016 2.222 1.554 1.567
w 1.986 2.253 1.552 1.570
X 2.086 2.150 1.565 1.566
y 1.962 2.278 1.554 1.569
Z 1.968 2.275 1.553 1.570

¢ All distances (@ and b are defined in Fig. 3) in angstroms.

Halogenation of the dienophile was found to lead to slower
reactions than those with the corresponding non-halogenated
dienophiles in all cases studied. Frontier orbital effects do not
appear to have a huge influence on these reactions, and the
results have been attributed to a combination of positive
charge stabilisation, simple steric effects, and a contribution
from a dipolar interaction between the furan C-O and the
dienophile C-X dipoles, supported by computation. This varies
with the dihedral angle between the two bonds in the tran-
sition states, suggesting a partial explanation for the difference
in reactivity between analogous systems with differing alkene
geometries. The use of dihalogenated substrates can provide a
means of overriding the effect of dienophile halogenations,
leading to synthetically useful yields of highly functionalised
cycloadducts  with potential for further
transformation.
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