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The Diels—Alder Reaction of 4,6-Dinitrobenzofuroxan with
1-Trimethylsilyloxybuta-1,3-diene: A Case Example of a Stepwise
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Abstract: The reaction of 4,6-dinitro-
benzofuroxan (DNBF) with 1-trime-
thylsilyloxybuta-1,3-diene (8) is shown
to afford a mixture of [2+4] diastereo-
meric cycloadducts (10, 11) through
stepwise addition—cyclization pathways.
Zwitterionic intermediate o-adduct 9,
which is involved in the processes, has
been successfully characterized by 'H
and “C NMR spectroscopy and UV/
visible spectrophotometry in acetoni-
trile. A kinetic study has been carried
out in this solvent that revealed that
the rate of formation of 9 nicely fits

(E+N) developed by Mayr to describe
the feasibility of nucleophile-electro-
phile combinations. This significantly
adds to the NMR spectroscopic evi-
dence that the overall cycloadditions
take place through a stepwise mecha-
nism. The reaction has also been stud-
ied in dichloromethane and toluene. In
these less polar solvents, the stability of
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9 is not sufficient to allow direct char-
acterization by spectroscopic methods,
but a kinetic investigation supports the
view that stepwise processes are still
operating. An informative comparison
of our reaction with previous interac-
tions firmly identified as prototype
stepwise cycloadditions is made on the
basis of the global electrophilicity
index, o, defined by Parr within the
density functional theory, and high-
lighted by Domingo et al. as a powerful
tool for understanding Diels—Alder re-
actions.

the three-parameter equation logk=s-

Introduction

In the last few years, there has been a growing interest in
the study of electron-deficient aromatic and heteroaromatic
structures that show an extremely high reactivity in nucleo-
philic aromatic substitutions and related o-complexation
processes.''% Focusing on covalent hydration as a reference
process, it has been shown that heteroaromatic compounds,
such as nitrobenzofuroxans, nitrobenzofurazans, nitrobenzo-
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triazoles, and nitrotetrazolopyridines, are considerably more
electrophilic than 1,3,5-trinitrobenzene (TNB), the conven-
tional aromatic electrophile in o-complexation chemis-
try.¢1 Whereas TNB only reacts with the strong oxygen
base, hydroxide ion [Eq. (1)],!'” the prototype heteroaro-
matic 4,6-dinitrobenzofuroxan (DNBF) structure undergoes
facile addition of water according to Equation (2) to give
hydroxy adduct 2, which is 10" times more stable than anal-
ogous TNB adduct 1.l Going along with the ease of o-
complexation with the weak water nucleophile, the high sus-
ceptibility of DNBF and related heteroaromatics to undergo
facile couplings with weak carbon nucleophiles, such as ben-
zenoid aromatics (phenols, anilines, etc),>**!""! or m-exces-
sive heteroaromatics (pyrroles, indoles, thiophenes, furans,
etc)>31%8] is a3 remarkable feature in the field of electro-
phile-nucleophile combinations. This supports the definition
of DNBF and a set of structural analogues as superelectro-
philes.

Of equal interest, however, is the fact that DNBF behaves
as a nitroolefin,'*™ with its two nitro-activated double
bonds contributing formally to normal (NED) and inverse
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(IED) electron-demand Diels-Alder cycloadditions, which
in some instances proceed with high regio- and stereoselec-
tivity."*'® This is exemplified in Scheme 1, which shows that
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Scheme 1.

the reaction of DNBF with cyclopentadiene (Cp) in di-
chloromethane at room temperature initially affords a 1:1
mixture of the [2+4] and [4+2] monoadducts 4 and 5 in
their racemic forms.'® Then a second NED process takes
place at the remaining and now
purely olefinic nitroactivated
C,—Cs fragment of [442]
adduct 5 to give an essentially
quantitative formation of highly
functionalized diadduct 7 in its
racemic form.!'s

In view of the superelectro-
philic behavior of DNBF!*®l the
question of the more-or-less
polar character of cycloaddi-
tions of the type exemplified in
Scheme 1 was posed.®?! Re-
cently, a thorough DFT analysis

o
+

NO,
DNBF

Scheme 2.
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of the DNBF-Cp interaction was made by Domingo et al.®?!
While confirming the reactivity patterns and the stereo-
chemical features described in Scheme 1, this study has sup-
ported the view that the formation of adducts 4 and 5 must
proceed in two steps through the initial formation of zwitter-
ionic o-complex intermediate 3 in the gas phase. Similarly,
formation of diadduct 7 will also involve the formation of a
zwitterion, namely 6, in the gas phase. However, neither 3
nor 6 have been found to be thermodynamically stable
enough to accumulate to the extent required for a direct
characterization by spectroscopic or kinetic techniques in so-
lution.[*

Herein, we report on an extensive experimental investiga-
tion of the interaction of DNBF with an electron-rich diene,
namely 1-trimethylsilyloxybuta-1,3-diene 8, to afford [2+4]
Diels—Alder adducts 10 and 11 according to Scheme 2 in dif-
ferent solvents (acetonitrile, dichloromethane, toluene). As
will be seen, the formation of these two diastereomers pro-
ceeds through a zwitterionic intermediate, 9, which has been
firmly identified by UV/Vis and "H NMR spectroscopies in
acetonitrile. A kinetic study of the formation of 9 has also
been carried out in this solvent with the finding that the rate
of C—C coupling of the two partners nicely obeys the rela-
tionship recently developed by Mayr and co-workers to de-
scribe nucleophilic—electrophilic combinations.’ Based on
the results obtained, the DNBF-1-trimethylsilyloxybuta-1,3-
diene system can be classified among the prototype ionic
Diels—Alder reactions.

Results and Discussion

Reaction in acetonitrile: In a synthetic context,'™ Vichard
et al. reported in 1998 that dissolution of DNBF in diene 8,
which was used as the solvent at room temperature, leads to
the precipitation of pale-yellow crystals that were shown to
correspond to the formation of [2+44] adduct 10 in its race-
mic form and in nearly quantitative yield. Structure 10 was
unambiguously established on the basis of a X-ray structure
of di-adduct 12, which was obtained in a subsequent treat-
ment of 10 with vinyl ethyl ether [Eq. (3)].['"™!

In repeating the synthesis of 10 to confirm the unique for-
mation of this diastereomer under the above experimental

+ .
/OSiMe;; Me;SiO,
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conditions, a most significant feature has emerged, namely,
that mixing of the two reagents resulted in the immediate
development of a transient red-orange color, which rapidly
vanished upon conversion of these materials into adduct 10.
Importantly, all DNBF o adducts so far reported in the liter-
ature are orange-red species with an intense absorption
maximum at 4., =460 to 490 nm, which depends very little
on the solvent.'"'1 On this basis, it was reasonable to envi-
sion that the transient color development observed in the
DNBF-trimethylsilyloxubutadiene interaction reflected the
initial formation of zwitterionic intermediate 9. Notably, no
absorbance was seen in the region typical for the formation
of DNBF & complexes.***]

NMR spectroscopic characterization of 9 in acetonitrile: Be-
cause it is known that zwitterionic o adducts, for example,
Wheland-Meisenheimer adducts,”” are strongly stabilized in
dipolar aprotic solvents,!"""™*! one could reasonably antici-
pate that acetonitrile would be the most suitable solvent for
a successful characterization of intermediate 9. As a matter
of fact, the "HNMR spectra recorded immediately after
mixing the DNBF and diene reagents in a 2:1 ratio
([DNBF]=0.1m; [8]=0.05M) at —40°C in acetonitrile
showed the complete disappearance of the signals due to 8
and the concomitant appearance of a new set of signals that
indicate the formation of a new species (Figure 1). A 'H-'H
correlation aids in analyzing the spectra to make an unam-
biguous identification of this species as zwitterionic structure
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Figure 1. '"H NMR spectrum of zwitterion 9 at —40°C in CD,CN.
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9. The data are collected in Table 1. Typical diagnostic fea-
tures for 9 include: 1) The presence of a singlet at 6=
8.30 ppm and of a multicoupled signal at 6=4.73 ppm that

Table 1. Selected '"H NMR parameters (6 [ppm]) for DNBF, zwitterionic
adduct 9, and two related o-adducts 13 and 14.1%

Compound Ous Oy Omo Oun Omz2  Omis Ocw, Oosimes
DNBF!"! 895 927 - - - - - -

9lbl 830 473 3.09 6.84 598 932 - 0.11
13(edl 8.69 527 - - - - 1.49;151 -
14(cd! 841 552 - 9.56 - - 1.03;1.04 -

[a] Relative to internal SiMe,. [b]Solvent: CD;CN. [c] Solvent
[D¢]Me,SO. [d] Reference [37].

were assigned to protons HS and H7, respectively, of the
negatively charged DNBF moiety. Similar chemical shifts
have been reported for the HS and H7 protons of a large
number of carbon-bonded o adducts of DNBF, for example,
13 and 14.17143%37 2) The presence of a lowfield resonance
at 0=9.32 ppm assignable to the H13 proton of the exocy-
clic moiety of 9. This proton is strongly deshielded by the
electron-withdrawing effect of the positively charged oxygen
atom of the trimethylsilyloxy group. 3) The finding of clear
correlations between H13 and H12 (0 =5.98 ppm), between
H12 and H11 (0=6.84 ppm) and between H11 and H10
(0=3.09 ppm).

The structure of 9 is further supported by the “C NMR
spectroscopy data summarized in Table 2, with in particular
the presence of a C7 resonance at 6 =32.9 ppm typical for a
sp’-sp’ hybridization change associated with a o-complexa-
tion process.*! Also significant are the C4 and C6 resonan-
ces, which are strongly shifted upfield on going from DNBF
t0 9 (0c4=136.7, Ocs=144.9 ppm for DNBF; 0, =117, d¢s=
120.5 ppm for 9). As has been extensively discussed,** this
shielding reflects the fact that a large portion of the negative
charge of DNBF o adducts is localized onto the oxygen
atoms of the 4-nitro and 6-nitro groups. At the same time,
the C5 resonance is expected to move downfield, as borne
out by experimental evidence: dc5=126.5 ppm for DNBF
and Ocs=135.8 ppm for 9. Such chemical shifts variations
are reminiscent of those reported in *C NMR spectroscopy
studies of the formation of picryl ¢ adducts.!->*!

Once formed, zwitterion 9 is no longer stable if the tem-
perature is increased to —10°C; it disappears with a con-
comitant appearance of two similar sets of resonances that
indicate the formation of two products X and Y in an essen-
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Table 2. Selected C NMR parameters (6 [ppm]) for DNBF, zwitterionic adduct 9, and two related o-adducts

13 and 14.1%

probably the reflection of a

very low solubility of this
Compound  d¢, Ocs Ocs Ocr Ocs Oco Ocio Ocni Ocnz Ociz dcn, adduct, precipitation of which
DNBF"! 136.7 1265 1449 1208 1168 1450 - - - - - prevented its isomerization into
9l 1170 1358 1205 329 1122 1451 3042 1512 1264 1941 - 11. Notably, the formation of
13tedl 1106 1133  121.0 4132 1101 1498 92.06 - - - 22.23;23.30 . .
’ both diastereomers 10 and 11 is
144l 1225 1331 1225 384 1114 1501 542 201 - - 13.4;20.0

in itself evidence for the step-

[a] Relative to internal SiMe,. [b] Solvent: CD;CN. [c] Solvent: [D¢]Me,SO. [d] Reference [37].

tially 1:1 ratio. Importantly, the resonances ascribable to X
coincided with those seen in the NMR spectrum recorded
immediately after dissolution of a sample of isolated adduct
10 at —40°C in acetonitrile. In this instance, raising the tem-
perature to —10°C induces the conversion of X into Y and
leads to the same 1:1 mixture as the one resulting from the
disappearance of the in situ-generated zwitterion. On the
other hand, a thorough analysis of the signals ascribable to
Y leave little doubt that this species is diastereomeric
adduct 11. The formation of both diastereomers 10 and 11
implies that rotation around the C—C bond of the cationic
allylic substructure takes place in zwitterion 9. In accord
with the substantial energy barrier associated with such a
process (=22 kcalmol™),* the isomerization of 10 into 11
proceeds slowly at —40°C. '"H NMR spectroscopy data for
10 and 11 are given in Table 3, together with those for struc-
turally similar cycloadducts 15 and 16. As can be seen, there
is a close analogy between the chemical shifts and corre-
sponding coupling constants for 10 and 11 and those for cy-
cloadducts 15 and 16, the stereochemistry of which has been
unambiguously established by X-ray crystallography and by
NMR spectroscopy investigations.*! This suggests that the
same stereochemistry prevails in the various adducts with, in
particular, a cis junction between the two rings.*

Based on the above discussion, it is clear that 10 is
formed under kinetic control and not under thermodynamic
control, as initially believed.'”" Instead, 11 is slowly formed
as a product with similar stability to 10 in the overall
DNBF-trimethylsilyloxybutadiene interaction. This suggests
that the previous isolation of 10 as the unique product re-
sulting from the dissolution of DNBF in the diene itself was

Table 3. Selected '"H NMR data (0 [ppm], J [Hz]) for cycloadducts 10 and 11. Comparison with adducts 15

and 16 of isoprene and 2,3-dimethylbutadiene.*!

wise character of the cycloaddi-
tion.’**! Inasmuch as 11 has
always been observed in a 1:1
mixture with 10, we have failed so far to obtain *C NMR
spectroscopy data for this adduct.

UV/Vis characterization of 9 in acetonitrile: Zwitterion 9

has also been characterized by stopped-flow spectrophotom-
etry. Figure 2 exemplifies the set of UV/Vis spectra that
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Figure 2. UV/Vis absorption spectra illustrating the formation of zwitter-
ion 9 (3.5x107°m) in a 107*m solution of 1-trimethylsyliloxybuta-1,3-
diene 8 in acetonitrile. The arrow shows the increase in the absorbance
of 9 at 485 nm during the equilibrium approach.

have been recorded after mixing a 3.5x107°m solution of
DNBF in acetonitrile with a large excess of 8 (0.01m) at
20°C in this solvent. As can be seen, the observed absorp-
tion changes that occur within a few minutes are associated
with the formation of a strongly
colored species with a A,
(485 nm) that leaves no doubt
that we were dealing with the
initial equilibrium formation of
9 according to the first step de-
picted in Scheme 2. Three fea-
tures are worth mentioning.
The first is the presence of two
isobestic points at A=420 and

385 nm in Figure 2, which indi-

Solvent Compound Oys Oy7  Onyg O [ J(H7,H10) J(H10a,H10b) J(H13a,H13b)

cates that the observed process
CD,CN 10 7.56 420 2.852.11 6.04 5.04 8.3 18 18 is verv clean over the fime
CDCl,4 733 440 3.03/1.93 5.99/6.07 4.88 8.0 19.2 19.1 y o
CD,CN 11 777 437 301215 584 485 - - - range needed for the equilibri-
CDCl; 15" 7.57 422 3.32/2.67 5.49 3.14/2.81 72 19.0 18.80 um attainment. The second is
CDCl; 16" 7.54 415 268228 - 3.092.71 7.2 17.7 17.4 that the final absorbance does

[a] Relative to internal SiMe,. [b] Reference [40].
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not change as the diene concen-
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tration is increased from 0.01 to 0.05M. This shows that the
formation of 9 is essentially complete under the experimen-
tal conditions at hand. The last feature is that in the above
UV/Vis experiments, compound 9 was not subsequently
seen to undergo the expected first-order cyclization, presum-
ably because of the very low concentration of DNBF that
was used in these experiments.

Kinetic study of the formation of 9: Importantly, the absorp-
tion changes pertaining to the formation of 9 at a given
diene concentration (Figure 2) go along with oscilloscope
traces consisting of a unique first-order relaxation process
(Figure 3). For the approach to Equilibrium (4), the ob-
served first-order rate constant, kg, is simply given by
Equation (5).

ki
DNBF-+8—9 4)

k-

knhsd = kl [8]+k—l (5)

Rel.Absorbance
2.000

1.800
1.600
1.400
1.200
1.000 +
0.800
0.600
0.400
0.200
0.000
-0.200

Time (seconds)
100 140 180

20 60

Figure 3. Oscilloscope traces showing the unique relaxation process lead-
ing to 9 at =480 nm in a 2x107>M solution of 8 in acetonitrile at 20°C.

Figure 4 shows a plot of k., versus the diene concentra-
tion for the DNBF reaction. As called for by Equation (5),
it is linear, which allows a straightforward determination of
the second-order rate constant k; from the slope of the ob-

007 T T T T

005 E
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x° 003 | E
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001 4
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[a] 0.05 K] 0.15 02 0.25
[1,34rimethyisilyloxybutadiene] mol L

Figure 4. Effect of the concentration of 8 on the observed first-order rate
constant kg for the formation of zwitterion 9 at 7=20°C in acetoni-
trile; ——: y=0.00044239+0.30983x, R*=0.99868.
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served line: k;=0.31 M 's™'. In this instance, the intercept of
the k., versus [8] plot is too low for a meaningful determi-
nation of the rate constant k_; by measuring the tendency of
9 to undergo a spontaneous or solvent-assisted return to the
starting materials. This feature is consistent with the experi-
mental evidence that the formation of 9 is essentially com-
plete in the range of concentrations of 8 (0.01-0.05M) em-
ployed in our study. The k, values are collected in Table 4.

Table 4. kg values for the reaction of DNBF with 8 in acetonitrile, di-
chloromethane, and toluene at 7=20°C.

Diene CH;CN CH,(Cl, Toluene
concentration [M] Kopsa [s7'] Kopsa [57'] Kopsa [57']
5%x107° - 1.77x1073 -

1x1072 3.60x1073 3.75x1073 3.18x10°*
2x1072 7.28x1073 7.24x 1073 6.37x10°*
3%x1072 - 1.06x1072 -

4%107? 1.35x1072 - 1.26x107°
5x1072 - 1.62x1072 -

6x1072 1.76x1072 - 1.80x10°°
1x107! 3.11x1072 - 3.17x1073
2x107! 6.28x1072 - -

Mayr et al. have successfully developed the three-parame-
ter relationship of Equation (6) to describe the feasibility
and rate of a large variety of electrophile-nucleophile com-
binations.”!

logk, = s(E+N) (6)

In Equation (6), the E parameter measures the strength
of the electrophilic partner, whereas the N and s parameters
characterize the sensitivity of the nucleophile. Based on this
equation, general electrophilicity (£) and nucleophilicity
(N) scales, each covering a reactivity range of about 40
orders of magnitude, have been defined. Interestingly, these
include a calibration of the E value for DNBF (E=
—5.06),7 as well as of the N and s values for 1-trimethylsi-
lyloxybuta-1,3-diene acting as a nucleophile (N=4.60; s=
0.90).*1 Combining the above parameters thus allows us to
estimate the rate constant, k,, for the nucleophilic addition
step of 8 to DNBF, resulting in the formation of intermedi-
ate zwitterion 9 in acetonitrile, a suitable solvent for the ap-
plication of Equation (6). One thus obtains a value of k,=
0.38M7's™!, which is in remarkable agreement with the mea-
sured rate constant k;=0.31M 's'and, therefore, with the
recognition of the DNBF-8 interaction as a prototype exam-
ple for stepwise Diels—Alder cycloadditions. A similar con-
sistency between calculated and experimentally determined
rate constants has been reported by Mayr, Ofial et al. in in-
vestigations of the Diels—Alder reactions of iminium ions
and 1,1,3-triarylallyl cations.!#!

Reactions in dichloromethane and toluene: Figure 5 shows
the UV/Vis spectra recorded when carrying out the reac-
tions of DNBF (3.5x 1079 m) with 8 ( 0.005-0.05m ) at 20°C
in toluene, a solvent of lower polarity than acetonitrile. In
this instance in which the DNBF concentration is very low,
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Figure 5. UV/Vis absorption spectra illustrating the conversion of DNBF
(3x107°m) into Diels—Alder adduct 10 in a 10~>M solution of diene 8 at
20°C in toluene. The arrow shows the decrease in the absorbance of
DNBF at 425 nm.

no transient absorption assignable to an initial formation of
9 could be detected. A similar situation prevails in CH,Cl,.
The rate of disappearance of DNBF was followed at
425 nm. Values of the corresponding pseudo-first-order rate
constants, k.4, measured in these two solvents are collected
in Table 4. In each of the two solvents, plotting k.., versus
the diene concentration afforded a nice straight line from
which the second-order rate constant k; was readily deter-
mined: k;=0.32M's™! in CH,CL,; k,=0.03m's"! in toluene
(Figure 6).

Formally, these rate constants can be interpreted as repre-
sentative of the initial formation of 9 or of a concerted pro-
cess. An interesting feature, however, is that the rate con-
stant k; measured in CH,Cl, is essentially the same as that
measured in acetonitrile; this fits Mayr’s relationship nicely.
These findings strongly favor the view that we are still deal-
ing with stepwise cycloadditions in which the first step is a
nucleophile—electrophile combination. Note that Sustmann
et al. reported a well-established stepwise cycloaddition of
trans-1-(dimethylamino)-1,3-butadiene with dimethyl dicya-
nofumarate that also proceeds with similar rates in acetoni-
trile and dichloromethane.”® In this instance, it was suggest-
ed that the zwitterionic intermediate is less stabilized by sol-
vation in CH,Cl, than in acetonitrile. As a result, the ring
closure of this intermediate is faster, thereby preventing suf-
ficient accumulation of this species for its direct characteri-
zation in this solvent. The 10-fold decrease in k, on going
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Figure 6. Effect of the concentration of diene 8 on the observed first-
order rate constant k., for the formation of Diels—Alder adduct 10 at
20°C in toluene (o) and dichloromethane (0); —: y=0.33609x, R*=
0.99579; ———: y=0.031294x, R*=0.99846.

from dichloromethane to toluene seems equally consistent
with an ionic pathway in the latter solvent.

Predicting stepwise cycloadditions through Parr’s model:
Stereochemical studies and trapping of the zwitterionic in-
termediates by appropriate reagents have proved to be the
most used criteria to identify stepwise cycloaddi-
tions.”22427l Theoretical calculations have also played a
major role in the recognition of ionic pathways, especially in
the last decade.'™?2+3 By comparison, the number of
polar cycloadditions in which a direct observation of the
zwitterionic intermediate could be achieved by spectroscopic
and/or kinetic methods remains rather sparse. Among the
most representative systems in which this observation has
been successful, there are those involving electron-deficient
dienophiles, such as tetracyanoethylene (TCNE), dimethyl
dicyanofumarate, or electron-deficient heteroaromatic struc-
tures, such as aryl-substituted 1,2,4-triazines, 1,2,4,5-tetra-
zines, or 4-phenyl-1,2,4-triazoline-3,5-dione
(PTAD).?*%231 These compounds favor the stability of
the zwitterionic intermediates by efficiently stabilizing the
negative charge. In this context, Sustmann has characterized
some zwitterionic intermediates by using stopped-flow spec-
trophotometry.?**! In a thorough investigation of the reac-
tions of a variety of aryl-substituted 1,2,4-triazines with 2-cy-
clopropylidene-1,3-dimethylimidazolidine, a very electron-
rich olefin, Heuschmann and Zipse have also detected a
number of zwitterions that have been characterized spectro-
scopically and, in some cases, isolated at low tempera-
tures.” In exploring the synthetic potential of the Diels—
Alder reactivity of 24,6-tris(trifluoromethyl)-1,3,5-triazine
towards 2-aminopyrroles, De Rosa and Arnold have recent-
ly characterized the zwitterionic Wheland-Meisenheimer-
type intermediates 17 by using 'H, “C, N, and “F NMR
spectroscopy.*”! In an earlier work, Hartmann and Heusch-
mann firmly characterized zwitterionic Wheland—Meisen-
heimer adducts, namely 18, as intermediates in the reactions
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of 3,6-diphenyl-1,2.4,5-tetrazine with 2-cyclopropylidene-1,3-
dimethylimidazolidine.*”!

It is interesting to relate the present work to the above
systems. This can be done by using the approach recently
developed by Domingo et al. on the basis of two reactivity
indexes defined within the DFT theory and found to be very
useful for predicting the feasibility of many nucleophile—
electrophile combinations and the more-or-less polar charac-
ter of Diels—Alder reactions.**! A first key parameter is
the global electrophilicity index, w, introduced by Parr and
defined in Equation (7).*"! In this equation, the electronic
chemical potential x4 and the chemical hardness 7 of a sub-
strate are two parameters that were evaluated in terms of
the one-electron energies of the frontier molecular orbitals
(FMO) HOMO and LUMO at the ground state of the mole-
cules. The second informative index used by Domingo et al.
in several investigations is the so-called AN,,,, parameter de-
fined in Equation (8), which is a measure of the maximum
amount of electronic charge that an electrophilic partner
can accept.**% Recent investigations have used the w and
AN, values to classify dienes and dienophiles on a unique
electrophilicity scale.***">!1 According to the model, the
polar character of a Diels—Alder interaction can be assessed
from the difference in the global electrophilicities of the two
reagents, Aw, and the AN,,,, values for the system at hand.
Thus, it is anticipated that reactions involving a diene and a
dienophile located at the ends of the w scale will proceed
with an especially strong polar character.**! In turn, reac-
tions associated with small Aw values should be prototypes
of non-polar processes. The calculated values of w and
AN,.. of relevance for our comparison of the DNBF-8
system with well-established stepwise cycloadditions are col-
lected in Table 5, together with reported data for a few ref-
erence cycloadditions.”*"1 All structures quoted in Table 5
are shown in Chart 1 in the Supporting Information.

w=2% (7)

(®)

|
SRS

With an o value of 5.46, which approaches that of TCNE
and surpasses those of other strongly electron-deficient ole-
finic structures, such as dimethyl dicyanofumarate or dicya-
nomaleate and 4-phenyl-1,24-triazoline-3,5-dione (PTAD),
DNBEF appears to be an especially strong electrophilic dien-
ophile. As a result, its reactions with 8 and most of the
dienic structures listed in Table 5 are characterized by large
Aw values (>4.5) and AN, values, which leaves little
doubt that the related cycloadditions will exhibit a large
polar character.** Consistent with this anticipation, the
experimental evidence reported in this work is that the reac-
tion of DNBF with 8 (Aw=4.73) proceeds stepwise through
a relatively stable zwitterionic intermediate. Interestingly, a
DFT study of the reaction of DNBF with cyclopentadiene
(Cp) has been made that suggests that decreasing the elec-
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Table 5. Global electrophilicity (w) and AN,,,, parameters for dienophile
and dienes discussed herein.!

Compound o [eV] AN, [eV] Ref.
2-cyclopropylidene-1,3-dimethylimidazolidine 0.18  0.25 bl
trans-1-dimethylamino-1,3-butadiene 0.57 0.48 -
Danishefsky diene 0.65 051 bl
1-trimethylsilyloxy-1,3-butadiene 073 052 ]
1,1-dimethoxy-1,3-butadiene 0.83 0.58 bl
1-methoxy-1,3-butadiene 0.77 0.548 1431
cyclopentadiene 083 055 [l
cyclohexadiene 090 059 7
Isoprene 094 057 3]
2,3-dimethylbutadiene 097 0.8 47
3,5-diphenyl-1,2,4-triazine 209  1.00 (v
nitroethylene 2.61 0.98 40l
trans-B-nitrostyrene 270 111 47
3-(p-nitrophenyl)-5-phenyl-1,2,4-triazine 2.80 1.19 (v
2,4,6-tris(trifluoromethyl)-1,3,5-triazine 3.14 1.04 bl
1,1-dinitro-2,2-diphenylethylene 316 127 47
tetrazine 338 136 L6l
nitroethylene/BH; 433 1.55 401
4-nitrobenzodifuroxan (NBDF) 480  1.65 47
4-aza-6-nitrobenzofuroxan (ANBF) 4.81 1.64 47
4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) 492 1.8 (v
4,6-dinitrobenzofuroxan (DNBF) 5.46 1.85 140]
tetracyanoethylene (TCNE) 596  1.695 3l

[a] w is defined by Equation (7), in which 4 and # refer to the electronic
chemical potential and the hardness of the substrates, respectively (see
ref. [45a]). [b] Values calculated in this work.

tron-rich character of the diene on going from 8 to Cp or
other common dienes, such as 2,3-dimethyl-butadiene,
should not change the mechanism of the DNBF cycloaddi-
tions, even though the intermediates are no longer stable
enough to be experimentally observed.' 3 Thorough ki-
netic investigations are presently carried out in different sol-
vents to test whether this conclusion can be confirmed or
not through use of Mayr’s equation.

As revealed by Table 5, the electron-deficient olefins in-
volved in previously recognized stepwise cycloadditions, no-
tably dimethyl dicyanofumarate, PTAD, and TCNE are all
highly electrophilic dienophiles with @ values in the range
of 4 to 5.9. This corresponds to Aw values in the range of
3.5 to 5 for their reactions with the most reactive dienes
studied, such as the Danishefsky diene, 1,1-bis(dimethylami-
no)-1,3-butadiene, or 2-cyclopropylidene-1,3-dimethylimida-
zolidine. Based on these Aw values, which are similar to
those for the DNBF-8 interaction, a similar feasibility of
stepwise cycloadditions could be expected because it is ac-
tually borne out by the experiments. An interesting feature
is that other nitrobenzofuroxan structures, for example, 4-
aza-6-nitrobenzofuroxan (ANBF) or 4-nitrobenzodifuroxan
(NBDF), are also characterized by high w values of ~4.8.5"
This allows us to predict the occurrence of stepwise cycload-
ditions upon reaction of these derivatives with the most re-
active dienes.

For the best evaluation of the Diels—Alder reactivity of
the aforementioned electron-deficient olefinic structures, it
is worth noting that the corresponding w values are all con-
siderably high compared with that of the reference nitroole-
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fin, namely nitroethylene (w=2.61).* This olefin itself is
not always very reactive in terms of Diels—Alder reactivity
and it is only in the presence of a Lewis acid catalyst that it
can be involved in a number of normal or inverse electron
demand cycloadditions.'*!! Interestingly, a Lewis acid cata-
lyst has the effect of enhancing w up to 4.33 eV (for the ni-
troethylene/BH; complex), a value that is now greater than
that for dimethyl dicyanofumarate and compares well with
those for ANBF or NBDF. This makes it possible to engage
this olefin in many C—C coupling reactions, including polar
Diels-Alder reactions.™*>*! Similarly, appropriate Lewis
acid catalysts have to be employed to enhance the electro-
philicity of nitro-activated olefins, such as trans-f-nitrostyr-
ene and 1,1-dinitrodiphenylethylene, and cyano- and carbon-
yl-activated olefins, for example, benzylidenemalonitrile,
which have w values comparable to that of nitroethylene
(see Table 5).5%>

As also shown in Table 5, the electrophilicity of represen-
tive 1,3,5-triazines, 1,2,4-triazines, and 1,2,4,5-tetrazines is as-
sociated with rather moderate w values. The w values for
the two most electrophilic compounds, namely, 2,4,6-tris(tri-
fluoromethyl)-1,3,5-triazine and unsubstituted 1,2,4,5-tetra-
zine, are equal to 3.14 and 3.37, respectively. This implies
that even with electron-rich olefins, the coupling of these
compounds goes along with moderate Aw values (Aw <3).
On this basis, should the o scale be considered as a good
monitor to predict the mechanism of all Diels—Alder reac-
tions, one would suggest that the triazine and tetrazine sys-
tems exhibit a more-or-less polar character excluding, how-
ever, two-step addition—cyclization pathways.[*31:433:561 Qp.
viously, the experimental evidence does not fit this expecta-
tion because zwitterionic intermediates, such as 17 or 18,
have been firmly characterized.”™*! It follows that the
scale, a parameter referring to calculations in the gas phase,
is certainly useful for understanding the mechanism of a
number of electrophile-nucleophile combinations. However,
it does not seem to be a universal criterion, maybe because
the solvent can play a major role in determining the stability
of the reaction partners within this class of reactions. A very
recent proposal by Domingo and Saez that consideration of
the extent of charge transfer at the transition state might be
a better descriptor of polar Diels—Alder reactions than the
aforediscussed w values based on molecular orbital interac-
tions, might be a useful tool to get further information on
this point.’”)

Y
b FON-R Ph>§/<@
FsC N
N NH"

N N
NON
\r
Ph
17 18

F,¢~ N7 CF,
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Conclusion

4,6-Dinitrobenzofuroxan, a superelectrophilic heteroaromat-
ic, is found to behave as a formal dienophile upon reaction
with the electron-rich 1-trimethylsilyloxybuta-1,3-diene in
different solvents (acetonitrile, dichloromethane, and tolu-
ene). The interaction afforded a 1:1 mixture of two diaste-
reomers of [244] cycloadducts 10 and 11, which are shown
to result from a stepwise process through initial formation
of zwitterion 9. This zwitterion has been structurally charac-
terized by 'H and *C NMR spectroscopy at —40°C in aceto-
nitrile and by UV/Vis stopped-flow spectrophotometry at
room temperature. The kinetics of the formation of 9 in ace-
tonitrile has allowed the determination of a second-order
rate constant that agrees nicely with the value of the rate
constant predicted by Mayr's three-parameters equation
[Eq. (6)], thereby supporting the nucleophile—electrophile
character of the reaction. Contrasting with the situation in
acetonitrile, zwitterion 9 is not stable enough to form to a
sufficient extent for a room-temperature characterization in
toluene or CH,Cl,. Importantly, however, the kinetics of for-
mation of cycloadduct 10 (under kinetic control) have been
measured and the related second-order rate constant is
found to fit Equation (6). On these grounds, it is concluded
that a stepwise mechanism is also operating in these two
less-polar solvents.

Experimental Section

General: DNBF was available from a recent study. 'H and *C NMR
spectra were recorded by using a 300 MHz spectrometer.

The synthesis and characterization of the cycloadduct 10 has been previ-
ously described.!'!

The in situ NMR spectroscopic characterization of transient zwitterion 9
and cycloadduct 11 was carried out as follows: Freshly distilled 1-trime-
thylsilyloxybuta-1,3-diene 8 (1 equiv) was added to a NMR tube under
argon to a cooled solution (—40°C) of DNBF (2equiv) in CD;CN
(1 mL). As illustrated in Figure 1, the NMR spectra recorded immediate-
ly after mixing of the reagents shows the complete formation of zwitter-
ion 9, allowing a full '"H and "C NMR spectroscopic characterization of
this species (Tables 1 and 2). As elaborated in detail in the main text, in-
creasing the temperature to —10°C resulted in the formation of a 1:1
mixture of cycloadduct 10, which was previously obtained as a pure spe-
cies under other experimental conditions,"”! and of diasteomer 11. Al-
though we failed to separate these two cycloadducts, a detailed analysis
of the recorded 'H NMR spectra has allowed a full characterization of
11.

Kinetic measurements: Kinetic measurements pertaining to the interac-
tion of DNBF with 1-trimethylsilyloxybuta-1,3-diene in MeCN, CH,Cl,,
and toluene were performed by using a stopped-flow or a conventional
spectrophotometer, the cell compartments of which were maintained at
20+0.1°C. All kinetic runs were carried out in triplicate under pseudo-
first-order conditions with a DNBF concentration of approximately 3.5—
5x107°m and a diene concentration in the range of 5x107°-0.2m. The
rates were measured by monitoring either the increase in absorbance at
Amax Of zwitterion 9 in MeCN (see Figure 2) or the decrease in absorb-
ance at A, of the parent DNBF molecule in CH,Cl, and toluene (see
Figure 5). In a given experiment, the rates were always found to be re-
producible to within £2-3%.

Computational information: Full geometry optimizations for the dienes
and dienophiles not yet studied (see footnote [c] in Table 5) have been
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performed at the B3LY8/6-31G* level of theory,”**! which was imple-
mented in the Gaussian 03 package of programs.”” The global electrophi-
licity power (w) was evaluated by means of Equation (7). The electronic
chemical potential (#) and chemical hardness () values were approxi-
mated in terms of the one-electron energies of the HOMO and LUMO
FMOs, ¢y and ¢, respectively, by using 4= (ey+¢,)/2 and n=ey—& " at
the ground state of the molecules.
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