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Palladium-Catalyzed Annulation of Aryl-1,2-diols and Propargylic Carbonates.
Theoretical Study of the Observed Regioselectivities

Jean-Robert Labrosse,!#! Paul Lhoste,?! Francoise Delbecq,*!™! and Denis Sinou*!!
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Methyl 1-methylprop-2-ynyl carbonate reacts with 3- and 4-
substituted benzene-1,2-diols to give 2,3-dihydro-3-methyl-
2-methylidene-1,4-benzodioxines, as a mixture of regioiso-
mers in the case of methoxy-substituted diphenol, and a
single regioisomer for the nitro- and the formyl-substituted
diphenols. The oxyanion which attacks first corresponds to
the less acidic hydroxy function, and the attack of the second
oxyanion on the n3-allylpalladium intermediate is directed
toward the more substituted carbon atom. In order to explain

the regioselectivity of the cyclization, a theoretical study
based on density functional theory (DFT) has been per-
formed. The first step implies an equilibrium between the
two oxyanions. The regioselectivity of the second step is due
to a subtle balance between the nature of the phosphane, the
bulkiness, and the electronic properties of the substituents.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Compounds containing the 1,4-benzodioxine and 1,4-
benzodioxane structures exhibit interesting biological
activities.l! 73! Various 2-substituted 1,4-benzodioxanes, for
example, have shown properties as o- or f-blocking agents
and have been used in antidepression or antihypertension
therapy,[©~ 1% while others have exhibited antihyperglycemic
propertiest!!l or acted as inhibitors of 5-lipoxygenase.l'”] As
a consequence, there has been increasing interest in their
synthesis during the last years. Synthetic routes to 2-alkylid-
ene-1,4-benzodioxanes are not straightforward and often
need a tedious, multi-step sequence.l'>~2!1 Our group has
recently reported a very easy route to various 2-alkylidene-
2,3-dihydro-1,4-benzodioxines through a palladium-cata-
lyzed cyclization of propargylic carbonates with benzene-
1,2-diols, even in an asymmetric fashion.?>~2% The mecha-
nism proposed for this reaction was mainly based on studies
published by different groups. In this paper we describe the
extension of this methodology to substituted benzene-1,2-
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diols and a theoretical study to explain the different regio-
and stereoselectivities observed in the cyclization producing
2-alkylidene-1,4-benzodioxine.

Results

In our previous papers concerning the palladium-cata-
lyzed route to 2-alkylidene-1,4-benzodioxanes we only used
benzene-1,2-diol (1a) as the diphenol (Scheme 1). We found
that the cyclization process was often quite regio- and ster-
eoselective, the major regioisomer being formed by intra-
molecular attack of the intermediate phenoxide ion on the
more electrophilic terminus of the n3-allylpalladium inter-
mediate.[*3] We also found that the stereochemistry of the
double bond in the resulting heterocycle depended on the
substitution pattern of the propargylic carbonate: primary
and secondary carbonates afforded mainly the (Z) alkene,
while tertiary carbonates gave predominantly the (E) iso-
mer. We thought that it would be interesting to extend this
methodology to substituted catechols, in order to obtain
2-alkylidene-2,3-dihydro-1,4-benzodioxines bearing various
substituents on the phenyl ring. For this purpose, we choose
methyl 1-methylprop-2-ynyl carbonate (2) as the propar-
gylic carbonate, and catechols bearing electron-withdrawing
or -donating groups at positions 3 or 4, namely 3-meth-
oxybenzene-1,2-diol, 2,3-dihydroxybenzaldehyde, and 3-
nitrobenzene-1,2-diol (1b—d), and 4-methoxybenzene-1,2-
diol, 3,4-dihydroxybenzaldehyde, and 4-nitrobenzene-1,2-
diol (5a—c) as the substituted diphenols. The condensation
was performed as described previously,”’! in THF in the
presence of the catalyst obtained by mixing [Pd,(dba);] and
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dppb. The results of the cyclization are summarized in

Table 1.
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Scheme 1. Palladium(0)-catalyzed synthesis of compounds 3 and 4

Table 1. Palladium(0)-catalyzed cyclization of carbonate 2 and di-
phenols 1 and §

Entry Diphenol Yield (%) Regioisomers (%)

1 la 99 -

2 1b 94 3b (50%) + 4b (50%)
3 1c 96 3c (100%)

4 1d 85 3d (100%)

5 5a 92 6a (84%) + Ta (16%)
6 5b 91 7b (100%)

7 Sc 93 7e (100%)

Condensation of 3-methoxybenzene-1,2-diol (1b) with
methyl 1-methylprop-2-ynylcarbonate (2) (Scheme 1) af-
forded a 50:50 mixture of the two regioisomers 3b and 4b
in 94% yield (Table 1, Entry 2), while the condensations of
2,3-dihydroxybenzaldehyde (1¢) or 3-nitrobenzene-1,2-diol
(1d) each gave a unique regioisomer 3¢ or 3d in 96 and
85% yields, respectively (Table 1, Entries 3 and 4). While
condensation of  4-methoxybenzene-1,2-diol (5a)
(Scheme 2) gave a 84:16 mixture of the two regioisomers 6a
and 7a in 92% yield (Table 1, Entry 5), 3,4-dihydroxy-
benzaldehyde (5b) and 4-nitrobenzene-1,2-diol (5¢) again

OH
CH Pd(0yL
JouRT
R OH 0OCO,CH,4
5 a-c 2
0 e}
L - 2
R O R O
6 a-c 7 a-c
| a b ¢
R | OCH; CHO NO,

Scheme 2. Palladium(0)-catalyzed synthesis of compounds 6 and 7
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each gave a single regioisomer, namely 7b and 7c, in 91 and
93% yields, respectively (Table 1, Entries 6 and 7).

The structures of the regioisomers were determined by
use of a HMBC sequence. For example, in the case of the
compound arising from the condensation between 3-nitro-
benzene-1,2-diol (1d) and methyl 1-methylprop-2-ynylcar-
bonate (2), the '*C NMR shows four quaternary carbon
atoms at & = 138.8, 139.6, 144.1, and 152.7 ppm, corre-
sponding to the carbon atoms of the aromatic ring near the
oxygen and the nitro groups, the nitro group, the oxygen
atom, and the carbon atom of the exo-double bond, respec-
tively. We observed from the HMBC sequence that the sig-
nal of the carbon atom at & = 138.8 ppm is coupled with
the signal of the C-3 carbon atom at 6 = 70.3 ppm, and
that the signal of the carbon atom at 6 = 144.1 ppm is also
coupled with the =CH, signal at 6 = 91.7 ppm; this is in
agreement with structure 3d for this compound.

According to Tsuji’s work,? the reaction between pro-
pargylic carbonate 2 and palladium(0) generates the c-al-
lenylpalladium complex A and methanoate anion; attack of
the monoanion of benzene-1,2-diol on the central sp carbon
atom of this allenyl intermediate produces the palladium-
carbene complexes B and B’, which are protonated by the
secondary hydroxy function to give two n'-allylpalladium
intermediates in equilibrium with the two n3-allylpalladium
complexes C and C’ (Scheme 3). Intramolecular nucleo-
philic attack on these n3-allylpalladium complexes by the
phenoxide gives the corresponding cyclized products. An-
other mechanism was proposed by Casey. Here, the
c—allenylpalladium complex A is in equilibrium with the
c-propargylpalladium intermediate A’.?71 Attack of the
monoanion of benzene-1,2-diol at the central carbon atom
of this propargylic ligand gives the metallacyclobutenes D
and D’; further protonation of these metallacyclobutenes
generates the n3-allylpalladium complexes C and C’, giving
rise to the cyclized compounds as previously shown. How-
ever, there is no clear evidence concerning either of these
two mechanisms, and particularly on the nature of the com-
plex obtained from the propargylic carbonate and the start-
ing palladium(0) complex.

From a general mechanistic point of view, two steps in
Scheme 3 give rise to questions. The first is the regioselectiv-
ity observed in the intramolecular nucleophilic attack by
the phenoxide on the m3-allylpalladium complex. In all
cases, this attack occurred on the more substituted carbon
atom or, better, on the more electrophilic atom of the n?3-
allylcomplex, the attack on the less substituted carbon atom
representing less than 5%. This means roughly 100% re-
gioselectivity for the attack on the substituted carbon atom
in the case of a methyl substituent, which is opposite to the
usually reported regioselectivity,?®21 but in agreement with
the results of Larock et al. on similar systems.3%-31]

The second question is the regioselectivity of the attack
of the catecholate anion on the c-allenyl palladium complex
in the case of substituted catechols. Which oxygen anion
attacks first? The catecholate anion is formed by an acid-
base reaction with the methanoate anion as shown in
Scheme 4. The calculated pK, values of the various cat-
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Scheme 3. Mechanism of formation of 2-alkylidene-2,3-dihydro-
1,4-benzodioxines
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echols in DMSO, obtained by use of the MOPAC program,
are reported in Table 2. Table 2 also lists for each Entry the
preferentially formed anion, following the pK, order, and

Eur. J. Org. Chem. 2003, 2813—2822 WWw.eurjoc.org

Table 2. pK, values of substituted 1,2-benzenediols®!

Entry Diphenol pK, @ Formed anion  Attacking anion
o' 0? (%)
2 1b 16 16  AyA, Ay/A5 (50%/50%)
3 1c 14 12 A, Ay (100%)
4 1d 12 8 A, A; (100%)
5 5a 17 16 A, Ay/As (84%/16%)
6 5b 13 14 A, A, (100%)
7 5c 9 12 A, A, (100%)

[a] Values were calculated by using the MOPAC program (DMSO
as the solvent).

the anion attacking first according to the results contained
in Table 1. It is to be noted that it is not the first formed
anion that attacks first.

Theoretical Study

In order to provide a deeper insight into the reasons for
the observed regioselectivity, we undertook a theoretical
study on both the first attack and the second attack of the
nucleophile. This study should also allow us better knowl-
edge of the nature of the initial palladium complex.

Computational Methods

The calculations were based on the density functional
theory (DFT) and performed with the aid of Gaussian
98.1321 The functional was B3LYP; two types of basis sets
were used depending on the step studied. For the cat-
echolate anions, we chose the base 6—31+G(d,p) (polariz-
ation functions on carbon, oxygen, hydrogen atoms, and
diffuse functions, necessary for a good description of
anions). On one example, for comparison, we also tested
the Hartree—Fock method followed by a configuration in-
teraction (HF + MP2). To study the reaction on the pal-
ladium complexes, the pseudo-potential of Hay and Wadt
was used for palladium, with the double basis set of Dun-
ning (LANL2DZ) augmented by polarization functions on
carbon and oxygen atoms and one diffuse function on the
anionic oxygen atoms.

All geometries were fully optimized, minima as well as
maxima (transition states) on the potential energy curves.
The natures of these extrema were verified by frequency
calculations (0 or 1 imaginary frequency).

Solvent effects were introduced, since the reactions con-
sidered here are between charged species and are therefore
sensitive to solvation, as we have already noticed pre-
viously.”l The method used was Tomasi’s Polarized Con-
tinuum Model (PCM).[331 The solvent considered was THF,
as in the Exp. Sect. All the structures were reoptimized in
the presence of solvent.

Study of the Catecholate Anions
We considered both the catecholate monoanion itself and
catecholates substituted either with an electron-donating
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group (OCHj3), or with an electron-withdrawing group
(CHO), at two different positions (Scheme 4). To the best
of our knowledge, some theoretical studies exist for the cat-
echolP¥ and the catecholate dianion,*3 but not for the
monoanion. Various conformations for the hydroxy func-
tion were tested in the case of the catecholate anion without
substituent (R! = R? = H). The conformation in which the
hydrogen atom points towards O~ is the most stable, by
61 kJ-mol~!, which reflects an important hydrogen bond.
Hence, one can imagine that the catecholate anion could be
a resonance form such as 8, with the hydrogen atom at
equal distances from the two oxygen atoms. In fact, such a
structure is the transition state for the transfer of the hydro-
gen atom from one oxygen atom to the other; its geometry
is given in Figure 1. The activation energy AE# is
20.3kJ'mol~! and the free activation energy AG¥ is
13.6 kJ'mol~!'. The barrier is small and so a rapid equilib-
rium exists between the two forms of the anion (K.q = 2.8
X 1019571,

Figure 1. Geometry of the transition state connecting the two cat-
echolate anions; bond lengths [A], oxygen atoms in dark gray, car-
bon atoms in medium gray, hydrogen atoms in light gray

O,
o
8

The four couples of catecholates E-E’, F—F', G—G’,
and H—H’, shown in Scheme 5, were then optimized. In
each case, the best conformation of the substituent was se-
arched for. The formyl group always remains in the molecu-
lar plane and adopts a conformation E—E’ or F—F’, al-
lowing a hydrogen bond. For the methoxy-substituted cat-
echol, several conformations exist. The rotation around the
C—0 bond is almost free, with a barrier of 2.4 kJ-mol~!.
Nevertheless, the conformation G’ or H—H’, in which the
substituent OCHj is perpendicular to the molecular plane,
is often the most stable. The energetic results are collected
in Table 3. Firstly, the relative stability in each pair of
anions is in agreement with the pK, determination: the
most stable anion corresponds to the deprotonation of the
most acidic hydroxy function. The transition states allowing
the transfer of the hydrogen atom from one oxygen atom to
the other were searched for each catecholate, the activation
free energy varying from 12 to 25 kJ'mol~'. These small

2816 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 5. Conformations of the catecholate anion

values allow us to assume that an easy equilibrium exists
between each pair of anions at the reaction temperature.

Let us consider the charges on the anion. Both the Mul-
liken analysis and the natural population analysis have been
used, and gave the same relative results. The major attack
in each case corresponds to the anion bearing the greatest
charge (Table 3). In the first case (R!' = OCH; and R? =
H), the charges are equivalent on A; and A,, and a mixture
of products is effectively observed. If the HOMOs (highest
occupied molecular orbitals) are now considered, the major
attack corresponds to that of the anion with the highest
HOMO. Moreover, in this HOMO, the coefficient on the
attacking oxygen atom is the largest one. The attack of the
catecholate anion on the cationic palladium complex can
be either charge-controlled or frontier orbital-controlled. In
both cases, the anion which attacks first is the one bearing
the greatest charge, the highest HOMO and the largest coef-
ficient in the HOMO. However, whatever the substituent,
this anion is the least stable. Therefore, in order to explain
the experimentally obtained results, the reaction has to be
assumed to be under kinetic control: the most stable anion,
which is formed first, equilibrates to the second anion,
which reacts more rapidly. We have seen just before that this
equilibrium is easy.

The solvent effects were tested in the case of R! = H and
R? = CHO with THF as the solvent. A; remains more
stable than A, by AG = 18 kJ'-mol~! and the AG* for the
hydrogen transfer is 31 kJ'mol~!. Both HOMOs are con-
siderably stabilized, but remain in the same relative order.
Moreover, the charges and the coefficients in the HOMO
are not affected by the solvent. Hence the introduction of
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Table 3. Relative electronic energies (E,;) and free energies at 298 K (G) of anions A; and A, and of the transition states between them,
charge on the oxygen atoms (Q) by Mulliken analysis (Mul) or by Natural Bond Orbital Analysis (NBA), energy of the HOMO (E) and
coefficients C on each oxygen atom in the HOMO, experimental majority attack, energies in kJ-mol™!

Entry Energy [kJ-mol™!] Q HOMO Attacking anion
Ay TS A, Ay A, A, A, (%)

2 E 0 20.2 0.2 Mul =0.75 —0.74 E =53 =50 At/A; (50%1750%0)
G 0 12.0 0.5 NBA —0.82 —0.81 C 0.74 0.73

3 Eq, 18.5 29.4 0 Mul —0.73 —0.69 E —100 —118 Ay (100%)
G 17.4 20.1 0 NBA =0.77 =0.77 C 0.74 0.66

5 E, 5.1 21.8 0 Mul —0.76 —0.74 E —42 =51 Ay/A, (84%116%0)
G 7.7 17.6 0 NBA —0.83 —-0.81 C 0.75 0.72

6 E, 0 34.5 23.8 Mul —0.69 —0.73 E —131 —108 A, (100%)
G 0 25.1 22.6 NBA —0.76 —0.80 C 0.65 0.76

the solvent effects decreases the reaction rate (HOMO more
stable) but does not change the regioselectivity.

Study of the Palladium Complexes

The Allenyl/Propargyl Complex

As shown previously in Scheme 3, the palladium complex
could be a c-allenylcomplex A or a o-propargylcomplex A’
when the methoxy group is bound to the palladium atom.
Decoordination of the methoxy group gives a cationic com-
plex I (Scheme 6). When the geometry of this cationic com-
plex I is optimized, it evolves spontaneously into an n3-
propargylic palladium complex with the triple bond coordi-
nated to the metal. The structure is shown in Figure 2, and
is a planar complex with a tetracoordinate palladium atom.
The metal is bound to the terminal carbon atoms C' and
C3 with a longer bond for the substituted carbon atom (2.35
vs. 2.19 A). The Pd—C? distance is short (2.19 A), but there
is no bond, since the overlap population is zero, in compari-
son with 0.17 and 0.14 between Pd and C! or C3, respec-
tively. Such a geometry for propargyl palladium complexes
has been found experimentally and analyzed by X-ray
spectroscopy.’®~381 Qur optimized geometry is in good
agreement with the experimentally ascertained ones. The
same kind of structure has been obtained for propargyl/
allenyl complexes of other metals such as Pt3¢ and Re.[?81 A
molecular orbital description with Fenske—Hall and DFT

CH,

on, [Pd]-OMe
A N
l - OMe"

_[Pd)
MeO \=

| & 3 ~CH,

[Pd]*

I
Scheme 6. Formation of the cationic complex I
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calculations has been published in the case of the equivalent
[(n3-CH,CCPh)Pt(PPh;),].13

Figure 2. Geometry of the cationic allylic/propargylic complex I;
bond lengths [A], angles [°], carbon atoms in medium gray

Such allenyl/propargyl complexes are easily attacked by
nucleophiles, including alcohols, amines, carbanions, etc.
This attack always occurs at the central carbon atom,% as
is also the case in this study. What are the reasons for this
regioselectivity? Our DFT calculations, as well as the pre-
vious ones,’”! show that the central carbon atom C? is posi-
tively charged (+0.28), whereas the other carbon atoms are
negatively charged (C': —0.42; C3: —0.26). The LUMO of
the complex is in the molecular plane, and has no contri-
bution on the central carbon atom. Nevertheless, there is a
higher vacant orbital with a large coefficient on the C2
atom. Wojcicki et al.*9 concluded that the nucleophilic at-
tack is charge-controlled. This conclusion is valid for
charged nucleophiles such as carbanions, but could be ques-
tionable for neutral nucleophiles, or when the solvent is
taken into account. For this reason we investigated this re-
gioselectivity further. We used the semiempirical Hiickel
method (EHT) for studying the approach of two nucleo-
philes, NH; and OCH; , towards I [(n’-
CHCH;CCH)Pd(PHj3),]". This method gives the overlap
populations between the carbon atoms of the complex and
the attacking nucleophile, placed successively at the same
distance from the three carbon atoms, and qualitatively
indicates the preferred site of attack. Such a procedure has
been successfully used in the past.i*!*?] The results for the
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attack of the nucleophile at a distance of 2.1 A are given in
Table 4. For both nucleophiles, the overlap population is
positive and the largest on the central carbon atom, in
agreement with an attack on this carbon atom. The overlap
populations reflect the balance between attractive and re-
pulsive interactions between orbitals. The regioselectivity
can therefore also be explained by orbital interactions. We
have constructed the interaction diagram for the attack of
NH; on C? and on C? atoms, for which the overlap popu-
lation is also positive. In the case of C? atom, we effectively
observed the stabilizing interaction between the NH; lone
pair and the LUMO, mostly located on this carbon atom.
However this stabilization is counterbalanced by a destabil-
izing interaction with a complex occupied orbital also pos-
sessing a large coefficient on C3 atom. There is no occupied
orbital with a large coefficient on C? atom capable of acting
with NH; in a destabilizing way and counterbalancing the
weak interaction with the highest unoccupied orbital.
Therefore, the nucleophilic attack on the central carbon C?
atom of the allenyl/propargyl complex can also be viewed
as orbital-controlled.

Table 4. Overlap populations between complex I and a nucleophile
(NH3, OMe™) positioned at 2.1 A from each carbon atom

C atom NH; OMe~
C! —0.06 —0.06
C? 0.08 0.02
C? 0.03 —0.02

The Palladacyclobutene

We next optimized the complex obtained by the attack
of the nucleophile OH™ on the previous propargyl complex
I, in order to model the attack of the catecholate anion to
afford D or D' (Scheme 3). The geometry is shown in Fig-
ure 3. This is a planar palladacyclobutene: the C'—C? bond
length of 1.34 A is consistent with a double bond. The OH
bond is in the plane of the complex, which allows conju-
gation between the © system and the lone pair of the oxygen
atom. Such metallacyclobutenes have been shown to be in-
termediates in the reactions between allenyl/propargyl com-
plexes and nucleophiles such as NuH, giving allylic com-
plexes.[*3! X-ray structures have also been determined in the
case of iridium™3! and platinum."** Our optimized values
for the distances and the angles in the cycle are close to
those obtained in the case of the platinum complex. The
HOMO of the palladacyclobutene is the out-of-phase com-
bination of mcc and the oxygen p orbital with the largest
coefficient on C' atom. With regard to the charges, C> atom
is positively charged (+0.37), and C' and C? atoms are
negatively charged (—0.48 and —0.29, respectively). The
palladacyclobutene can therefore easily be attacked at C!
atom by a proton to give an n3-allylic palladium complex
(Scheme 7), as observed experimentally.

2818 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Geometry of the hydroxy-palladacyclobutene; bond
lengths [A], angles [°], carbon atoms in medium gray, oxygen atoms
in dark gray

H

H
HyP /g_ M H’ HyP
/Pd 0] _— /Pd ‘—) OH
4P >/ H4P

cH] “H CH,

Scheme 7. Formation of the n3-allylic palladium complex

In some cases, the transfer of the proton from the nucleo-
phile NuH to the terminal carbon atom has been found
to be stereospecific, the syn or anti conformation of the
final n3-allylic complex depending on the nature of the nu-
cleophile (amine or alcohol).[?¥ Our case is different, since
the proton adds to the nonsubstituted carbon atom C!,
whereas in the literature this carbon atom carries a substitu-
ent instead of a hydrogen atom. A question therefore arises:
in which relative position, cis or anti, are the methyl group
carried by C3 and the catecholate part fixed on C?? We will
see further that this question is important for the determi-
nation of the stereoselectivity of the second step of the reac-
tion, the attack of the second oxy anion on the n3-allylic
complex.

We therefore considered the true complex 9 obtained
from the reaction between the catecholate anion and the
allenyl/propargyl palladium complex. This corresponds to
D and D’ in Scheme 3 with R! = R?> = H. The rotation
around the C>—O bond shows that the conformation in
which C2—0O—C is in the plane of the complex is the most
stable, as was the case with OH. The experimentalists be-
lieve that, at this stage of the reaction, there is no more base
in the reaction medium and so the second hydroxy function
of the catecholate is not ionized. The proton transfer is
fairly concerted, as is assumed in the case of amines.[*! We
therefore calculated the two structures 9a and 9b in which
the hydrogen atom of the catecholate hydroxy approaches
C! below and above the plane of the molecule (trans and
cis relative to CHj3) (Figure 4). After optimization, we ob-
tained two equivalent structures in which the C'—H dis-
tance is 2.21 A. A small positive overlap population exists
between C! atom and the H atom (0.03) and the charges
are —0.53 on C!, +0.33 on the hydrogen and —0.41 on the
oxygen atoms. These structures are therefore good precur-
sors for the protonation of C! to afford an n3-allylic pal-
ladium complex. The approach above C! atom forces C?
atom to move below the plane of the complex, giving an
n3-allyl complex with the methyl and the catecholate trans
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to each other (anti isomer). Contrarily, the approach below
C! atom gives an n3-allyl complex with the two substituents
cis to each other (syn isomer). Since the two structures are
energetically equivalent, the stereoselectivity cannot be de-
termined in this way.

@ L p
s g" &
N @, AN
@ |
A L e S8
o a 2 Q’ 0 ] ﬂ_P
L A %
9a 9b
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Figure 4. Optimized precursor complexes for the proton transfer
to form the syn and the anti palladium allylic complexes

H H
HsP /\«__
pPd  Y—O
H3P/ >/
CH3 "//H

Let us now examine whether the stereoselectivity can be
determined by thermodynamic arguments. For this pur-
pose, we calculated the corresponding n3-allylic complexes
10-syn and 10-anti.

n3-Allylpalladium Complexes

The geometries were first optimized by keeping the cat-
echolate plane perpendicular to the allyl plane (Scheme 8).

1 1
CH,
H P’l,,,' +
"5\
H,P 3 )
[¢]
o\©
10-anti

11

Scheme 8. Structures of the n3-allylic palladium complexes
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The 10-syn complex is the more stable by 23 kJ-mol !,
which is in favor of the formation of the syn complex. When
the geometries are optimized without constraint, the oxygen
atoms are bound to the central carbon C2, giving a dioxy-
gen cycle 11, more stable than 10-syn by 88 kJ-mol~!. This
is due to the fact that C? atom has a large positive charge
and interacts easily with O~ through a purely electrostatic
reaction.

We then optimized, without any constraints, the geo-
metries obtained by rotation of the catecholate part in order
to place O~ in proximity to C! or C? atoms, in the cases of
syn and anti n3-allyl palladium complexes 10. We call these
new complexes 10-syn-C!, 10-syn-C3, 10-anti-C', and 10-
anti-C3. Their relative energies are given in Table 5, together
with their C—O distances. These complexes can be regarded
as the precursor complexes for the reaction. Complex 10-
syn-C3 is difficult to optimize, due to its tendency to give
the ring system 11 with two oxygen atoms through attack at
C?. If solvent effects are introduced (THF), this electrostatic
interaction becomes weaker and the cyclic product with two
oxygen atoms is not formed. We reoptimized the four pre-
cursor complexes taking the solvent effects into account;
these results are also given in Table 5. Both in the presence
and in the absence of THF, the best geometry is the syn one
with the catecholate turned toward C' atom. The approach
toward C? atom in the syn geometry is hindered by the
methyl group. This is reflected by the larger C3—O distance
relative to C!—0.

Table 5. Relative energies of the precursor complexes E, C—O dis-
tance d in these complexes, and activation energies relative to each
precursor E¥; first column: in vacuo, second column: with THF

Complex  E [kJ-mol~!] dC-0[A] E# [kJmol ]
vacuum THF vacuum THF vacuum THF
10-syn-C! 0.0 0.0 2.57 2.84 34 26.5
10-syn-C3 9.2 13.7 281 294 133 29.5
10-anti-C? 14.9 12.3  2.59 2.83 3.5 26.7
10-anti-C3 7.3 129  2.52 2.78 0.5 16.2

Nucleophilic Attack on the n3-Allylpalladium
Complex

We have calculated the four transition states (TSs) relat-
ing to the attack of the catecholate anion on C! and C3
atoms for the syn and the anti isomers of the n3-allyl pal-
ladium complexes. The results are given in Table 5. Firstly,
one notices that the activation energies are very small in the
absence of THEF, which reflects the ease of the interaction
between O~ and a cationic complex. The introduction of
solvent effects in the calculation of the energy barriers is
therefore necessary, although the method used is only quali-
tative. For the syn isomer, the smallest activation energy is
found in the case of the attack on the less substituted car-
bon C'. Conversely, for the anti isomer, the smallest acti-
vation energy is obtained in the case of the attack on the
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more substituted carbon C3. This is also by far the smallest
of the four calculated values. However, we have seen that
the most stable isomer is the syn one, so we must therefore
implicate the less stable anti isomer in order to explain the
regioselectivity toward C3. The difference in the best acti-
vation energies between the syn and the anti isomers is large
(10 kJ'mol™"), and corresponds to a ratio of the kinetic
constants of 1.3 X 10*. Consequently, if an equilibrium ex-
ists between the syn and the anti isomers,*>~47] this equilib-
rium will be displaced toward the anti isomer by the far
larger rate of its reaction.

In fact, experimentally, the regioselectivity also depends
on the nature of the phosphane.?3! We therefore calculated
the stabilities of the syn and the anti isomers of the n3-
methylallyl palladium complex 10 with PPh; and dppb [1,4-
bis(diphenylphosphanyl)butane], respectively, as the ligand,
instead of PH3. For PPhs, the syn isomer is more stable by
5kJ-mol~!, as in the case of PH;. For dppb, in contrast,
the anti isomer is the most stable by 9.6 kJ-mol~'. There-
fore, the relative stabilities of the syn and the anti isomers
depend on the nature of the phosphane. This can be easily
explained. In the syn isomer, the substituents on C3 (methyl)
and on C? (catecholate) atoms are in a cis position, so the
relative stability comes from a balance between the steric
hindrance between these two substituents in the syn isomer
and the steric hindrance between the methyl and the phos-
phane ligands in the anti isomer. When the phosphorus
atoms are linked by a carbon chain, the angle P—Pd—P
decreases (106° for PH; and for PPhjs, 84° for dppb); so the
phosphane moves away from CHj and releases the steric
hindrance in the anti isomer. Experimentally, in the case of
a methyl substituent on the n3-allyl complex (case studied
here), the phosphane used is dppb.[>*! For this phosphane
we have seen that the anti isomer is the most stable, and
this is the reason why the reaction is so highly regioselective
(more than 95% attach on C? atom).

It must be added that the regioselectivity of the nucleo-
philic attack on the n>-allylpalladium complex also depends
on the bulkiness of the substituents (steric effects) and on
their electron-donor or -attractor character.*®! For example,
when the methyl group is substituted by an ethyl, terz-butyl,
or phenyl group, the attack on C! atom becomes more im-
portant.??! In most cases, the product obtained has a (Z)
stereochemistry on the double bond, which indicates that it
is formed from the syn isomer. The regioselectivity of the
reaction between catecholates and m3-allylpalladium is
therefore due to a balance of several factors: the relative
stabilities of the syn and anti isomers of the complexes, the
natures of the phosphanes, and the bulkiness and electronic
character of the substituents of the n3-allyl complex.

Conclusion

In this paper we have shown that methyl 1-methylprop-2-ynyl car-
bonate reacts with 3- and 4-substituted benzene-1,2-diols to give
2,3-dihydro-3-methyl-2-methylidene-1,4-benzodioxines, as a mix-
ture of regioisomers in the case of methoxy-substituted diphenol,

2820 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and as single regioisomers for the nitrodiphenols and the formyl-
substituted diphenols.

A theoretical study has allowed us to obtain more insights into the
mechanism of the palladium-catalyzed condensation of benzene-
1,2-diols with propargyl carbonates. Two steps of the reaction were
successively studied. With substituted catechols, the first question
is the determination of the oxygen atom anion attacking the pal-
ladium complex. The calculations show that this anion corresponds
to the less acidic hydroxy group and has the highest HOMO and
the largest charge. A rapid equilibrium exists between the two pos-
sible anions.

The second step is the regioselective attack of the second oxygen
atom anion on the n3-allyl palladium complex. For this complex,
the syn isomer is the most stable. However, it preferentially results
in the attack on the less substituted carbon atom. In contrast, the
anti isomer preferentially gives the attack on the most substituted
carbon atom. Moreover, the relative stabilities of the syn and anti
isomers depend on the natures of the phosphane ligands. With
dppb [1,4-bis(diphenylphosphanyl)butane], the anti isomer is the
most stable and this stability explains why the regioselectivity
towards the attack on the substituted carbon atom is so high in the
case of a methyl substituent. Finally, our calculations show that the
direction of the reaction on the n3-allyl palladium complex depends
on several factors: the natures of the phosphanes, the bulkiness of
the substituent on the allyl moiety, and its electronic character. The
regioselectivity depends on the subtle balance between these factors
and cannot be easily predicted.

Experimental Section

General Remarks: '"H NMR (300 MHz) and '*C NMR (50 MHz)
spectra were obtained with a Bruker AM 300 spectrometer. Chemi-
cal shifts are reported as d values with reference to SiMe, or CDCl;
as an internal standard. The IR spectra were recorded with a
Perkin—Elmer 681 instrument. All reactions were monitored by
thin-layer chromatography carried out on 0.25 mm silica gel plates
(60 F-254, Merck). Compounds were viewed under UV light
(254 nm). Column chromatography was carried out on Merck silica
gel 60 (40—63 pm). Reactions involving palladium complexes were
carried out in a Schlenk tube under argon. Tetrahydrofuran was
distilled from sodium—benzophenone and stored under argon.
Compounds 1d®" and 5a,5% as well as methyl 1-methylprop-2-yn-
ylcarbonate (2),°" were prepared by literature procedures.

General Procedure for the Palladium-Catalyzed Annulation Reac-
tion: A mixture of [Pdy(dba)s] (20.8 mg, 2.2 X 10~2 mmol) and
dppb (38.8 mg, 9.1 X 102 mmol) in THF (7 mL) was stirred under
nitrogen at room temperature for 30 min. This catalyst solution was
added to a mixture of aryl-1,2-diol (0.88 mmol) and methyl 1-meth-
ylprop-2-ynyl carbonate (128 mg, 1.0 mmol). The resulting solution
was stirred at room temperature for 24 h. The solvent was evapo-
rated and the residue was chromatographed over silica eluting with
petroleum ether/ethyl acetate to afford the corresponding 2,3-di-
hydro-1,4-benzodioxine.

5-Methoxy-3-methyl-2-methylene-2,3-dihydro-1,4-benzodioxine (3b):
79 mg (in a 1:1 mixture of 3b and 4b), yield 47%. R; = 0.22 (eluent:
petroleum ether/ethyl acetate, 50:1). IR: ¥ = 3040, 980, 2930, 2820,
1650, 1590, 1485, 1460, 1250 cm~'. 'TH NMR (300 MHz, CDCl;):
8 =1.58 (d, J = 6.6 Hz, 3 H, CH3), 3.85 (s, 3 H, OCH3), 4.41 (d,
J=22Hz, | H, =CH,), 4.56 (q, J = 6.6 Hz, 1 H, 3-H), 4.72 (d,
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J =22Hz 1 H, =CH,), 6.53 (dd, J = 8.1, 1.3Hz, 1 H, H,;o1m),
6.60 (dd, J = 8.1, 1.3 Hz, 1 H, Hyom), 6.83 (t, J = 8.1 Hz, 1 H,
Harom) ppm. 3C NMR (50 MHz, CDCl;): § = 17.5 (CHj3), 56.2
(OCH3), 69.4 (C-3), 89.9 (=CH,), 105.4 (Cirom)s 109.3 (Carom.)s
121.4 (Carom)s 132.9 (Carom)s 143.4 (Corom.), 149.4 (Corom.), 154.2
(C-2) ppm.

5-Methoxy-2-methyl-3-methylene-2,3-dihydro-1,4-benzodioxine (4b):
79 mg (in a 1:1 mixture of 4b and 3b), yield 47%. Ry = 0.32 (eluent:
petroleum ether/ethyl acetate, 50:1). IR: ¥V = 3040, 2980, 2930,
2820, 1650, 1585, 1460, 1250 cm~!. '"H NMR (300 MHz, CDCls):
6 =1.54(d, J = 6.4Hz 3 H, CHjy), 3.88 (s, 3 H, OCH3), 4.44 (d,
J=22Hz 1 H, =CH,), 452 (q, J = 6.4 Hz, 1 H, H-2), 4.85 (d,
J =22Hz, 1 H, =CH,), 6.54 (d, J = 8.5Hz, 2 H, H,,on.), 6.81
(t, J = 8.5Hz, 1 H, Hyom) ppm. *C NMR (50 MHz, CDCls):
5 = 17.3 (CH3), 56.2 (OCH;), 69.1 (C-2), 90.3 (=CH,), 105.0
(Carom.)> 110.0 (Carom.)s 121.1 (Carom.)> 132.2 (Carom.)> 143.9 (Cirom.)»
148.0 (Carom.), 153.8 (C-3) ppm. C;1H,05 (192.22): caled. C 68.72,
H 6.30; found C 68.36, H 6.12.

3-Methyl-2-methylene-2,3-dihydro-1,4-benzodioxine-5-carbaldehyde
(3¢): 160 mg, yield 96%. Ry = 0.37 (eluent: petroleum ether/ethyl
acetate, 10:1). M.p. 46—48 °C. IR: v = 3050, 2980, 2920, 2850,
1670, 1660, 1580, 1470, 1270 cm~'. '"H NMR (300 MHz, CDCl;):
d=157(,J=64Hz 3 H, CH;),447(d,J =20Hz, | H, =
CH,), 4.62 (q, J = 6.4 Hz, 1 H, H-3),4.77(d,J = 2.0Hz, 1 H, =
CH,), 6.93 (t, J = 7.9 Hz, 1 H, Hyrom), 7.13 (dd, J = 7.9, 1.5 Hz,
1 H, Hyrom), 740 (dd, J = 7.9, 1.5Hz, 1 H, Hyrom.), 10.38 (s, 1 H,
CHO) ppm. '3C NMR (50 MHz, CDCls): § = 17.4 (CH3), 69.8
(C-3), 91.1 (=CHy), 121.0 (Curom), 121.6 (Cirom.), 121.8 (Cirom.)s
125.5 (Curom.)s 143.2 (Curom.), 146.2 (Curom.), 153.3 (C-2), 188.9
(CHO) ppm. C;;H;003 (190.20): caled. C 69.45, H 5.30; found C
69.28, H 5.30.

3-Methyl-2-methylene-5-nitro-2,3-dihydro-1,4-benzodioxine (3d):
155 mg, yield 85%. Ry = 0.41 (eluent: petroleum ether/ethyl acetate,
10:1).). M.p. 65—68 °C. IR: v = 3050, 2980, 2920, 1660, 1600, 1580,
1520, 1470, 1280 cm~!'. 'H NMR (300 MHz, CDCl5): § = 1.61 (d,
J =6.4Hz 3 H, CH;), 4.53 (d, J = 1.8 Hz, | H, =CH,), 4.66 (q,
J =64Hz | H, H-3),4.83 (d, J = 1.8 Hz, 1 H, =CH,), 6.96 (t,
J =8.1Hz | H, Hyom), 7.18 (dd, J = 8.1, 1.3 Hz, 1 H, H,om),
7.54 (dd, J = 8.1, 1.3 Hz, 1 H, H,or,) ppm. *C NMR (50 MHz,
CDCl3): 6 = 17.3 (CH3), 70.3 (C-3), 91.7 (=CH,), 118.7 (Carom.)s
121.1 (Carom)s 121.3 (Curom.)s 138.8 (Carom.)> 139.6 (Curom.), 144.1
(Carom.)> 152.7 (C-2) ppm. C(HoNOj3 (207.19): caled. C 57.96, H
4.38; found C 57.76, H 4.45.

6-Methoxy-3-methyl-2-methylene-2,3-dihydro-1,4-benzodioxine (6a):
130 mg (in a 84:16 mixture of 6a and 7a), yield 77%. R; = 0.15
(eluent: petroleum ether/ethyl acetate, 50:1). IR: ¥ = 3030, 2980,
2920, 2820, 1660, 1610, 1590, 1500, 1440, 1250 cm~!. 'H NMR
(300 MHz, CDCl;): 8 = 1.50 (d, J = 6.5 Hz, 3 H, CH;), 3.70 (s, 3
H, OCH,), 4.37 (d, J = 1.8 Hz, | H, =CH,), 4.52 (q, J = 6.5 Hz,
1 H, H-3), 4.68 (d, J = 1.8 Hz, | H, =CH,), 6.43—-6.88 (m, 3 H,
Harom,) ppm. 3C NMR (50 MHz, CDCl5): § = 17.4 (CH3), 55.7
(OCH3;), 69.4 (C-3), 89.3 (=CH,), 102.8 (Carom.)s 107.7 (Carom.)s
116.2 (Carom)> 137.0 (Curom.)s 143.7 (Carom)> 154.6 (Curom.), 154.8
(C-2) ppm. C;;H;,05 (192.22): caled. C 68.72, H 6.30; found C
68.75, H 6.28.

6-Methoxy-2-methyl-3-methylene-2,3-dihydro-1,4-benzodioxine (7a):
26 mg (in a 16:84 mixture of 6a and 7a), yield 15%). Ry = 0.15
(eluent: petroleum ether/ethyl acetate, 50:1). IR: ¥ = 3040, 2980,
2930, 2820, 1650, 1585, 1460, 1250 cm~!. 'H NMR (300 MHz,
CDCl3): 8 = 1.48 (d, J = 6.5Hz, 3 H, CH3), 3.72 (s, 3 H, OCH,;),
440 (d, J = 1.8 Hz, 1 H, =CH,), 447 (q, J = 6.5Hz, 1 H, H-2),
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4.72(d, J = 1.8 Hz, 1 H, =CH,), 6.43—6.88 (m, 3 H, Hyom ) ppm.
13C NMR (50 MHz, CDCLy): 8 = 17.3 (CH3), 55.8 (OCHs), 69.1
(C-2), 89.7 (=CH,), 101.8 (Cprom)s 107.8 (Carom)s 117.3 (Carom),
137.5 (Carom)s 143.1 (Carom)s 155.2 (Carom), 155.4 (C-3) ppm.

2,3-Dihydro-2-methyl-3-methylene-2,3-dihydro-1,4-benzodioxine-6-
carbaldehyde (7b): 152 mg, yield 91%. R; = 0.28 (eluent: petroleum
ether/ethyl acetate, 10:1). M.p. 46—48 °C. IR: v = 3050, 2980, 2930,
2820, 1675, 1650, 1575, 1490, 1430, 1260 cm~'. 'H NMR
(300 MHz, CDCl;): 6 = 1.57 (d, J = 6.4 Hz, 3 H, CHs), 4.47 (br.
s, | H, =CH,), 4.62 (q, J = 6.4Hz, 1 H, H-2),4.76 (br. s, 1| H, =
CH,), 6.95 (t, / = 8.1 Hz, 1 H, Hyrom.), 7.40 (dd, J = 8.1, 1.5 Hz,
1 H, Harom), 7.41 (s, 1 H, Hyrom), 9.80 (s, 1 H, CHO) ppm. '3C
NMR (50 MHz, CDCly): § = 17.4 (CH3), 69.7 (C-2), 91.4 (=CH,),
117.0 (Carom.)s 117.8 (Carom.)s 125.0 (Courom.)> 131.2 (Cyrom.), 142.7
(Carom.)s 148.5 (Cyrom.), 152.9 (C-3), 190.5 (CHO) ppm. C,1H;00;
(190.20): caled. C 69.45, H 5.30; found C 69.42, H 5.25.

2-Methyl-3-methylene-6-nitro-2,3-dihydro-1,4-benzodioxine (7c):
169 mg, yield 93%. Ry = 0.35 (eluent: petroleum ether/ethyl acetate,
10:1). M.p. 53—=55 °C. IR: ¥ = 3080, 3050, 2980, 2910, 2840, 1655,
1585, 1515, 1485, 1425, 1340, 1270 cm™'. '"H NMR (300 MHz,
CDCl;): 6 = 1.52 (d, J = 6.4 Hz, 3 H, CH3), 4.53 (d, J = 2.0 Hz,
1 H, =CH,), 4.60 (q, J = 6.4 Hz, 1 H, H-2), 4.83 (d, J/ = 2.0 Hz,
1 H, =CH,), 6.93 (t, / = 8.4 Hz, | H, Hyrom ), 7.77 (s, 1 H, Hypom ),
7.78 (d, J = 8.4 Hz, 1 H, Hyom). *C NMR (50 MHz, CDCls):
6 = 17.3 (CHy), 69.9 (C-2), 92.2 (=CH,), 112.3 (C,rom.), 117.3
(Carom.)s 118.2 (Cyrom ), 141.9 (Cyrom ), 142.8 (Cyrom.), 148.7 (Carom.)
152.3 (C-3) ppm. C;(HoNO;3 (207.19): calcd. C 57.96, H 4.38; found
C 57.70, H 4.27.
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