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Abstract

The palladium-catalyzed arylation of aryl bromides can be carried out in the presence of bidentate phosphines, such as dppm, dppe, dppf, and
Xantphos under mild conditions. The experimental results and the DFT calculations fully support for this reaction a mechanism proceeding by an

intermolecular proton abstraction.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The arylation of arenes catalyzed by palladium is a useful
alternative to methods based on cross-coupling reactions' for
the construction of biaryls and more complex polyarenes.? Al-
though much of the effort has been focused on the intramolec-
ular arylation of substrates 1 to form carbo- and heterocycles 2
(Scheme 1),>~* significant progress has been done recently in
the intermolecular version of this reaction.>®

Recent mechanistic work does not support earlier proposals
based on an electrophilic aromatic substitution (SEAr)7’8 for
the palladium-catalyzed arylation reaction. Thus, intramolecu-
lar isotope effects ky/kp=3.5—4 have been determined in dif-
ferent processes.*>” We have also reported examples in which
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the arylation proceeded at position ortho or para to electron-
withdrawing NO, groups.'’

Determining the details of this arylation is important to de-
velop milder reaction conditions. In addition, similar mecha-
nisms are probably followed in other reactions that proceed
via palladacycles.*®'' 71314718 We have recently studied the
effect of substituents on the arylation process on systems 3,
which led to mixtures of 4 and 5 after aromatization of the ini-
tially formed 9-aryl-9,10-dihydrophenanthrenes using DDQ
(Scheme 2).19 Electron-withdrawing substituents X, such as
fluorine, chlorine, and trifluoromethyl, favor formation of
products 4. This directing effect is particularly strong at the
ortho position to the C—H bond being cleaved. Electronega-
tive methoxy groups that are electron-releasing in electrophilic
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aromatic substitutions behave similarly to chlorine substitu-
ents, which indicates that the main effect of substituents in
this reaction is inductive. In addition, a substantial deuterium
isotope effect (ky/kp=5.0 at 135 °C and 6.7 at 100 °C) was de-
termined in this process, which correlates with a linear ar-
rangement of base and H—C in the rate-determining step.”°

These results, which are in line with related work on other
arylations*® and cyclometalation reactions,”' are fully consis-
tent with a mechanism involving a proton abstraction by the
base (Scheme 3).'%% Although our DFT calculations done
with model compound 6 excluded a direct proton abstraction
through TSg_g to form seven-membered ring palladacycle 9,
we could not distinguish between two base-assisted processes:
an intramolecular reaction via intermediate 7 and TS;_¢ and
an intermolecular reaction via TS¢_g and intermediate 8.
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Scheme 3.

As part of a study to find new, milder reaction conditions
for the intramolecular arylation reaction, we discovered that
bidentate phosphines are excellent ligands for this process. Im-
portantly, this result suggests that, at least in these cases, the
reaction proceeds by the intermolecular base-assisted proton
abstraction mechanism, which is also supported by new DFT
calculations.

2. Results and discussion
2.1. Experimental results

We selected fluorinated substrate 10 to study the effect of
different bases in the arylation reaction. As in our previous

study,'® to facilitate determining the ratio of regioisomers by
"H NMR analysis, the crude mixtures were treated with
DDQ to give phenanthrenes 11 and 12. In addition, reduction
compound 13 was observed under some reaction conditions.
As the ligand, we used first 2-(diphenylphosphino)-2'-(N,N-di-
methylamino)biphenyl23 (14) (see Fig. 1), which gave the best
results in our previous study.'® Using K,COs as the base in
DMA at 135 °C, we obtained a 1.6:1 ratio of 11 and 12 (Table
1, entry 1).]9 When the reaction was carried out at 100 °C,
a slightly better selectivity was observed (Table 1, entry 2).
Under these conditions only traces of reduction product 13
were detected. Pivalic acid has been shown to be a very useful
additive in palladium-catalyzed arylations, presumably by act-
ing as a ligand to palladium as well as a base in an intramolec-
ular base-assisted process™ (such as the one proceeding via
intermediate 7 in Scheme 3). Therefore, we tried the reaction
of 10 with potassium or cesium pivalate, formed in situ with
the corresponding carbonate (Table 1, entries 3—6). The best
results with ligand 14 were obtained in the presence of potas-
sium pivalate at 100 °C (Table 1, entry 3), which led to a 1.7:1
ratio of 11 and 12 in 79% yield in only 4 h. Interestingly, a bet-
ter result (86% yield) was obtained with bidentate ligand 1,1’-
bis(diphenylphosphino)ferrocene (dppf) instead of 14 (Table
1, entry 6). Reactions with potassium acetate led to poorer re-
sults (Table 1, entries 7 and 8). When NaH was used as the
base, almost exclusive reduction of 10 to 13 was observed (Ta-
ble 1, entry 9). Sodium or potassium amidates, formed in situ
with ~-BuCONH, or +-BuCONHMe and NaH or KOz-Bu, led
to lower conversions and/or extensive reduction of 10 (Table
1, entries 10—19). On the other hand, although 1,1,3,3-tetra-
methylguanidine led to a poor conversion, 2-fert-butyl-
1,1,3,3-tetramethylguanidine was an effective base for this
process (Table 1, entries 20 and 21).

® ® e
PPh, PCy, iPr iPr
Me,N ] Me,N l O
iPr
14 15
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Me Me
=
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Me Me P8,
Ph,P PPh,
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Figure 1. Ligands used for the palladium-catalyzed arylation.
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Table 1
Pd-catalyzed arylation of substrate 10 with different bases®

QO
: )
1. Pd(OAc),, L F
Ve
11 +

DMA, A
® O
Br O

2.DDQ,

toluene, A O
10
13

12
Entry Base T (°C) Time Conv. (%) 11/12 Ratio
th) (% 13) (yield %)
1 K,CO4 135 16 >95 (0) 1.6:1 (72)"°
2 K,CO; 100 25 92 (2) 1.7:1°
3 -BuCO,H/K,CO; 100 4 >95 (0) 1.7:1 (79)
4 ~BuCO,H/K,CO; 80 42 >95 (0) 1.5:1 (75)
5 -BuCO,H®/Cs,CO; 80 42 84 (0) 1:4 (67)
6° -BuCO,H/K,CO5 100 4 >95 (0) 1.7:1 (86)
7 KOAc 80 42 52 (0) 1.5:1°
8 ~BuCO,H/KOAc 80 42 65 (0) 1.5:1°
9 NaH 135 52 >95(95) 0.2:1°
10 -BuCONH,/NaH 135 52 >95(87)  0.1:1°
11 -BuCONHMe“/NaH 135 52 >95(98) 0.2:1°
12 ~BuCONH,/NaH® 135 22 5527 1.7:1°
13 -BuCONH,/NaH' 135 28 17 (1)  1.2:1°
14 -BuCONH,/NaH® 135 28 23 (15) 1.2:1°
15 KOr-Bu 135 22 >95 47) 1.7:1°
16 -BuCONH,/KOr-Bu 135 22 >95(20) 1.7:1°
17 ~-BuCONHMe/KO#-Bu 135 22 >95 (13) 1.7:1°
18 -BuCONH,/KOr-Bu' 135 26 56 (12) 1.6:1°
19 +~BuCONH,/KO#-Bué 135 26 38 (25) 14:1°
20 HN=C(NMe,), 100 22 15 (5) 1.4:1°
21 -BuN=C(NMe,), 100 22 91 (0) 1.7:1 (64)

# Reactions carried out with 5 mol % Pd(OAc),, 10 mol % 2-(diphenylphos-
phino)-2'-(N,N-dimethylamino)biphenyl (14), and base (2.5 equiv). The
amount of 13 was determined by "H NMR of the crude reaction mixtures.

® Isolated yield not determined.

0.3 equiv.
Reaction with dppf (5 mol %) as the ligand.

¢ One equivalent each of amide and NaH.

f The sodium or potassium amidate was formed from the amide (1 equiv)
and base (1 equiv) at 0 °C prior to the addition of 10 and catalyst.

€ As in entry 13 or 18 but with 2.5 equiv each.

c

d

The fact that dppf gives the best result in the presence of
pivalate anion (Table 1, entry 6) casts doubts about the role
played by this carboxylate as a ligand for Pd in the intramolec-
ular proton abstraction event. Thus, if pivalate is still coordi-
nated to Pd, an unlikely pentacoordinate Pd(II) intermediate
bearing a diphosphine ligand would be formed. We therefore
decided to examine in more detail several diphosphines as
well as other ligands in the arylation of 10 with K,COj; as
the base (Fig. 1). First, we tested several bulky monophos-
phines (Table 2). Thus, phosphines 15 and 16,** which are
structurally similar to 14, led to extensive reduction of 10
(Table 2, entries 1 and 2). Similar results were obtained with
PCy; (Table 2, entry 3), whereas P(o-Tol)z led to a poor con-
version (Table 2, entry 4). P(+~Bu); gave 11 and 12 in

Table 2

Pd-catalyzed arylation of substrate 10 with different ligands®

Entry L Time (h) Conv. (%) 11/12 Ratio
(% 13) (yield %)

1 15 2 >95 (30) 1.5:1°

2 16 2 >95 (72) 1:1°

3 PCy; 48 >95 (40) 1.5:1°

4 P(0-Tol); 21 30 (0) 1.6:1°

5 Pr-Bus® 21 >95 (0) 1.8:1 (41)

6 17 18 18 (0) 1.7:1°

7 dppf 21 >95 (0) 1.6:1 (79)

8 18 2 >95 (—9) 1.7:1 (73)

9 dppm 2 >95 (—9 1.7:1 (77)

10 dppe 2 >95 (—% 1.7:1 (72)

11 dppp 2 >95 (—9 1.7:1 (59)

12 19 2 >95 (—9 1.7:1 (47)

# Reactions carried out with 5 mol % Pd(OAc),, 10 mol % L or 5 mol % L,,
and K,COs; (2.5 equiv) in DMA at 135 °C. The amount of 13 was determined
by 'H NMR of the crude reaction mixtures.

® Tsolated yield not determined.

¢ The HBF, salt was used.

4 Traces (<1%) of 13 were detected; dppm=bis(diphenylphosphino)-
methane; dppe=1,2-bis(diphenylphosphino)ethane; dppp=1,3-bis(diphenyl-
phosphino)propane.

moderate yield (Table 2, entry 5). We also tried IMes (N,N'-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) ligand generated
in situ, although the results were poor (Table 2, entry 6). In
contrast, dppf afforded the arylated products in good yield (Ta-
ble 2, entry 7). Faster reactions were observed with Xantphos
(18),% dppm, dppe, dppp, and ferrocenyldiphosphine 19 (Ta-
ble 2, entries 8—12). The best yields were obtained with Xant-
phos (18), dppm, and dppe (Table 2, entries 8—10).

These results show that diphosphines are the ligands of
choice for this transformation. In addition, the similar behav-
ior displayed by Xantphos (18) and more simple diphosphines
such as dppm and dppe suggest that 18 coordinates in a cis-
fashion to Pd in this reaction. Indeed, it has been shown that
18 can behave as a cis- or trans-chelating ligand with
Pd(ID).26%7

We also assayed strong phosphazane bases 20—21 (Schwe-
singer bases) (Fig. 2).?® The #-Bu-P, base 22 is an extremely
strong nonmetallic organic base (pKgy+ = 42.7 in MeCN)
that can even deprotonate aromatic compounds under mild
conditions.?’ Indeed, substrate 10 reacted with base 22
(1 equiv) in DMA at 80 °C for 2 h in the absence of palladium
to give exclusively 11, although the isolated yield was low (ca.
15%). Substrate 10 also reacted with strong base KHMDS, un-
der the same conditions, to give a 0.8:1 mixture of 11 and 12
(ca. 40%), whereas NaH led only to a very low conversion (ca.

,iBu
{Bu Bu Me,N, N NMe,
N N NMe,  MeN—P=N-P-N=R-NMe,
Me,N-P-NMe,  Me,N-P-N=R-NMe, ~ Me:N N NMe,
NMe, NMe, NMe, |v|e2N’F|’\N|\/|e2
tBu-P,(20) Bu-P,(21) NMe,

{Bu-P, (22)

Figure 2. Phosphazene bases.
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Table 3
Pd-catalyzed arylation of substrate 10 with base 20 or 21"

Entry L Base Time (h) T (°C) Conv. (%) (% 13) 11/12 Ratio (yield %)
1 dppf 20 6 100 >95 (—) 1.8:1 (78)

2 dppf 20 5 135 >95(1) 1.9:1 (69)

3 dppf 21 22 100 23 (8) 1.9:1¢

4 dppf 21 5 135 >95(5) 1.9:1 (69)

5 — 21 20 135 >95(5) 1.9:1 (64)

# Reactions carried out with 5 mol % Pd(OAc),, 5 mol % L,, and 2.5 equiv
base in DMA.

® Traces (<1%) of 13 were detected.

¢ Yield not determined.

8%) (DMA, 80 °C, 18 h). These reactions probably proceed
via formation of the corresponding benzyne.

Using milder bases 20 and 21 only 2—6% of intramolecular
arylation was observed at 135 °C in DMA after 24 h in the ab-
sence of Pd. In the presence of palladium and dppf, phospha-
zanes 20 and 21 gave satisfactory yields in the cyclization of
10 (Table 3, entries 1, 2, and 4). Reaction was slower in the
absence of the diphosphine (Table 3, compare entries 4 and 5).

We have reported originally the cyclization of fluorene
derivative 23 to give benz[e]acephenanthrylene (24) with
Pd(OAc), (5§ mol %) and K,CO3 in DMF (130 °C, 48 h) in
52% yield."®™ Whereas PPh; or AsPh; as the ligands led to
poor results,'* the cyclization of 23 using the palladium com-
plex with ligand 14 could be performed at 60 °C to give 24 in

Table 4
Pd-catalyzed arylation of substrate 23"
Pd(OAc),, L

O Br
base DMA, A

23

J
5

Time (h) T (°C) Conv. (%) 24 (yield, %)

Entry L Base

1 14 K,CO; 48 60  >95 62
2 14  +BuCO,HYK,CO; 24 60  >95 73
3 14  +BuCO,HK,CO; 26 80  >95 58
4 dppf K,CO; 24 60  >95 71
5 dppf +BuCO,H"/K,CO; 24 60  >95 59
6  dppf +BuCOH"K,CO; 26 80  >95 40
7 dppf +BuN=C(NMe,), 4 100 >95 47
8 dppm K,COs 36 80  >95 44
9  dppe K,CO; 25 80  >95 85

# Reactions carried out with 5 mol % Pd(OAc),, 10 mol % L or 5 mol % L,,

and 2.5 equiv base in DMA.

® 0.3 equiv.

1. Pd(OAc),, dppf
K CO,;, DMA, A

2 DDQ,
toluene, A

73% yield (Table 4, entry 2). In this case, the reaction with Pd/
dppf proceeded with better yield in the absence of ~-BuCO,H
(Table 4, compare entries 4 and 5). The best result for the syn-
thesis of 24 was obtained using dppe as the ligand and K,CO;
as the base (Table 4, entry 9).

To determine the intramolecular isotope effects in the aryl-
ation reaction, we studied the reaction of substrate 25 with
Pd(OAc), and dppf (Scheme 4). From the ratio of 26 and
27, an intramolecular isotope effect ky/kp=5.3 was deter-
mined for the reaction performed at 135 °C. This value is al-
most identical to that found using ligand 14 (ky/kp=5.0) at
this temperature (135 °C),"” which suggests that the reactions
in the presence of 14 and dppe proceed by the same
mechanism.

2.2. DFT calculations

We carried out a series of B3LYP calculations on the reac-
tion mechanism to confirm the seeming similarity between our
previous results with monodentate phosphine ligands'® and
those found with bidentate phosphine ligands. We limit the
discussion here to one of the mechanisms in Scheme 3, the
base-assisted intermolecular proton abstraction going through
transition state TS¢_g. Our previous work discarded for this
type of complexes the unassisted proton abstraction, and the
intramolecular base-assisted proton abstraction seems unlikely
because it would require the breaking of one of the Pd—P
bonds.

In our calculations we use the model systems presented in
Figure 3, labeled as tla, tlb, t2a, t2b. The prefix t stands for
theoretical. Models tla and t1b correspond to those used in
our previous works, both of them with monophosphine li-
gands;'® tla with all hydrogen substituents in the cyclopalla-
dated ring and tlb with one fluorine in the position meta to
the metalated carbon. Models t2a and t2b are the analogous
species corresponding to bidentate phosphines. We use as bi-
dentate phosphine H,PCH,CH,PH,, a simplified model of
dppe, where the phenyls are replaced by hydrogens, and that

HO,C-O--H- HO,C-0--H-
Brde H,P— Pd
PH3 PHz
‘R= t2a:R=H
tla:R=H
tb:R=F 2b:R=F

Figure 3. Computational models.

D

D
DO
@ O
26 27

Scheme 4.
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has been labeled sometimes as dhpe in previous computational
studies.”® The system we are more closely modeling is thus
that with the dppe ligand, corresponding to entry 10 in Table
2, and favoring the reaction at the fluorinated ring 11 by a ratio
1.7:1. Let us recall here that the corresponding value for the
system with a monodentate ligand and the same type of sub-
stitution was 1.6:1, therefore very similar.'®®

We have decided not to include the full phosphine in the
computed system, as effects were minor and it required a sig-
nificant computational effort in terms of conformational analy-
sis.'”® Because of this, we repeat here the calculations for the
monodentate phosphine model systems. The study of the bi-
dentate systems introduces in any case a computational sub-
tlety that must be taken into account. This is the
conformation of the envelope defined by the Pd—P—C—C—P
five-membered ring. The two possible conformations have
been computed for the intermediate t2aR and the transition
state t2aTS corresponding to system t2a, and the resulting ge-
ometries are shown in Figure 4. The difference between the
two conformations is apparent from the position of the two
carbon atoms of the chelating ligand, in the right hand side
of each drawing. Conformation 2 is slightly more stable for
t2aR (by 0.3 kcal/mol), but we decided in favor of conforma-
tion 1 because it is more stable for the rate-determining tran-
sition state t2aTS (by 0.8 kcal/mol).

Table 5 collects the computed barriers, measured as differ-
ence between transition state and intermediate, for the four
different model systems under consideration. Three different
magnitudes are presented: potential energy (E), gas phase
free energy (G), and solvent-corrected potential energy
(Epcm)- The aspect we want to highlight here is the similarity
between all the computed barriers. In particular, if we compare
the potential energies, we see that the difference between the
two systems with hydrogen substituents (tla and t2a) is

Table 5
Computed barriers (kcal/mol) for the base-assisted intermolecular proton
abstraction reaction with different phosphines

System Ligand set R E G Epcm
tla P, Br H 19.8 18.0 19.0
tlb P, Br F 18.8 16.8 18.0
t2a P, P H 19.5 17.6 22.1
t2b PP F 18.6 16.6 20.9

only 0.3 kcal/mol; and the difference between the two fluori-
nated systems (t1b and t2b) is only 0.2 kcal/mol. Differences
are larger when solvent effects are considered, but the similar-
ity between the behavior of the two sets of systems is apparent.

The drawings of the three computed structures for the two
systems with the bidentate phosphines, t2a and t2b, are pre-
sented in Figures 5 and 6, respectively. The geometries re-
spond to the patterns already reported for the complexes
with monodentate phosphines. There is a nearly linear ar-
rangement C---H---O in the transition state, with the hydrogen
atom being clearly transferred from carbon to oxygen. For in-
stance, in t2aTS (Fig. 5) the C—H and H—O distances are
1.429 and 1.237 A, respectively.

In order to have a more quantitative comparison with the
experimental data, we have computed theoretical selectivity
ratios, and present the results of these calculations in Table
6. In order to have a single computed barrier where to evaluate
the selectivity we have used a similar approach to our previous
work, the barrier being estimated as AEpcy+(AG—AE). In
this way, the zero point energy corrections and the solute en-
tropic corrections are taken from the gas phase calculation of
the Gibbs free energy, and added to the solvent-corrected po-
tential energy. Then, the barriers are translated into selectiv-
ities by assuming that product population will be related to
the Boltzmann distribution of the energies of the

Figure 4. Computed structures for the two conformations of t2aR and t2aTS.
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Figure 6. B3LYP structures for the reactant, transition state, and product for system t2b. Bond distances are in A

corresponding transition states.>’ The comparison between the
computed and experimental ratios reported in Table 6 is satis-
factory. The agreement in the absolute value of regioselectivity
is certainly not perfect, with computed values around 4:1 and
experimental values around 1.7:1. This is understandable be-
cause of the exponential dependence of product abundance
with respect to energy differences. The encouraging result is
the very similar behavior of the systems with monodentate
and bidentate phosphines. The experimental ratio increases
from 1.6:1 to 1.7:1 when a bidentate phosphine is used. The
computed values have also a slight increase from 4.1:1 to

Table 6
Computed energy barriers (kcal/mol) and selectivity ratios for the base-assis-
ted intermolecular proton abstraction reaction with different phosphines

System Ligand set R  Barrier Computed ratio Experimental ratio
tla P, Br H 172 1:1 1:1
tlb P, Br F 161 4.1:1 1.6:1
t2a P, P H 201 1:1 1:1
t2b P, P F 189 4.4:1 1.7:1

4.4:1. We think that this adds strong support to our hypothesis
that for this particular type of systems the reaction follows an
intermolecular base-assisted proton abstraction mechanism.

A final set of calculations consisted in the evaluation of the
kinetic isotope effect of the replacement of the hydrogen atom
being transferred by deuterium. The computed ky/kp values at
135 °C for systems tla, t1b, t2a, and t2b were 3.8, 3.7, 3.8,
and 3.6, respectively. These values are again in good qualita-
tive agreement with the experimental values of 5.0—5.3.

3. Conclusion

Bidentate phosphines, such as dppm, dppe, dppf, and Xant-
phos, are excellent ligands for the palladium-catalyzed aryl-
ation, which allow performing these reactions under milder
conditions. Thus, for example, the arylation of fluorene 23
to give benz[e]acephenanthrylene (24) can now be carried
out in 85% yield with Pd(OAc),/dppe at 80°C in 25h,
whereas in the absence of the diphopshine a 52% yield
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was achieved at higher temperature and longer reaction time
(130 °C, 48 h).'

Reaction with the bidentate phosphines most probably pro-
ceeds by the intermolecular proton abstraction mechanism,
which is supported by the DFT calculations. Although addi-
tion of pivalic acid has a beneficial effect in many cases, the
fact that the reaction occurs with a palladium complex bearing
a bidentate diphosphine suggests that this carboxylate, like
carbonate or bicarbonate, acts as an external base. The success
of these mild bases in palladium-catalyzed arylation might ac-
tually rest on their relatively weak coordinating behavior. Ad-
ditional experimental work to test this hypothesis is underway.

4. Experimental
4.1. General

All reactions were carried out under Ar. Dimethylacet-
amide was purchased anhydrous and packaged under N,
(Aldrich) and was used without further purification. Thin layer
chromatography was carried out using TLC-aluminum sheets
with 0.2 mm of silica gel (Merk GF,34). Chromatography pu-
rifications were carried out using flash grade silica gel (SDS
Chromatogel 60 ACC, 40—60 um). NMR spectra were re-
corded at 23 °C on Bruker Avance 400 Ultrashield or Bruker
Avance 500 Ultrashield apparatus. Mass spectra were recorded
on a Waters LCT Premier (ESI) and Waters GCT (EI, CI)
spectrometers.

1-Bromo-2-(2-(4-fluorophenyl)-2-phenylethyl)benzene
(10)," 1-bromo-2-(2-(perdeutereophenyl)-2-phenylethyl)benz-
ene (25)," and 9-(2-bromophenylmethyl)fluorene (23)10a
were prepared according to previously published procedures.
Arylation products 11, 12,' 24,'% 26,'” and 27" have also
been described.

4.2. General procedure for the intramolecular arylation
reaction of substrate 10 using different bases and additives

A solution of the bromoarene 10, Pd(OAc), (5 mol %), li-
gand (10 mol % when 2-(diphenylphosphino)-2'-(N,N-dime-
thylamino)biphenyl (14) was used or 5 mol % when dppf
was used), base (2.5 equiv), and additive (0.3 equiv) in anhy-
drous DMA was heated between 80 and 135 °C (see Table
1). Once the arylation was completed the reaction mixture
was cooled to room temperature. A saturated solution of
NaCl was added and the organic layer was extracted with
EtOAc. The combined organic extracts were dried over
Na,SQ,, filtered, and the solvent was evaporated. After being
analyzed by "H NMR to determine the amount of reduction
product 13, the crude mixture was aromatized with DDQ.

4.3. General procedure for the aromatization

A solution of the crude arylation product and DDQ
(3 equiv) in toluene was heated to reflux for 16 h. The reaction
mixture was cooled to room temperature, toluene was evapo-
rated, and the reaction crude was filtered through silica using

hexane as eluent. The solvent was evaporated and the residue
was chromatographed (SiO,, hexane) to give the mixture 11
and 12.

44. General procedure for the intramolecular arylation
reaction of substrate 10 using different ligands

A solution of the bromoarene 10, Pd(OAc), (5 mol %), li-
gand (10 mol % when monophosphines or imidazolium salt
(17) were used or 5 mol % when diphosphines were used),
base (2.5 equiv) in anhydrous DMA was heated at 135 °C.
Once the arylation was completed the reaction mixture was
cooled to room temperature. A saturated solution of NaCl
was added and organic layer was extracted with EtOAc. The
combined organic extracts were dried over Na,SQy,, filtered,
and the solvent was evaporated. After being analyzed by 'H
NMR to determine the amount of reduction product 13, the
crude mixture was aromatized with DDQ.

4.5. General procedure for the intramolecular arylation
reaction of substrate 10 using different phosphazenes as
the base

Bromoarene 10, Pd(OAc), (5 mol %), and dppf (5 mol %)
were dissolved in anhydrous DMA. Phosphazene base
(2.5 equiv) was added dropwise via syringe and the reaction
mixture was heated at 100 or 135 °C (see Table 3). Once the
arylation was completed the reaction mixture was cooled to
room temperature, the solvent was evaporated, and reaction
crude filtered through silica using hexane as eluent. After
being analyzed by 'H NMR to determine the amount of
reduction product 13, the crude mixture was aromatized with
DDQ.

4.6. General procedure for the intramolecular arylation
reaction of substrate 23 using different ligands and additive

A solution of the bromoarene 23, Pd(OAc), (5 mol %), li-
gand (10 mol % when monophosphine 14 was used or
5 mol % when diphosphines were used), K,CO3 (2.5 equiv),
and pivalic acid (0.3 equiv) in anhydrous DMA was heated
at 60 or 80 °C (see Table 4). Once the arylation was completed
the reaction mixture was cooled to room temperature. A satu-
rated solution of NaCl was added and organic layer was ex-
tracted with EtOAc. The combined organic extracts were
dried over Na,SQ,, filtered, and the solvent was evaporated.
The residue was chromatographed (SiO,, hexane) to give 24.

5. Computational details

All calculations were performed with Gaussian 03.*% The
method was B3LYP.** The basis set was LANL2DZ for Pd
and Br,34 and 6-314+G(d) for H, C, O, F, P> The basis set
for Br was expanded to include polarization®® and diffuse
functions.>” All geometry optimizations were complete, and
the stationary points were identified as local minima or
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transition states through the number of negative eigenvalues in
their hessian matrices.
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