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Abstract: Several new amino-type secondary phosphine oxide
(SPO) pre-ligands (3a-3h) that contain P-N bonds were synthe-
sized and characterized. SPOs 3a-3h can tautomerize to phos-
phinous acids (PA, 3a-3h) as genuine ligands. The formation of
SPOs 3a-3h occurred first through nucleophilic attack on the
imine carbon atom, then by the addition of RPCl, (R = Ph, Cy,
tBu, or iPr), and work-up under acidic conditions. The P-N bond
in the newly prepared SPOs is evident from the crystal struc-
tures of SPOs 3d and 3h. Reactions of SPOs 3f, 3g, or 3h with
Pd(COD)Cl, (COD = cyclooctadiene) yielded palladium com-
\plexes 6f, 6g, or 6h. In these crystal structures, PAs 3f, 3g, and

3h act as didentate ligands through P and N donors. Intrigu-
ingly, the reaction of SPO 3f with Pd(COD)CI, also gave rise to
palladium complexes 7fa, 7fb, and 8f. The crystal structures of
7fa and 7fb show that the palladium atom is chelated by PA
3f and coordinated by a phosphine-like ligand fragmented from
SPO 3f through C-N bond dissociation. Finally, the syntheses of
carbazole derivatives were pursued in Catellani reactions with
SPOs 3g and 3h as pre-ligands. A mechanism is proposed to
account for the catalytic reaction (see the Supporting Informa-
tion). The optimized conditions for Suzuki reactions using se-
lected SPO ligands are also reported. Y,

Introduction

For many years, the various shapes and functions of trisubsti-
tuted phosphines have been the favorite choice for ligand-as-
sisted transition-metal-catalyzed reactions.!"’ Nevertheless,
these types of phosphines are mostly vulnerable to oxidation,?
which lessens their bonding capacities toward low-valence tran-
sition metals.®! This severe drawback limits their extensive ap-
plication as authentic soft ligands towards soft metals in coordi-
nation. It is also not a desirable character for the long-term
storage of some precious phosphine compounds. One way to
resolve this obstacle is to allow phosphine to be partially oxi-
dized and maintain its coordinating capacity until it is needed.
Phosphinous acid [PA, P(OH)R'R?], a tautomeric form of its cor-
responding air-stable secondary phosphine oxide [SPO, O=
P(H)R'R?] in solution, is thus a potential candidate and has the
capacity to act as a legitimate phosphine ligand in the coordi-
nation of transition metals (Scheme 1). Since the first synthe-
sis of di-n-alkylphosphine oxides in 1952, various kinds of SPOs
have been prepared in the past several decades and their stabil-
ities towards air and moisture have also been validated.>*9
Moreover, their capabilities as effective ligands in transition-
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metal-catalyzed cross-coupling reactions have also been evalu-
ated and reported elsewhere.[6:4d4f-4u]
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Scheme 1. Process for the conversion of a secondary phosphine oxide (SPO)
to its corresponding tautomeric form, phosphinous acid (PA), and the onward
formation of a PA-coordinated metal complex.

Besides its commonly formulated simple O=P(H)R'R? format,
recently designed secondary phosphine oxides come in various
shapes and forms. Pfaltz and Helmchen reported an authentic
bidentate ligand that was formed by incorporating an imine
moiety into the SPO framework [Figure 1(a)l.l”? Recently, Acker-
mann demonstrated that some N-P-N-type secondary phos-
phine oxides (or heteroatom-substituted secondary phosphine
oxides, HASPOs) could behave as excellent ligands in various

RZ R!

Figure 1. Two categories of secondary phosphine oxides.
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Scheme 2. Catellani-type Heck and Suzuki reactions.

catalytic reactions [Figure 1(b)]. By combining with a suitable
palladium salt, these HASPOs worked well for Suzuki-Miyaura
reactions as well as amination reactions, even reactions starting
from inactive aryl chlorides.®! Upon deprotonation, Cramer et
al. showed that this N-P-N-type SPO could act as hemilabile
ligand that binds Ni® and Al"" in the asymmetric Ni-catalyzed
hydrocarbamoylation of alkenes.”!

Recently, phosphines containing P-N bonds in their scaffolds
have attracted much attention. It is believed that the phos-
phorus atom in this type of phosphines is significantly electron-
richer than those without the P-N bond, a characteristic that is
beneficial to the oxidative addition process in the commonly
seen cross-coupling catalytic cycles.['’

In addition, cross-coupling reactions are well-known proc-
esses for their efficiencies in joining two separate components,
in particular, for the formation of carbon-carbon bonds from
the corresponding aryl or alkyl reactants.l'" Nevertheless, these
methods are limited by their scopes in only combining two
substances at a time. For further incorporation of a third sub-
stance to the coupled compound, more step(s) must be taken.
It would be advantageous if three reactants could be coupled
in the same reaction, for example, in a one-pot reaction.

One of the most attractive multiple-component reactions
was reported in the mid-1980s by Italian chemist M. Catellani
and was later coined as the “Catellani reaction”.'?! At first
glance, the reaction seems not to have many differences from
the conventional cross-coupling reaction (Scheme 2). Neverthe-
less, this type of reaction deliberately promotes the C-H activa-
tion process of Ar-l at its ortho-position and leads to the re-
placement of ortho-hydrogen atoms by an alkyl or aryl group,
which indeed is a fascinating achievement. As seen, C-H activa-
tion has been the target for extensive studies recently.l's The
Catellani reaction can readily achieve C-H activation of the
ortho-hydrogen atom(s) of aryl halides (mostly aryl iodide). It is
worth noting that norbornene plays an indispensable role as
co-catalyst to promote the targeted route for the reaction. De-
termined by the final elementary step, Catellani developed the
corresponding Catellani-type Heck and Suzuki reactions, which
result in the production of the targeted products after C-H acti-
vation processes.!'¥!

In their early works, Catellani et al. did not use any ligand as
an auxiliary, and the amount of palladium catalyst used was up
to 20 %.'P5! Later, Lautens and co-workers employed some
of well-chosen ligands for the reactions and achieved better
performances.['® Nevertheless, the role played by conventional
ligands such as phosphines remains doubtful in this type of
reactions. Ever since the disclosure of the original Catellani reac-
tion, there have been many interesting reports aimed at delving
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more deeply into the mechanism of this type of reactions and
thereby improving the catalytic performances.'”! As studies on
SPO-assisted Catellani-type reactions are rare, it is of interest to
us to explore the roles played by SPO-type phosphine ligands
in this type of reactions.

Herein, we report the preparation of several new amino-
based secondary phosphine oxides, which contain P-N bonds
in their frameworks. Their capacities as mono- or bidentate li-
gands in several palladium-catalyzed Catellani reactions were
evaluated. The structures of several fascinating SPO-ligated pal-
ladium complexes with unique bonding modes will be dis-
cussed as well.

Results and Discussion

Preparation of Amino Secondary Phosphine Oxides 3a-3h

Several amino secondary phosphine oxides, 3a-3h, were pre-
pared and characterized by spectroscopic methods (Scheme 3,
Figure 2). The general procedure for the preparation of the
compounds is presented as follows. Initially, imines 1 were pre-
pared from each corresponding aldehyde and amine. Subse-
quently, treatment of imines 1 first through nucleophilic attack
on the imine carbon atom, followed by the addition of PhPCl,
thus led to the formation of each matching phosphinamines (2
or 2’ for disubstituted products). Finally, conversion of 2 into
each of the corresponding phosphinous acids 3" was achieved
through hydrolysis in acidic media. In solution, a tautomeric
equilibrium can exist between the secondary phosphine oxide
3 and its phosphinous acid 3" under ambient conditions. Nor-

1. R*M; 2. R*PCI,

2
R X0+ NHRE —— R R
1a:R'=Ph,R2=Ph
1b: R = 3-methoxybenzene, R? = Ph
3
R R
R1” N7 RN +H,0* R,LN,RZ R1)\N,R2
or 2 l H
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o “R# SR HO™ R4 Oép\Rq
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R', R? R% R%

SR G &d AL

Scheme 3. Preparation of amino secondary phosphine oxides. Substituents R
on the four positions could be: phenyl, 3-methoxyphenyl, 2-methoxyphenyl,
4-methoxyphenyl, pyridyl, 2-methyl-1H-imidazolate, thiazole, tert-butyl, iso-
propyl, cyclohexyl.
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mally, the former is more favorable in the absence of highly
electron-withdrawing substituent(s). The distinctly large cou-
pling constant (Jpy; = 450-600 Hz) indicates the presence of a
P(-H)(=0) fragment in the secondary phosphine oxide.

o
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_N ,N /N ~N S 2N
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Figure 2. Secondary phosphine oxides, 3a-3h, and chlorophosphine 2x.

It was found that the hydrolysis of each 2 species indeed led
to the formation of each corresponding SPO 3a-3h except for
2x. The existence of a P-Cl bond in 2x is evident from the
determination of its crystal structure by X-ray diffraction meth-
ods (see the Supporting Information, Figure°S1). To our delight,
the crystal structures of 3d and 3h were resolved (Figure 3).
The existence of a double bond between P(1) and O(2) in 3d is
evident from its short bond, 1.4839(13) A. The bond angles of

o

Figure 3. ORTEP drawings of 3d (left) and 3h (right).
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O(2)-P(1)-N(1), O(2)-P(1)-C(19), and N(1)-P(1)-C(19) are
117.42(8)°, 113.62(8)°, and 108.63(8)°, respectively. Clearly, a
pseudo-tetrahedral environment surrounds the phosphorus
atom. The major structural features of 3d are also true for 3h.

Reactions of Amino Secondary Phosphine Oxide 3f with
Palladium Salts

The fact that imidazole moieties exhibit coordination capacity
towards palladium through the N(imidazole) site has been dem-
onstrated elsewhere.'® Thereby, compound 3f (or 3g, 3h) is
expected to have the potential to act as a bidentate ligand
through both the P(phosphine) and N(imidazole) sites.

Here, 3f was selected to react with various palladium sour-
ces, PdX, (X = Cl, Br), Pd(COD)X, (COD = cyclooctadiene),
PdCI,(CH5CN),, or Pd(OAc),, and the processes were monitored
by 3P NMR spectroscopy (Scheme 4). The disappearance of the
distinctly large coupling constant, which is caused by the P-H
bond in the SPO form, is strong evidence for the formation of
the phosphinous acid (PA) form and that the compound acts as
a phosphine ligand in the palladium complex. The generation
of the cis (or trans) form of bis(phosphine) ligands coordinated
to the palladium complex, 4f cis (or 4f_trans), was expected
as the initial and major product by employing PdX, (X = Cl, Br)
as the palladium sources.'! In addition, the formation of 5f is
presumed when using Pd(OAc), as the palladium source. To our
delight, the crystal structure of 6f was able to be determined
by X-ray diffraction methods (Figure 4). As shown in Figure 4,
the SPO 3f indeed behaves as a bidentate ligand through both
the P(phosphine) and N(imidazole) coordinating sites. Similar
results were also observed for the reactions of 3g and 3h with
PdCl, [or PA(COD)CI,]. The major structural features of 6g and
6h are analogous to that of 6f. Indeed, 3g and 3h also behave
as bidentate ligands (Figure 4).

Moreover, two fascinating isomeric forms of palladium com-
plexes, 7fa and 7fb, were also obtained from crystal-growing
processes. The crystal structures of 7fa and 7fb revealed that
3f indeed acts as a PN bidentate ligand through both the
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Scheme 4. Reactions of 3f with Pd(COD)Cl, and Pd(OAc),. The compounds highlighted by boxes were characterized by single-crystal X-ray diffraction methods,
whereas those in brackets are presumably reaction intermediates or metastable compounds, which could not be characterized.
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P(phosphine) and N(imidazole) sites, like those shown in com-
plex 6f, yet in a much more complicated manner. The structure
of 7fa shows that there is another fragmented phosphinous
ligand, P(OH)(tBu)(NHPh), from 3f that coordinates to palladium
as well (Figure 5). Notably, there is intramolecular hydrogen
bonding between these two oxygen atoms. The palladium
atom resides in a square-planar environment. The process for
the generation of 7fa (or 7fb) is remarkable and worthy of fur-
ther examination. Presumably, a bis-3f-coordinated palladium
dichloride complex 4f _cis (or 4f trans) was initially formed,
then one of the coordinated ligands of 4f cis (or 4f_trans) was
fragmented into 2-[chloro(3-methoxyphenyl)methyl]-1-methyl-
1H-imidazole plus one phosphine ligand, 1-tert-butyl-1-
hydroxy-N-phenylphosphanamine, by attack on the N-C bond
of the coordinated 3f by the released proton and chloride. Here,
the released proton presumably was released during the forma-
tion of intramolecular hydrogen bonding between the two PA-
type ligands in 7fa. It is quite unusual that the strong N-C bond
of 3f is broken rather than the presumably weak P-N bond. The
rather similar structure of 7fb compared to that of 7fa was
resolved by single-crystal X-ray diffraction methods (Figure 5).
The only difference lies in the conformation of the monoden-
tate ligand P(OH)(tBu)(NHPh). Unfortunately, the quantities of
7fa and 7fb were not sufficient to execute other spectroscopic
methods than the above-mentioned single-crystal X-ray diffrac-
tion methods.

Figure 5. ORTEP drawings of 7fa (top) and 7fb (bottom).

Another quite unique palladium complex, 8f, was also ob-
Figure 4. ORTEP drawings of 6f (top), 6g (middle), and 6h (bottom). tained from crystal-growing processes. The crystal structure of
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Figure 6. ORTEP drawing of 8f.

8f (Figure 6) reveals that it is a Pd dimer, albeit without a direct
Pd-Pd bond. Rather, the two Pd atoms are bridged by two de-
protonated P(tBu)(OH)(O)~ ligands. The tert-butylphosphonous
acid, P(tBu)(OH),, is believed to derive from the cleavage of the
P-N bond of 3f during hydrolysis, which is different from the
previous case, that is, the formation of 7f, where the N-C bond
of 3f was broken. The core structure of the compound is a six-
membered ring, which is more like a boat form than a chair
form.['®1 The two chloride atoms are absent from the starting
palladium source, PdCl,. Still, each palladium atom remains in
its initial valence state, +2. Two sets of intramolecular hydrogen
bonding can be clearly seen. The surrounding environment of
Pd(1) is of square-planar geometry. This is also true for Pd(2).
Indeed, the structure of 8f presents a quite unique feature of
its own; two sets of peaks in the 3'P NMR spectra corresponding
to four phosphorus atoms are observed in a ratio of 1:1.

Application of Selected Complexes in the Preparation of
Carbazoles

Catellani et al. reported a fascinating process for the synthesis
of bioactive carbazole derivatives in a one-pot manner. The
process utilizes palladium-catalyzed sequential C-C and C-N
formations from ortho-substituted iodoarenes and N-acetylated
ortho-bromoanilines in the presence of norbornenel' Later,
they claimed that the addition of triphenylphosphine (PPhs)
was beneficial for this reaction to achieve significant conversion
when using acetamide as one of the reactants. By using the
selected SPOs 3 as pre-ligands, results of the optimized reaction
conditions for palladium-catalyzed Suzuki-Miyaura reactions
are reported along with results for Heck reactions (in the Sup-
porting Information).

We wondered whether these newly prepared SPOs could be
utilized as effective ligands for this catalytic system. Thereby,
some of the ligands, 3b and 3h, along with two well-known
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phosphine ligands, triphenylphosphine and 1,2-bis(diphenyl-
phosphino)ethane (dppe), were selected to combine with
Pd(OAc), as catalyst precursors as well as the pre-formed palla-
dium complex 6h, for this catalytic process. As already revealed
in the crystal structure of 6h, 3h could act as a P"N bidentate
ligand through both the P(phosphine) and N(imidazole) sites in
the coordination of the palladium atom. Therefore, the ratio of
Pd/ligand is preset at ca. 1:1 for this type of ligands. By contrast,
triphenylphosphine and 3b are monodentate ligands, and the
Pd/ligand ratio is designated as 1:2. The reaction conditions are
as follows: 2-iodotoluene (0.2 mmol), N-(2-bromophenyl)aceta-
mide (0.4 mmol), base (0.8 mmol), norbornene (0.42 mmol),
palladium salt (10 mol-%), ligand (11-22 mol-%), dimethylacet-
amide (DMA; 2 mL), which were allowed to react at 135 °C for
a preset reaction time of 20 h. As shown in Entry 1 (Table 1), a
modest conversion was obtained, even in the absence of any
phosphine ligand, which is in contradiction to Catellani's previ-
ous observation."! In general, the efficiency of the reaction

Table 1. Catellani reaction for the formation of 1-methyl-9H-carbazole by em-
ploying various ligands.[?

Entry Ligand Yield [%)]
10 11 12
1 - 39.6 (26.4, 25.99) 20.1 21.6
2l 3b 46.4 (36.4) 14.7 335
3lel 3h 50.9 (41.1)# 9.0tf! 21.2tf1
54.6 (38.6) 16.9 25.1
4 6h 50.5 (37.3) 13.9 33.6
5ldl PPh; 33.6 (23.5) 14.0 26.9
6l dppe 46.6 (35.9) 15.2 36.3
7l PPh; 67 - -

[a] Conditions: 2-iodotoluene (0.2 mmol), N-(2-bromophenyl)acetamide
(0.4 mmol), norbornene (0.42 mmol), K,CO3 (0.8 mmol), Pd(OAc), (10 mol-%),
DMA (2 mL), 135 °C, 20 h. [b] Conversion rate was determined by 'H NMR
spectroscopy. Isolated yields are shown in parentheses. [c] DMF was used. [d]
Pd/L = 1:2. [e] Pd/L = 1:1. [f] Reaction for 1 h. [g] 2-lodotoluene (1.1 equiv.),
N-(2-bromophenyl)acetamide (1.0 equiv.), norbornene (0.25 equiv.), Pd(OAc),
(5 mol-%), PPh; (10 mol-%), K,CO3 (2.2 equiv.) in DMF at 105 °C, 48 h.
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Scheme 5. Palladium-catalyzed sequential C-C and C-N formations by Catellani-type reactions.

using bidenate ligands seems to be better than those utilizing
monodentate ones (Entries 2, 4, 6 vs. 5). There is not much
difference when using the pre-formed catalyst precursor
against the in situ method (Entry 2 vs. 4). Overall, the applica-
tion of these newly prepared SPOs in this catalytic system are
slightly better than those without them. Note that a much
shorter reaction time was needed than that in Catellani's reac-
tion. As shown, the reaction is almost complete within 1 h (En-
try 3). No further improvement in yield for the targeted com-
pound could be observed, although there was some alteration
in the yields of some side products, 11 and 12 (Scheme 5).

A mechanism is proposed to explain the experimental results
for the formation of the three products observed (Supporting
Information). The routes for the production of 10 and 11 are
proposed in accord with Catellani's work. The observation of 12
is of significant interest to us as there is only the initial acetam-
ide but no iodobenzene fragment incorporated in the structure.
There are two catalytic cycles (cycles 1 and 2) as can be seen
in section S3 in the Supporting Information that might compete
for the consumption of acetamide. Thereby, the reaction was
purposely designed by initially setting the ratio of 2-iodotolu-
ene/N-(2-bromophenyl)acetamide equal to 1:1 or 2:1. In the
former case, only the formation of carbazole 10 was observed.
There was no trace amount of 12 detected. By contrast, both
carbazoles 10 and 12 were found in the latter case. Thereby, it
is safe to say that the rate for the formation of carbazole 10 is
much faster than the generation of 12. It is only after the com-
plete consumption of iodobenzene in the major catalytic cycle
that the reaction of N-(2-bromophenyl)acetamide started to re-
act with Pd® and led to the production of 12.

Optimization of Palladium-Catalyzed Suzuki-Miyaura
Reactions of Phenylboronic Acid and Various Bromides by
Using 3a, 3b and 3c as Ligands

As demonstrated repeatedly, the catalytic performance is al-
ways better for an active catalyst precursor, ligand-coordinated
palladium complex, with a ratio of 1:2 for monodentate ligand/
palladium salt. Initially, the catalytic performances of various
combinations of palladium sources and ligands were investi-
gated. The results for the Suzuki-Miyaura coupling reactions
using 4-bromoanisole as the substrate are summarized in
Table 2. As shown, 3b stands out as the best ligand among all
three SPOs with the combination of Pd(OAc),/ligand = 1:2 (En-
try 2). It is reasonable to assume that the large steric hindrance
of the tBu group in 3b assists the rate of reductive elimination,

Eur. J. Inorg. Chem. 0000, 0-0 www.eurjic.org

thus speeding up the overall rate of the catalytic cycle. The fact
that poor performance was observed in the absence of any
ligand indicates that these amino secondary phosphine oxides
are indeed beneficial to the catalytic performance (Entry 4). Li-
gand 3c was assumed to have the potential to act as a biden-
tate ligand through the phosphine and pyridyl coordinating
sites. Nevertheless, even worse performance was observed
when using the combination of Pd(OAc), and 3c in a 1:1 ratio
as the catalytic precursor (Entry 3). Therefore, it is more likely
that 3c behaves as a monodentate ligand in this case.

Table 2. Suzuki-Miyaura coupling reactions of 4-bromoanisole and phenyl-
boronic acid, employing ligands 3a-3c.”?!

Entry Ligand NMR conv. [%]
1 3a 38
2 3b > 99
3 k14 52 (41)P
4 - 25

[a] Conditions: 4-bromoanisole (1.0 mmol), phenylboronic acid (1.5 mmol),
KOH (5 mmol), Pd(OAc), (1.0 mol-%), ligand (2.0 mol-%), THF (1 mL), 60 °C,
2 h. [b] [Pd]/3 = 1:1.

In addition, the ratio of Pd(OAc),/3b was changed from 1:1
to 1:3 intentionally. Not much difference was observed
(Table 3). Therefore, the ratio of Pd(OAc),/3b was set at 1:2
thereafter.

Table 3. Suzuki-Miyaura coupling reactions of 4-bromoanisole and phenyl-
boronic acid, employing various Pd/L ratios.!!

Entry Pd/L NMR conv. [%]
1 1:1 > 99
2 1:2 > 99
3 1:3 > 99

[a] Conditions: 4-bromoanisole (0.5 mmol), phenylboronic acid (0.75 mmol),
KOH (2.5 mmol), Pd(OAc), (1 mol-%), 3b (1-3 mol-%), THF (1 mL), 60 °C, 1 h.

As is generally accepted, the starting active catalytic precur-
sor in the Suzuki—Miyaura cross-coupling catalytic cycle is a ze-
rovalent palladium species. Nevertheless, the most commonly
used palladium sources are Pd" owing to their resistance to air
in long-term storage. Pd(OAc), is prone to be reduced more
readily to zerovalent Pd in the presence of electron-rich phos-
phines than halogenated palladium salts, PdX,. In addition, its
availability, relatively cheap cost, ease of handling, and most of
all, its efficiency in cross-coupling reactions makes Pd(OAc), a
favorite choice among the various palladium sources. Here, the
screening of various available palladium sources was pursued.
Interestingly, Pd(OAc), as well as all halogenated palladium
compounds had excellent performances with short reaction

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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times of 1.0 h (Table°4, Entries 1-4). Unexpectedly, relatively
poor performance was observed for the zerovalent palladium
source, Pd,(dba); (Entry 5; dba = dibenzylideneacetone). As
shown, at least a minimum of 30 min was required for the re-
duction of the divalent palladium salt to the zerovalent active
species. Once the active species is formed, the completion of
the reaction can be carried out within 30 min.

Table 4. Suzuki-Miyaura coupling reactions of 4-bromoanisole and phenyl-

Eur|IC

European Journal
of Inorgariic Chemistry

Full Paper

the optimized reaction solvent as its performance is excellent
and it does not undergo self-coupling, such as in the case of
DMF. After screening these influential factors, it was found that
the optimal reaction conditions are as follows: using 3b/
Pd(OAc), as the catalyst precursor combined with a KOH/THF
system, which are allowed to react at 60 °C for 1 h.

Table 6. Suzuki-Miyaura coupling reactions of 4-bromoanisole and phenyl-
boronic acid, employing various solvents.?!

boronic acid, employing various palladium sources.®! Entry Solvent NMR conv. [%)]
Entry Pd source NMR conv. [%] 1 THF > 99
0.5 h 1.0h 20 h 2 DMF > 99

1 Pd(OAC), 0 > 99 > 99 i d"l’xa”e 2(2)
2 Pd(COD)Cl, 0 > 99 > 99 . tghﬁ['f ,
3 [Pd(allyDCl], 0 > 99 > 99 6 h 0
4 PdBr, 0 > 99 > 99 exane
5 Pd,(dba); 0 84 > 99 [a] Performed under the same reaction conditions as given in the footnote

[a] Conditions: 4-bromoanisole (1.0 mmol), phenylboronic acid (1.5 mmol),
KOH (5 mmol), palladium salt (1.0 mol-%), 3b (2.0 mol-%), THF (1 mL), 60 °C.

The participation of base in Suzuki-Miyaura coupling reac-
tion is essential for the success of the catalysis. It is also one of
the most unpredictable factors. Although the role played by
base has been examined theoretically by computational means,
careful laboratory examination is unavoidable. Thereby, the im-
pact of employing various bases in the reaction was investi-
gated. As shown in Table 5, KOH (or K3PO,) in THF is the most
effective among all the bases screened (Entries 1 and 2). Moder-
ate performance was observed when using NaOtBu as base (En-
try 3), whereas, the other bases, including K,COs, KOtBu, and
NaOH, performed poorly (Entries 4-6). Unexpectedly, one of the
commonly used bases, Cs,CO3, had no effect on the catalytic
performance (Entry 7). As shown in Entry 8, no conversion was
observed without the presence of base. KOH is chosen as the
base thereafter as its performance is even better than that of
KsPO, at a lower reaction temperature.

Table 5. Suzuki-Miyaura coupling reactions of 4-bromoanisole and phenyl-
boronic acid, employing various bases.™

Entry Base NMR conv. [%]
1 KOH > 99
2 K5PO, > 99
3 NaOtBu 48
4 K>COs 16
5 KOtBu 12
6 NaOH 6
7 Cs,CO5 0
8 - 0

[a] Conditions: 4-bromoanisole (0.5 mmol), phenylboronic acid (0.75 mmol),
base (2.5 mmol), Pd(OAc), (1 mol-%), 3b (2 mol-%), THF (1 mL), 60 °C, 1 h.

For most of cross-coupling reactions, the generation of ionic
intermediate(s) is proposed during the catalytic cycle. Thereby,
polar solvents are always a favorite choice as the solubility of
these species will greatly affect the catalytic performance. As
shown in Table 6, the combination of KOH with either THF, 1,4-
dioxane, or DMF leads to excellent results in 1.0 h (Entries 1-3).
Toluene and DMSO performed poorly (Entries 4 and 5). Even
worse performance was observed when using the nonpolar sol-
vent hexane (Entry 6). From these results, THF was chosen as
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of Table 5 except for the solvent employed.

Conclusions

Several new air- and moisture-stable amino secondary phos-
phine oxide pre-ligands (SPOs, 3a-3h) containing P-N bonds
were prepared and applied in palladium-catalyzed Catellani re-
actions. Eight crystal structures, including those of the two SPOs
3d and 3h as well as of the three PA-chelated Pd" complexes 6f,
69, and 6h were reported. Interestingly, two isomeric palladium
complexes, 7fa and 7fb, with fascinate structures were ob-
tained from the reaction of 3f with Pd(COD)Cl,. Complexes 7fa
and 7fb are isomers, and the palladium atom in each isomer is
coordinated by a newly formed PA ligand of P(OH)(tBu)(NHPh)
through C-N bond dissociation of 3f. As to the crystal structure
of 8f, the two bridging ligands, P(tBu)(OH)(O), could be frag-
ments resulting from C-N and P-N bond dissociations of 3f.
The Catellani-type reactions for the productions of carbazoles
also yielded valuable organic compounds through unexpected
routes. By using 4-bromoanisole as the substrate, the selected
SPO ligands were employed to find the optimized conditions
for palladium-catalyzed Suzuki and Heck reactions (see the Sup-
porting Information).

Experimental Section

General: All reactions were carried out under nitrogen by using
standard Schlenk techniques or in a nitrogen-flushed glovebox.
Freshly distilled solvents were used. All processes for separations of
the products were performed by Centrifugal Thin Layer Chromatog-
raphy (CTLC, Chromatotron, Harrison model 8924) or column chro-
matography. GC-MS analysis was performed with an Agilent 5890
gas chromatograph (Restek Rtx-5MS fused silica capillary column:
30 m, 0.25 mm, 0.5 um) with an Agilent® 5972 mass-selective de-
tector. Routine "H NMR spectra were recorded with a Varian-400
spectrometer at 399.756 MHz. The chemical shifts are reported in
ppm relative to the internal standard TMS (6 = 0.0 ppm). 3'P and
3C NMR spectra were recorded at 161.835 and 100.529 MHz, re-
spectively. The chemical shifts for the former and the latter are
reported in ppm relative to the internal standards HsPO, (0 =
0.0 ppm) and CHCl; (6 = 77 ppm), respectively. Mass spectra were
recorded with a JOEL JMS-SX/SX 102A GC/MS/MS spectrometer.
Electrospray-ionization high-resolution mass spectra (ESI-HRMS)
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were recorded with a Finnigan/Thermo Quest Mat 95 XL mass spec-
trometer. The deviations of the experimental values from the theo-
retical predictions in the elemental analysis for compounds were
presumably caused by encapsulated solvents, CH,Cl,, THF, H,O0.
Therefore, HRMS of these compounds have been provided to vali-
date the identities of them (see Figure°S5).

Synthesis and Characterization of 3a-3h: Benzaldehyde (10.2 mL,
100 mmol) (or picolinaldehyde, 9.5 mL, 100 mmol), aniline (9.1 mL,
100 mmol), and H,0 (25 mL) were added into a 250 mL round-
bottomed flask. The solution was then stirred at 25 °C for 3 h. The
resulting organic layer was extracted with ethyl acetate and saline
solution. Then, it was dried with anhydrous MgSO,. A dark-yellow
solid 1a (17.2 g, 95.0 mmol, 95 %) or 1e (17.3 g, 95.0 mmol, 95 %)
was obtained after the solvent had been removed under vacuum.
Without further purification, 1a (1.08 g, 6.0 mmol) or 1e (1.08 g,
6.0 mmol) was placed into a 250 mL round-bottomed flask with a
side arm and magnetic stirrer. The air in the flask was removed and
replaced by nitrogen. THF (15 mL) was added and the solution was
cooled to -78 °C. Then, tBuLi (3.6 mL, 7.2 mmol) was added slowly
to the solution along the flask wall. The mixed solution was then
stirred for 1 h before it was warmed up to 25 °C. Meanwhile, PhPCl,
(0.36 mL, 3.0 mmol) or tBuPCl, (0.48 g, 3.0 mmol) dissolved in THF
(2 mL) was prepared for addition to the flask. The solution was
cooled to -78 °C again before PhPCl, or tBuPCl, in THF was slowly
added. After stirring for an additional 1 h, presumably compound
2a (or 2e) was formed. Without further purification, 3 N HCI was
added to the solution at 0 °C, which was stirred for another 1 h.
The organic layer was extracted twice with ethyl acetate. Then, it
was dried with anhydrous MgSO,. A dark-yellow solid 3a (0.16 g,
0.45 mmol, 15 %) was obtained by column chromatography. The
yields of 3b and 3c were 25 % (0.26 g, 0.75 mmol) and 33 % (0.36 g,
0.99 mmol), respectively. A similar procedure was carried out for the
preparation of 3e except for starting with 3-methoxybenzaldehyde
rather than benzaldehyde. The yield of 3e was 21% (0.24 g,
0.63 mmol). As for the preparation of 3f, the nucleophile was the
deprotonated 1-methyl-1H-imidazole (by nBulLi), and the yield of 3f
was 17 % (0.20 g, 0.51 mmol). For the preparation of 3d, the nucleo-
phile was the deprotonated 2-bromopyridine, and the yield was
only 3 % (0.035 g, 0.09 mmol). Similar procedures might be carried
out for the syntheses of 3g and 3h except for using deprotonated
imidazole and thiazole as nucleophiles. The yields of 3g and 3h
were 11 % (0.116 g, 0.316 mmol) and 18 % (0.660 g, 1.78 mmol),
respectively.

Spectroscopic Data for 3a: '"H NMR (CDCls): 8 = 7.91 (d, Jpy =
474 Hz, 1 H), 7.66-7.61 (m, 1 H), 7.46-7.43 (m, 2 H), 7.34-7.24 (m,
10 H), 6.53-6.51 (dd, J = 6.4, 2.0 Hz, 2 H), 4.07 (d, Jpy = 6.80 Hz, 1
H, P-H), 0.93 (s, 9 H) ppm. "3C NMR (CDCl,): 6 = 150.9, 139.9, 132.1,
132.0, 130.8, 130.7, 128.7, 128.6, 128.3, 1279, 1129 (d, Jpc =
1133 Hz, 1 C, Ph), 112.8 (17 C, Ph), 66.7 (1 C), 34.8 (1 C, tBu), 26.9
(3 C, tBu) ppm. 3P NMR (CDCl3): & = 22.4 (d, Jpyy = 474 Hz) ppm.
HRMS (El) calcd. for C55H,6NOP [M*]: 363.1752; found: 363.1750.
Elemental analysis calcd. (%) for C,5H,NOP (363.44): C 76.01, H
7.21, N 3.85; found: C 75.66, H 6.64, N 3.55.

Spectroscopic Data for 3b: '"H NMR (CDCl5): 0 = 7.33-7.23 (m, 8
H), 6.83 (d, Jpy = 447 Hz, 1 H, P-H), 6.54-6.52 (dd, J = 6.4, 2.4 Hz, 2
H), 4.08 (s, 1 H), 1.18 (d, Jpy = 17.99 Hz, 9 H), 0.96 (s, 9 H) ppm. 13C
NMR (CDCl5): 6 = 150.9, 140.1, 132.2, 128.3,127.8, 127.1, 114.0 115.0
(12 C, Ph), 112.6, 66.7 (1 C), 34.8 (1 C, tBu), 32.1 (d, Jopc =714 Hz, 1
C, tBu), 26.9 (3 C, tBu), 23.4 (3 C, tBu) ppm. 3'P NMR (CDCl5): 6 =
48.4 (d, Jpyy = 447 Hz) ppm. HRMS (El): calcd. for C;;H3oNOP [M*]
343.2065; found 343.2060. C,,H3oNOP (343.45): calcd.C 73.44, H
8.80, N 4.08; found C 72.70, H 8.55, N 3.68.
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Spectroscopic Data for 3c: 'H NMR (CDCl3): 6 = 7.96 (d, Jpy =
476 Hz, 1 H, P-H), 7.68-7.27 (m, 9 H), 7.21-7.13 (m, 2 H), 6.65 (dd,
J=64,24Hz, 3 H),4.12 (d, Jpy = 142 Hz, 1 H), 0.99 (s, 9 H) ppm.
3C NMR (CDCl5): 6 = 159.7, 151.6, 148.5, 135.7, 132.7, 131.7, 130.6,
128.6, 123.1, 122.0, 116.8 (d, Jo)c = 110.0 Hz, 1 C, Ph), 113.0 (16 C, 2
Ph, py), 66.6 (1 C), 35.6 (1 C, tBu), 26.8 (3 C, tBu) ppm. 3'P NMR
(CDCls): 0 = 224 (d, Jpy = 476 Hz) ppm. HRMS (El): calcd. for
CyoHysN,OP [M*] 364.1705; found 364.1705. CyoHysN,OP (364.43):
calcd. C 72.51, H 6.91, N 7.69; found C 69.06, H 6.90, N 6.82.

Spectroscopic Data for 3d: "H NMR (CDCl5): 6 = 8.51 (d, J = 4.0 Hz,
1H, Ar), 790 (d, J=80Hz 1H, Ar), 766 (td, J = 7.7, 20 Hz, 1 H,
Ar), 7.45 (d, J = 8.0 Hz, 2 H, Ar), 7.25-7.10 (m, 5 H, Ar), 6.92 (d, J =
8.0 Hz, 1 H, Ar), 6.88 (s, T H, Ar), 6.87 (d, Jpy = 512 Hz, 1 H, P-H),
6.81 (dd, J=8.0, 24 Hz, 1 H, Ar), 6.23 (d, J = 12.4 Hz, 1 H, benzylic),
3.74 (s, 3 H, OCH,), 0.87 (d, Jpyy = 17.6 Hz, 9 H, tBu) ppm. *C NMR
(CDCls): 6 = 159.7, 159.5, 149.2, 142.3, 140.2, 136.6, 129.7, 129.68,
129.6, 128.9, 126.4, 123.5, 122.5, 122.2, 115.9, 113.6 (17 C, 2 Ph, py),
73.3 (1 C, benzylic), 49.5 (s, OMe), 33.7 (d, Jpc = 88.0 Hz, 1 C, tBu),
24.6 (3 C, tBu) ppm. 3'P NMR (CDCl,): 6 = 38.8 (d, Jpyy = 512 Hz) ppm.
HRMS (El): calcd. for CpsHyyN,0,P [M*] 394.1810; found 394.1819.
Cy3H47N,0,P (394.45): caled. C 70.03, H 6.90, N 7.10; found C 69.50,
H 6.70, N 6.66.

Spectroscopic Data for 3e: '"H NMR (CDCl5): 6 = 7.34-7.28 (m, 2 H,
Ar), 7.20 (t, /= 4.8 Hz, 1 H, Ar), 6.86 (d, J = 7.6 Hz, 1 H, Ar), 6.83 (dd,
Jpn = 447 Hz, 1 H, P-H), 6.81 (s, 1 H, Ar), 6.77 (dd, J = 5.4, 3.2 Hz, 1
H, Ar), 6.53 (d, J = 5.4 Hz, 2 H, Ar), 461 (d, J = 6.4 Hz, 1 H, Ar), 4.04
(d, J = 6.0 Hz, 1 H, benzylic), 3.77 (s, 3 H, OMe), 1.08 (d, Jp; = 16.8 Hz,
9 H, tBu), 1.00 (s, 9 H, tBu) ppm. *C NMR (CDCl5): 6 = 159.2, 150.9,
141.9, 132.2, 128.8, 121.0, 114.6, 112.7, 111.7 (12 C, 2 Ph), 66.7 (1 C,
benzylic), 55.1 (1 C, OMe), 34.9 (1 C, tBu), 32.1 (d, Jpc = 69.9 Hz, 1
C, tBu), 27.0 (3 C, tBu), 23.5 (3 C, tBu) ppm. 3'P NMR (CDCl5): 6 =
48.9 (d, Jpy = 447 Hz) ppm. HRMS (El): calcd. for Cy,H3,NO,P [M*]
373.2171; found 373.2178. C,,H3,NO,P (373.47): calcd. C 70.75, H
8.64, N 3.75; found C 68.8, H 8.70, N 3.09.

Spectroscopic Data for 3f: '"H NMR (CDCl3): 6 = 7.50 (d, J = 7.6 Hz,
2 H, Ar), 713 (m, 2 H, Ar), 7.05 (m, 3 H, Ar), 6.85 (s, 1 H, Ar), 6.79 (s,
1H, Ar), 6.78 (s, 1 H, Ar), 6.77 (d, Jpyy = 502 Hz, 1 H, P-H), 6.67 (dd,
J=56,48Hz, 1 H, Ar), 6.45 (d, J = 9.2 Hz, 1 H, benzylic), 3.66 (s, 3
H, OMe), 3.45 (s, 3 H, NMe), 0.94 (d, Jp; = 18.0 Hz, 9 H, tBu) ppm.
13C NMR (CDCl5): 6 = 159.3, 146.3, 141.0, 138.1, 131.3, 129.0, 128.5,
127.2,126.5, 121.8, 121.1, 114.7, 113.8 (15 C, 2 Ph, imidazole), 57.1
(1 C, benzylic), 55.1 (1 C, -OMe), 34.4 (d, Joc = 85.9 Hz, 1 C, tBu),
329 (1 C, NMe), 23.6 (3 C, tBu) ppm. 3'P NMR (CDCl3): & = 49.3 (d,
Jpp =502 Hz) ppm. HRMS (El): calcd. for C;,H,8N50,P [M*] 397.1910;
found 397.1925. Cy,HogNs0,P (397.46): calcd. C 66.48, H 7.10, N
10.57; found C 67.13, H 7.35, N 10.59.

Spectroscopic Data for 3g: '"H NMR (CDCl5): 6 = 7.47 (d, J = 8.0 Hz,
2 H), 7.26-7.25 (m, 2 H), 7.19-7.11 (m, 5 H), 7.08-7.05 (m, 2 H), 6.82
(s, T H), 6.79 (d, Jpy = 500.1 Hz, 1 H, P-H), 6.51 (d, J = 9.2 Hz, T H,
benzylic), 3.48 (s, 3 H, NCH3), 0.95 (d, J = 17.6 Hz, 9 H, tBu) ppm.
3C NMR (CDCl5): 6 = 146.3 (d, J = 3.1 Hz), 140.8 (d, J = 2.7 Hz),
136.4 (d, J = 1.9 Hz), 131.3 (d, J = 4.6 Hz), 129.5, 128.4, 128.0, 127.6,
127.1, 1264, 121.1, 56.6 (d, J = 4.5 Hz, benzylic), 344 [d, Joc =
85.4 Hz, C(CH5);], 32.8 (1 C, NCH5), 23.5 (d, J = 1.6 Hz, CH5) ppm.
3P NMR (CDCl3): 6 = 49.5 (d, Jpyy = 511.3 Hz) ppm. HRMS (El): calcd.
for Co1H,6NsOP [M*] 367.1813; found 367.1806. IR (ATR): ¥ = 2330
(br., P-H), 1489 (P=0) cm™". C,;H,sN;OP (367.43): calcd. C 68.65, H
7.13, N 11.44; found C 66.66, H 6.45, N 9.69.

Spectroscopic Data for 3h: "H NMR (CDCl5): 6 = 7.85 (d, J = 3.2 Hz,
1H),736(t J=16Hz 1H),733-7.31 (m, 2 H), 7.25-7.23 (m, 5 H),
7.19-7.17 (m, 3 H), 6.74 (d, Jpyy = 502.9 Hz, 1 H, P-H), 6.62 (d, J =
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10.0 Hz, 1 H, benzylic), 1.05 (d, J = 17.6 Hz, 9 H, tBu) ppm. 3C NMR
(CDCl3): 6 = 170.0, 141.9, 140.4, 137.1, 130.6, 129.1, 128.2, 127.6,
1275, 126.4, 119.6, 63.5 (1 C, benzylic), 33.8 [d, Jpc = 86.6 Hz,
C(CH5)3], 23.3 (1 C, CH3) ppm. 3'P NMR (CDCly): 6 = 47.8 (d, Jpy =
496.2 Hz) ppm. HRMS (El): calcd. for CyoH,3N,OPS [M*] 370.1269;
found 370.1264. IR (ATR): ¥ = 2366 (br, P-H), 1491 (P=0) cm™.
C,oH53N5OPS (370.45): calcd. C 64.84, H 6.26, N 7.56; found C 64.36,
H 5.93, N 7.23.

Reactions of 3 with Palladium Salts: Under nitrogen, a 20 mL
Schlenk tube with magnetic stirrer was charged with THF (2.0 mL),
Pd(COD)CI, (0.029 g, 0.10 mmol), and 2 mol-equiv. of 3f (0.079 g,
0.20 mmol). The solution was stirred at 60 °C for 16 h before it
was cooled to room temperature. Subsequently, the solvent was
completely removed under reduced pressure. Then, the residue was
dissolved in CH,Cl, (1.0 mL) and purified by column chromatogra-
phy. The target compound 6f was obtained in 92.2 % yield (0.053 g,
0.092 mmol). Crystals of 6f with suitable size for X-ray diffraction
were obtained after placing purified 6f under a two-layered solu-
tion (diethyl ether/CH,Cl,) at 4 °C for a few days. The identity of 6f
was determined by spectroscopic means as well as by X-ray diffrac-
tion methods. Similar procedures for the preparation of 6g and 6h
were carried out. The yields of 6g (pale-yellow solid) and 6h (bright-
yellow solid) were 62 % (0.0336 g, 0.0620 mmol) and 95 % (0.0520 g,
0.0950 mmol), respectively. Crystals of 7fa and 7fb were picked out
from the results of the crystal-growing process. Since there were
no sufficient amounts of compounds 7fa and 7fb left for further
examination, the spectroscopic analyses of these two compounds
are not available. A similar procedure was carried out for the reac-
tion of 3f (0.079 g, 0.20 mmol) with Pd(COD)Cl, (0.029 g, 0.10 mmol)
in 1,4-dioxane at 100 °C for 6 h. The resulting product 8f was further
purified by column chromatography, initially using a mixed solvent
(hexanes/ethyl acetate, 1:1) and later pure ethyl acetate. The yield
of 8f was 36.8 % (0.046 g, 0.037 mmol). Suitable crystals for X-ray
crystallographic studies were obtained from a two-layered solution
(diethyl ether/CH,Cl,).

Spectroscopic Data for 6f: '"H NMR (CDCl5): 0 = 7.66 (d, J = 2.0 Hz,
1H,Ar), 762 (t, J =24 Hz, 1 H, Ar), 7.42-7.39 (m, 2 H, Ar), 7.35-
731 (m,3 H, Ar), 723 (t, J=8.0Hz 1 H, Ar), 7.02 (d, J = 1.6 Hz, 1
H, Ar), 6.89 (dd, J = 7.6, 2.0 Hz, 1 H, Ar), 6.78 (dd, J = 8.4, 0.8 Hz, 1
H, Ar), 5.86 (d, J = 24.0 Hz, 1 H, benzylic), 3.89 (s, 3 H, OMe), 3.81
(s, 3 H, NCH5), 091 (d, 3Jpyy = 18.8 Hz, 9 H, tBu) ppm. '*C NMR
(CDCl3): 6 = 160.4 (s), 145.7 (s), 144.3 (s), 138.2 (s), 130.1 (s), 130.0
(s), 128.8 (s), 127.9 (s), 121.6 (s), 119.6 (s), 116.1 (s), 111.8 (s), 67.1
(d, Zpc = 9.95 Hz, 1 C, benzylic), 56.1 (s, 1 C, OMe), 40.6 (d, Jpc =
52.7 Hz, 1 C, tBu), 344 (s, 1 C, NCH3), 26.0 (d, 2Jpc = 5.03 Hz, 3 C,
tBu) ppm. 3'P NMR (CDCl5): 6 = 112.9 ppm. HRMS (ESI"): calcd. for
C5,H,gCI,N30,PPd [M - H*] 573.0331; found 572.0265.

Spectroscopic Data for 6g: '"H NMR (CDCl5): 6 = 7.73 (d, J = 1.6 Hz,
1 H), 7.50-7.48 (m, 2 H), 7.45-7.39 (m, 4 H), 7.38-7.32 (m, 4 H), 7.00
(d, J =1.6 Hz, 1 H), 594 (d, J = 24.0 Hz, 1 H, benzylic), 3.82 (s, 3 H,
NCHs), 0.91 (d, Jp = 18.8 Hz, 9 H, tBu) ppm. '3C NMR spectroscopic
data for 6g are not available owing to its poor solubility in most
commonly used deuterated solvents. 3P NMR (CDCly): 6 =
1124 ppm. HRMS (ESI): calcd. for Cy;HpCI,N3OPPd [M - H*]
543.0225; found 542.0128.

Spectroscopic Data for 6h: "H NMR (CDCl5): 0 = 8.57 (d, J = 4.0 Hz,
1H),761(d, J=36Hz 1H),749-740 (m,9 H), 734 (t, J = 7.2 Hz,
1 H), 6.27 (d, J = 24.8 Hz, 1 H, benzylic), 0.84 (d, Jopy = 18.8 Hz, 9 H,
tBu) ppm. 3C NMR (CDCls): 6 = 169.3 (d, J = 4.5 Hz), 146.1, 145.1
(d, J = 6.3 Hz), 137.9 (d, J = 2.8 Hz), 130.2, 129.2 (d, J = 4.5 Hz),
127.7, 127.6, 127.2, 71.5 (d, J = 12.9 Hz, benzylic), 40.1 [d, J =
53.2 Hz, C(CHs)3], 25.9 (d, J = 4.6 Hz, CH3) ppm. 3'P NMR (CDCls):
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0 = 109.4 ppm. HRMS (ESI): calcd. for CyoH,3CI,N,OPPdS [M - H]
545.9681; found 544.9604.

Spectroscopic Data for 8f: '"H NMR (CDCl3): 6 = 7.80 (s, 1 H, Ar),
751 (d, J=8.0Hz 2 H, Ar), 732 (t, J = 7.6 Hz, 2 H, Ar), 7.19-7.11
(m, 2 H, Ar), 6.88 (s, 1 H, Ar), 6.86 (s, 1 H, Ar), 6.77 (d, J = 8.0 Hz, 1
H, Ar), 6.70 (s, 1 H, Ar), 6.01 (d, J = 18.8 Hz, 1 H, benzylic), 3.72 (s, 3
H, OMe), 3.68 (s, 3 H, NCH3), 0.85 (d, 3Jpy = 16.0 Hz, 9 H, tBu), 0.83
(d, 3Jpyy = 16.0 Hz, 9 H, tBu) ppm. *C NMR (CDCl5): 6 = 159.7 (s),
149.0 (s), 146.9 (s), 142.9 (s), 129.8 (s), 129.3 (s), 129.1 (s), 128.7 (s),
124.9 (s), 121.0 (s), 119.8 (s), 114.5 (s), 112.2 (s), 63.9 (d, 2Jpc = 8.9 Hz,
1 C, benzylic), 55.1 (s, 1 C, OMe), 42.4 (d, Joc = 504 Hz, 1 C, tBu),
404 (d, Joc =542 Hz, 1 C, tBu), 33.3 (s, 1 C, NCH3), 27.1 (d, 2Jpc =
53 Hz, 3 C, tBu), 25.6 (d, Zpc = 5.3 Hz, 3 C, tBu) ppm. 3'P NMR
(CDCl3): 0 = 106.1 (d, Jpp = 13.8 Hz), 121.9 (d, Jpp = 11.5 Hz) ppm.
HRMS (ESI*): calcd. for C5,H74NgOgP4Pd, [M + H*] 1246.2588; found
1247.2621. Cs,H,sNgOgP4Pd,+CaH 00 (1320.33): caled. C 50.88, H
6.40, N 6.36; found C 51.81, H 6.38, N 5.10.

General Procedure for Catellani Reactions: A nitrogen-filled
20 mL brown Schlenk tube charged with a magnetic stirrer was
filled with N-(2-bromophenyl)acetamide (0.4 mmol, 0.086 g),
Pd(OAc), (0.02 mmol, 5.0 mg), 3h (0.022 mmol, 8.14 mg), K,CO3
(0.8 mmol, 0.111 g), and norbornene (0.42 mmol, 0.040 g). This was
processed in a fume hood, and then the tube was capped with a
tight seal. The air was pumped out of the tube and replaced by
nitrogen. This process was repeated three times. Subsequently, 2-
iodotoluene (0.2 mmol, 0.0254 mL) and DMA (2.0 mL) were added
under nitrogen. The solution was then heated in an oil bath at
135 °C for 20 h. After that, it was cooled to room temperature, and
the resulting products were extracted with water and diethyl ether.
The extracted solution was filtered through a flash column and con-
centrated. Further purification was carried out by centrifugal thin
layer chromatography. Finally, the conversion rates of the particular
products were analyzed by their distinct chemical shifts using 'H
NMR spectroscopy. Similar procedures were performed when using
different ligands such as 3g, 6h, PPh;, and dppe.

General Procedure for Suzuki-Miyaura Cross-Coupling Reac-
tions: Suzuki-Miyaura cross-coupling reactions were performed ac-
cording to the following procedures. The four reactants, Pd(OAc),,
ligand, boronic acid, and base were placed in a suitable, oven-dried
Schlenk flask. It was evacuated for 0.5 h and backfilled with nitro-
gen gas before adding solvent and aryl halide through a rubber
septum. The aryl halides, being solids at room temperature, were
added prior to the evacuation/backfill cycle. The flask was sealed
with a rubber septum, and the solution was stirred at the required
temperature for the designated time. Then, the reaction mixture
was diluted with ethyl acetate (3 mL) and the cooled solution
poured into a separating funnel. The mixture was washed with
aqueous NaOH (1.0 m, 5 mL), and the aqueous layer was extracted
with ethyl acetate (2 x 5 mL). The combined organic layers were
washed with brine and dried with anhydrous magnesium sulfate.
The dried organic layer was concentrated in vacuo. The residue was
purified by column chromatography to give the desired product.

X-ray Crystallographic Studies: Suitable crystals of 2x, 3d, 3h, 6f,
69, 6h, 7fa, 7fb, and 8f were sealed in thin-walled glass capillaries
under nitrogen and mounted on a Bruker AXS SMART 1000 diffrac-
tometer. Intensity data were collected in 1350 frames with increas-
ing w (width of 0.3° per frame). The absorption correction was
based on symmetry-equivalent reflections by using the SADABS
program. The space-group determination was based on a check of
the Laue symmetry and systematic absences, and was confirmed
by using the structure solution. The structure was solved by direct

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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methods using a SHELXTL package. All non-H atoms were located
from successive Fourier maps, and hydrogen atoms were refined by
using a riding model. Anisotropic thermal parameters were used for
all non-H atoms, and fixed isotropic parameters were used for H
atoms. CCDC 956234 (for 2x), 956235 (for 3d), 1401620 (for 3h),
1401712 (for 6f), 1401621 (for 6g), 1401622 (for 6h), 956238 (for
7fa), 1401713 (for 7fb), and 958952 (for 8f) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.
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Several new secondary phosphine
oxide (SPO) type ligands, 3a-3n, were
prepared. In addition, some SPOs as
well as coordinated palladium com-
plexes of ligand 3f, that is, 7fa, 7fb,

and 8f with fascinating bonding
modes were characterized by X-ray dif-
fraction methods. Some of these li-
gands were chosen to assist in palla-
dium-catalyzed Catellani reactions.
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