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Mesocyclic thioether—aminophosphonite ligands, { —~OCioHs(xt-S)C10HsO—} PNC4HsO (2a, 4-(dinaphtho[2,1-d:1',2'-
g][1,3,6,2]dioxathiaphosphocin-4-yl)morpholine) and {—OCyoHg(u-S)C10HsO—} PNC4HsNCH; (2b, 1-(dinaphtho[2,1-
a:1',2'-g][1,3,6,2]dioxathiaphosphocin-4-yl)-4-methylpiperazine) are obtained by reacting {—OCioHg(u4-S)C1oHsO—
}PCI (1) with corresponding nucleophiles. The ligands 2a and 2b react with (PhCN),PdCl, or M(COD)Cl, (M = Pd"
or Pt") to afford P-coordinated cis-complexes, [{(~OCioHg(t-S)C10HsO—)PNCsHgX-1P} ,MCly] (33, M = Pd', X =
0; 3b, M = Pd", X = NMe; 4a, M = Pt, X = O; 4b, M = Pt", X = NMe). Compounds 2a and 2h, upon treatment
with [Pd(173-C3Hs)Cl] in the presence of AgOTf, produce the P,S-chelated cationic complexes, [{ (~OCioHes(u-S)-
C10HO—)PNC4HgX-xP,i S} Pd(17°-C3Hs)](CFsSOs) (5a, X = O and 5b, X = NMe). Treatment of 2a and 2b with
(PhCN),PdCl, in the presence of trace amount of H,O affords P,S-chelated anionic complexes, [{ (~OCioHe(u-S)-
C10Hs0—)P(0)-« P,k S} PACl,](H,NC4HgX) (6a, X = O and 6b, X = NMe), via P-N bond cleavage. The crystal
structures of compounds 1, 2a, 2b, 4a, and 6a are reported. Compound 6a is a rare example of crystallographically
characterized anionic transition metal complex containing a thioether—phosphonate ligand. Most of these palladium
complexes proved to be very active catalysts for the Suzuki—Miyaura reaction with excellent turnover number
((TON), up to 9.2 x 10* using complex 6a as a catalyst).

Introduction ligands continue to be the primary focus of academic and
industrial research. Initially, diphosphine ligands predomi-
ated; however, in recent years mixed-donor ligands have
hown excellent activity in organic transformaticn#n
principle, mixed-donor ligands containing one strongly and
one weakly binding center (i.e., hemilabile ligands) can be
8 The “small ring macrocycle” (alternatively “mesocyct§”refers to usgd_ t(.) prOte.C tan active site at a metal C.emer via chelation
cyclic ligands that have a ring too small to fit completely around a metal until it is required to effect the transformation of a substrate.
atom, that is a ring of less than about 14 atoms. These ligands have propertieSpecifically, the development of mixed-donor ligands such
intermediate between those of true macrocycles and those of acyclic as Pyo_?: P,N-,‘" and P,S-compounéliaed to high activity in

multidentate ligands. . . L .
*To whom correspondence shoud be addressed. E-mail: krishna@ Several catalytic processes, and their reactivity offers interest-
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2572 3480. (2) (a) Braunstein, P.; Naud, Angew. Chem., Int. EQ001, 40, 680—

The application of transition metal complexes for homo-
geneous catalysis has been established for a wide variety o
chelating phosphorus-, nitrogen-, and carbon-based ligands.
In terms of greater catalytic activity and selectivity, these

TIndian Institute of Technology. 699. (b) Masdeu-BultoA. M.; Diéguez, M.; Martin, E.; Gmez, M.

* Tulane University. Coord. Chem. Re 2003 242 159-201. (c) Chen, H.; Liu, Y.; Peng,
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many, 2002. (b)Late Transition Metal Polymerization Catalysis 24, 552-556. (e) Aragoni, M. C.; Arca, M.; Bencini, A.; Blake, A.
Rieger, B., Baugh, L. S., Kacker, S., Striegler, S., Eds.; Wiley-VCH: J.; Caltagirone, C.; Decortes, A.; Demartin, F.; Devillanova, F. A.;
Weinheim, Germany, 2003. (c) Tang, W.; ZhangCtem. Re. 2003 Faggi, E.; Dolci, L. S.; Garau, A,; Isaia, F.; Lippolis, V.; Prodi, L.;
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ing structural possibilities. Ligands combining phosphorus functional ligands and the catalytic properties of their metal
centers and sulfur centers are especially interesting. Bothcomplexes, other types of P,S-donor ligands are rarely given
phosphorus and sulfur are excellent donor atoms for a wide much attention. To the best of our knowledge, there are no
range _of metals, and the low ionization energy of sulfur.and reports on cyclic thioetheraminophosphonite types of
the existence of several lone pairs of electrons (three in thejjgangs, either in coordination chemistry or in catalysis.
case of a thl(_)late anion) offer the possibility of rich sqlfur- Holmes and co-workers have reported several eight-
based chemistry of the complexes. The P,S-donor ligands . .

o membered cyclic P,S-type ligands where sulfur shows a
have been least explored and have been used with limited dinative int tion t d phosphofsThey h
success in catalysis, possibly due to the well-known tendencyCoor inative interaction .owar p osphorusthey have

shown that the donor action provided by sulfur leads to an

of sulfur to act as a “catalyst poisof’However, the recent
results have been very promisi?y. increase in coordination at phosphorus from tricoordinate to
Among the mixed P,S-ligands used in coordination Pseudopentacoordinate. However, they have not studied any
chemistry and catalysis, thioethgohosphine$,thioether coordination behavior or catalytic activity of such ligands.
phosphinite$, and thioethetphosphite¥ have been well It will be interesting to see the coordination chemistry of
studied and have achieved greater success. Despite thguch ligands as sulfur shows a coordinative tendency toward
considerable current interest in the chemistry of P,S-type phosphorus. In view of this and as a part of our interest in
designing new, inexpensive ligands and studying their
coordination behaviét and catalytic application,we report

herein on the synthesis and characterization of a new class

(3) For recent examples of P,O-ligands, see: (a) Oberbeckmann-Winter,
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Morise, X.Dalton Trans.2003 1396-1401. (f) Liu, W.; Malinoski,

J. M.; Brookhart, MOrganometallic2002 21, 2836-2838. (g) Dai,

W. M.; Yeung, K. K. Y.; Liu, J. T.; Zhang, Y.; Williams, I. DOrg.

Lett. 2002 4, 1615-1618. (h) Gilbertson, S. R.; Lan, Rrg. Lett.
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P. Tetrahedron: Asymmetr2006 17, 116-123. (b) Speiser, F.;
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2003 507-5009. (f) Li, Q.; Xu, F.; Cui, D.; Yu, K.; Zeng, X.; Leng,

X.; Song, H.; Zhang, Z.Dalton Trans. 2003 1551-1557. (g)
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Ed. 2003 42, 3941-3943. (h) Kwong, F. Y.; Yang, Q.; Mak, T. C.
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M.; Chen, J. T.; Liu, S. TOrganometallics2001, 20, 1292-1299.
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Dervisi, A.; Jenkins, R. L.; Malik, K. M. A.; Hursthouse, M. B.; Coles,

S. Dalton Trans.2003 1133-1142. (e) Doux, M.; Meailles, N.;

Melaimi, M.; Ricard, L.; Le Floch, PChem. Commur2002 1566

1567. (f) Dilworth, J. R.; Wheatley, NCoord. Chem. Re 200Q 199,

89-158. (g) Verdaguer, X.; Moyano, A.; Pericas, M. A.; Riera, A.;

Maestro, M. A.; Mahia, JJ. Am. Chem. So200Q 122, 10242~

10243. (h) Hauptman, E.; Fagan, P. J.; MarshallOkganometallics

1999 18, 2061-2073. (i) Morales-Morales, D.; RédpR.; Zheng,

Y.; Dilworth, J. R.Inorg. Chim. Acta2002 328 39—44. (j) Dilworth,

J. R.; Morales, D.; Zheng, YJ. Chem. Soc., Dalton Tran200Q

3007-3015. (k) Dilworth, J. R.; Arnold, P.; Morales, D.; Wong, Y.;

Zheng, Y.The Chemistry and Applications of Complexes with Sulfur

Ligands. Modern Coordination Chemistry. The Legacy of Joseph

Chatt Royal Society of Chemistry: Cambridge, U.K., 2002; pp 217

230.

(6) (a) Newton, M. A.; Dent, A. J.; Diaz-Moreno, S.; Fiddy, S. G.; Jyoti,
B.; Evans, JChem. Commur2003 1906-1907. (b) John, AAnn.
N.Y. Acad. Scil973 214 176.

(7) Baym, J. C.; Claver, C.; Masdeu-BUllté\. M. Coord. Chem. Re
1999 193-195 73—145.

(4

=

(5

~

of mixed P,S-mesocyclic ligands and their Pd(Il) and Pt(ll)
complexes. As will be seen, we also show that the palladium-

(8) (a) Cabrera, S.; Arrayas, R. G.; Carretero, JJCAmM. Chem. Soc.
2005 127, 16394-16395. (b) Aguado, J. E.; Canales, S.; Gimeno,
M. C.; Jones, P. G.; Laguna, A.; Villacampa, M. Dalton Trans.
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A.; Riera, A.; Maestro, M. A.; Mahia, JOrganometallic2003 22,
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Scheme 1. (i) PCl;, EtsN, DMAP, —20 °C, THF; (ii) Morpholine or
N-Methyl Piperazine, 0C, THF

., ~
OH . O\ i s P-N X
S [ S )D—'Cl—h 7 '\ /
o oo QU
2aX=0
1 2b X = NMe

(I) complexes of these new ligands exhibit a significant
catalytic activity in the SuzukiMiyaura cross-coupling
reaction.

Results and Discussion

Ligand Synthesis.The reaction of thiobis(2;zhaphthol)
with an excess of Pglin the presence of an excess of
triethylamine and a catalytic amount of DMAP -K4N-
(dimethylamino)pyridine) afford the cyclic chlorophosphite
{—OCHe(u-S)CioHsO—}PCI (1) in quantitative yield.
Compoundl is a white crystalline solid soluble in most of
the polar organic solvents. TH&P{*H} NMR spectrum of

Punji et al.

Scheme 2. (i) (PhCN),PdC} or Pt(COD)C}, CH.Cl,, Room
Temperature; (iv) [PdC-CsHs)Cll2/AgOTf, CH.Cl, or Acetone, Room
Temperature; (v) (PhCMNPdCh, H,O(trace), Toluene, 96C

3aM=Pd, X=0
3b M = Pd, X=NMe

4aM=Pt, X=0
4b M = Pt, X = NMe

5aX=0
5b X = NMe
V 90 J
o
o0 +N
_>s, .0 / H H
cl 6b X = NMe

1 shows a single resonance peak at 172.3 ppm, and the mass

spectrum shows the base peak @mtzf 347.2 for the ion
corresponding to M — Cl. The aminophosphonite ligands
{ _OcloHe(‘u-S)CloHGO—} PNCHsO (2a) and{ —OC10H6(;4-
S)CicHsO—} PNCGHgNCH; (2b) were prepared by reacting
the chlorophosphite1j with 2 equiv of morpholine or
N-methylpiperazine (Scheme 1). Both compour2dsand
2b are white crystalline solids who$&{*H} NMR spectra

Surprisingly, in the above complexes, ligarzlsand 2b
did not form the chelate rings via P- and S-centers, despite
phosphorus and sulfur centers being in close proximity &
nonbonded distances #aand2b are 3.089(1) and 3.040(1)
A, respectively), which can facilitate the formation of a
strain-free six-membered chelate ring with either palladium
or platinum centers. However, the P,S-chelated cationic

show single resonance peaks at 134.9 and 135.1 ppmcomplexes{(—OC;oHe(u-S)CigHsO—)PNCHgO-«P xS} Pd-

respectively. ThéH NMR spectrum of compoun®a shows

(773-03H5)](CF38Q2,) (58) and E(—OC]_()HG(/,{-S)C]_()HGO_

two triplets at 3.41 and 3.79 ppm for the ethylene protons )PNCGHgNCHs-«P xS} Pd(;3-CsHs)|(CFsSO;) (5b) are formed

of morpholine, whereas those ®-methylpiperazine in

when ligand<2a or 2b are treated with 0.5 equiv of [Pxft

compound2b show two resonance peaks at 2.55 and 3.46 C;Hs)Cl], in the presence of AgOTf, as shown in Scheme

ppm, with an additional singlet at 2.39 ppm for thenethyl

2. Complexesa and5b are moderately stable in the solid

protons. Further, the structure and composition of compoundsstate, whereas they decompose slowly in solution. *fRe

1, 2a, and2b were confirmed by analytical data and X-ray
diffraction studies.

Metal Complexes. The reactions of2a and 2b with
(PhCN)PdC} are independent of stoichiometry and produce
exclusively the phosphorus-coordinated complex@s;

[{ (—=OCioHs(t-S)CioHeO—)PNCH5O-«P} .PdCl] (3a) and
Cis[{ (—OCidHg(u-S)CioHsO—)PNGHgNCHz-«P} .PACL] (3h),

{1H} NMR spectra of complexeSa and 5b show single
resonance peaks at 123.8 and 125.1 ppm, respectively. The
H NMR spectrum of comple®a shows two broad singlets

at 4.88 and 4.28 ppm and a multiplet in the region 5:75
5.79 ppm for the protons on the allylic group. The mass
spectrum of complea shows a peak atnfz) 580.1 that
corresponds to the cation (M~ OTY).

respectively, with the ligands exhibiting a monodentate mode  Amino—phosphonites or phosphinites containing-aNP

of coordination. Similarly, the thioetheaminophosphonites
2a and2b react with Pt(COD)Glto afford the complexes
Cis-[{ (—OCiHe(ut-S)CiogHeO—)PNCHO-«P} ,PtCh] (48) and
Cis-[{ (—OCioHs(1-S) CioHsO—)PNCGHeNCHs-«P} ,PtCl] (4b),
respectively. TheelP NMR spectra of3a and 3b exhibit

bond(s) are known to undergo hydrolytic cleavage when they
are exposed to moisture or acid impurities during the
complexation reaction$.This kind of P-N bond cleavage
either can generate hydrogephosphonates of the typeRX-
(O)H, which can be excellent sources of catalyst precursors,

single resonance peaks at 93.9 and 94.1 ppm, respectivelyor can covalently bind to the metal center via HCI elimination

The 3P NMR spectra of complexe$a and 4b also show

to produce neutral or anionic complexé€&rom the catalytic

single resonance peaks at 69.4 and 69.9 ppm with very largepoint of view, neutral complexes are not useful because

LJpip values of 5835 and 5842 Hz, respectively. This high
value of the P+P coupling constant indicates the strong
o-donor capabilities of the aminophosphonite ligaBdsind

2h, which are comparable to those observeddisrPtCh-
{P(OPh}}» ({Jpp = 5770 Hz)* The structure of complex
4a has been confirmed by a single-crystal X-ray diffraction
study.

9456 Inorganic Chemistry, Vol. 45, No. 23, 2006

oxidation of the metal center must occur. Anionic complexes

(14) Allen, F. H.; Pidcock, A.; Waterhouse, C. R.Chem. Soc. A97Q
2087-2093.

(15) (a) Balakrishna, M. S.; Krishnamurthy, S.I8dian J. Chem199]
30A 536-537. (b) Burrows, A. D.; Mahon, M. F.; Palmer, M. T.;
Varrone, M. Inorg. Chem.2002 41, 1695-1697. (c) Priya, S.;
Balakrishna, M. S.; Mague, J. D. Organomet. Chen2003 679,
116-124.
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are very useful as potential catalysts because they can retain

the low oxidation state of the metal center. With this in mind,
it was anticipated that the reactions @& and 2b with
palladium(ll) or platinum(ll) derivatives in the presence of
moisture would furnish the catalytically active anionic
complexes. As expected, the reactions2afand 2b with
(PhCNYPdCL in the presence of # in toluene at 90C
afforded the P,S-chelated anionic complexgs-PCyoHe-
(¢-S)CioHeO—)P(0O)«P xS PACEL](H.NC4HgO) (6a) and

[{ (=OC;oHs(u-S)CroHeO—)P(O) %P xS} PACh](H,NC4Hs-
NCH;) (6b), respectively. The anionic complexéaand6b
are formed as a result of the fission of the-R bond
followed by the oxidation of the P-center on the aminophos-
phonite liganda and2b. The broken amine fragment gets

protonated to form the countercation, as shown in Scheme

2. The3P{*H} NMR spectra of6a and 6b show single

Figure 1. Molecular structure ofl. For clarity, all hydrogen atoms have
been omitted. Thermal ellipsoids are drawn at the 50% probability level.

resonance peaks at 44.5 and 44.7 ppm, respectively. In the

IR spectrum, bands at 3302 and 3309 ¢naonfirm the
presence of NH bonds (ammonium cation) for the com-
plexes6aand6b, respectively, whereas a band at 1112 €m
is assigned ta(P=0) in both the complexes. Further, the
structural compositions of both the complexes were con-
firmed by elemental analysis and the single-crystal X-ray
diffraction study in the case of compl®a.

Although palladium complexes of simple monodentate
phosphonate ligands, such as HP(O)(&R)= alkyl, aryl),
are known, only a few of them are well characteriz&d.
The palladium complexe®a and6b are very unique, as the

ligands bind to the metal through both phosphonate and SUIfurFigure 2. Molecular structure ofa. For clarity, all hydrogen atoms have

moieties viao-bonds and coordinate bonds, respectively, to
form anionic complexes. These types of anionic palladium
complexes with chelating thioethephosphonates are not
seen in the literature.

Crystal and Molecular Structures of Compounds 1, 2a,
2b, 4a, and 6aPerspective views of the molecular structures
of compoundd, 2a, 2b, 4aand6awith the atom numbering
schemes are shown in Figures-83, respectively. The
crystallographic data and the details of the structure deter-
mination are given in Table 1, whereas the selected bond
lengths and bond angles are given in Tables 2 and 3.

Similar to the P-S-containing eight-membered cyclic
phosphite structures reported by Sherlock et!lalthe
geometries of the phosphites—2b are considered as
pseudotrigonal bipyramids (TBP). In all of these cyclic
derivatives, the eight-membered ring containing phosphorus
and sulfur is in ssynboat-like conformation, where the sulfur

atom shows coordinative tendencies toward phosphorus, as

expressed by the-PS distances. The effect of the sulur

(16) (a) Dubrovina, N. V.; Borner, AAngew. Chem., Int. EQ2004 43,
5883-5886. (b) Li, G. Y.Angew. Chem., Int. E®001, 40, 1513~
1516. (c) Han, L. B.; Tanaka, M. Am. Chem. S04996 118 1571—
1572. (d) Han, L. B.; Mirzaei, F.; Zhao, C. Q.; Tanaka, 81.Am.
Chem. Soc200Q 122 5407-5408. (e) Zhao, C. Q.; Han, L. B.;
Tanaka, M.Organometallic200Q 19, 4196-4198. (f) Ackermann,
L.; Born, R.; Spatz, J. H.; Meyer, DAngew. Chem., Int. EQR005
44, 7216-7219. (g) Levine, A. M.; Stockland, R. A.; Clark, R.; Guzei,
I. Organometallic2002 21, 3278-3284. (h) Stockland, R. A.; Levine,
A. M.; Giovine, M. T.; Guzei, I. A.; Cannistra, J. Qrganometallics
2004 23, 647—-656. (i) Pryjomska, |.; Bartosz-Bechowski, H.; Ciunik,
Z.; Trzeciak, A. M.; Zidkowski, J. J.Dalton Trans.2006 213—-220.

been omitted. Thermal ellipsoids are drawn at the 50% probability level.

Figure 3. Molecular structure o2b. For clarity, all hydrogen atoms have
been omitted. Thermal ellipsoids are drawn at the 50% probability level.

phosphorus interaction leads to a structural displacement with
varying degrees, from pyramidal toward a pseudo trigonal
bipyramid. The P-S distance ranges from 2.887(1) fbto
3.089(1) A for2a, which compares well with the similar
structures reported (see Table 4). This range also compares
well with the sum of the van der Waals radii for phosphorus
and sulfur (3.65 AY and the sum of the covalent radii (2.12
A).la

In the proposed TBP geometries for compouddb,
the sulfur atom is located in an axial position, with the lone
electron pair and two oxygen atoms occupying the equatorial

(17) Bondi, A.J. Phys. Chem1964 68, 441-451.

(18) Sutton, L.Tables of Interatomic Distances and Configuration in
Molecules and lons; Special Publication Nos. 11 andTt& Chemical
Society: London, 1958 and 1965.
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thyl-based chlorophosphite)(shows more structural dis-
placement toward TBP (49.9%) next to the'ZtRiobis(4-
methyl-6+ert-butylphenyl)] chlorophosphite (54.5%7 The
P—S distance observed fdr is shorter than those fi2a
and 2b, because of the same reason the geometryl of
displaced more toward a TBP (49.9%), as comparegato
and2b.

In the molecular structure ofa, the platinum center is
coordinated through two phosphorus centers and two chlorine
atoms in a square planar fashion with cis angles varying from
98.55(15) (P1—-Pt—P2) to 86.21(14) (CI1—Pt—P2). The
bond angles at sulfur, G251-C12 (103.7(7)) and C26-
S2-C36 (105.7(79), have increased, as compared to the
same in the free ligand. This may be due to the decrease in
the coordinative interaction of sulfur (SP1, 3.342(6) A;
S2-P2, 3.156(6) A) toward phosphorus that makes the sulfur
center more relaxed in completa. The Pt+P1 (2.202(4)

A) and PtP2 (2.218(4) A) bond lengths are comparable
with those found in the somewhat similar mesocyclic chelate

Figure 4. Molecular structure ofia. For clarity, all the hydrogen atoms ~ complex, (5-phenyl-1-thia-5-phosphacyclooctane)Pit-

Ihave been omitted. Thermal ellipsoids are drawn at the 50% probability P, 2.207(3) A)z'o However, complexa exhibited a higher

evel Jpp value (5835 Hz) compared with the above-mentioned
platinum(ll) complex, which shows'dpp of 3424 HZ2° This
is somewhat surprising, because a correlation is not observed
between bond lengths ahdbe values. Maybe the additional
coordination supplied by sulfur to phosphorus 4a is
responsible for such a high-PP coupling constant. Also, a
number of factors affect the values of one-bond metal
phosphorus coupling constaritstherefore, the apparent
contradiction between the PP bond length and th&lpp
values for the above complexes is not easily accounted for.

Suitable crystals oba were obtained by slow diffusion
of petroleum ether into a dichloromethane solution of the
complex at room temperature. The molecular structure of
6a is shown in Figure 5. While numerous structures of
transition metal complexes bearing simple monodentate
phosphonate ligands are know#2?the molecular structure

Figure 5. Molecular structure oba-CH,Cl,. For clarity, solvent and all ~ Of 6ais a rare example of a transition metal complex with
the hydrogen atoms have been omitted. Thermal ellipsoids are drawn ata thioether group chelating cis to a phosphonate and forming
the 50% probability level. an anionic complex. The arrangement of the ligand about

site. The degree to which the TBP is approached can be seer?a"adium is slightly distorted from the expected square-
from the axial S-P—R angles for this series, which range planar geometry. The P> bond length ‘?f 2.1836(4) A'is
from 164.47 for 2a to 166.68 for 2b. The degree of around 0.104 A shorter than that found in the phosphonate

complex, [(dppe)Pd@P(O)(OPh)}] (P—Pd = 2.2871(7)
A).1%"This is suggestive of the significantaccepting nature

of the aminophosphonite ligand in compléa The Pd-S
bond distance of 2.3047(4) A is comparable to that of the
thioether-phosphine palladium complex [PdMWeSGH4-

displacement toward TBP can be measured following the
procedure of Holmes and co-workéfsin this procedure,
the degree of displacement from pyramidal toward TBP can
be calculated by noting how far the—S distance has
displaced from the van der Waals sum (3.65 A) toward the
sum of the covalent radii (2.12 A). The results are presented .

in Table 4 as % TBP in increasing order along with other (20) ,\T,I?Jtsf’kef’ VI?/..;lg:r;w()srtgég,heMﬁq.I\:{Ié;gérgaclélgel,_%.g\é\./.; Bharadwaj, P. K.;
parameters. A similar type of sulfuphosphorus coordina-  (21) (a) Pregosin, P. S.; Kunz, R. W. #P and*C NMR of Transition
tive interaction is also observed in our previously reported ';"ft;”_l'llf’chk?sé’.*?'rk%gfgl‘;?'g’;\ﬁpé'”g:;igeg'r?ﬁéi532";}] tgéfg,é?)ei'e;'fé
P—S—P ten-member heterocyclic diphosphaffeall these Springer-Verlag: New York, 1979.

results again compare well with that observed for the similar (22) (a) Chang, C.; Lin, Y; Lee, G.; Wang, ¥. Chem. Soc., Dalton Trans.
1999 4223-4230. (b) Leung, W.; Chan, E. Y. Y.; Wong, Whorg.

structures reported by Holmes and co-workérghe naph- Chem.1999 38, 136-143. (¢) Chang, C.: Lin, Y.- Lee, G.; Huang,
S.; Wang, Y.Organometallics1998 17, 2534-2542. (d) Leung, W.;
(19) Day, R. O.; Prakasha, T. K.; Holmes, R. R.; EckertOfyjanometallics Chan, E. Y. Y.; Williams, I. D.; Wong, WOrganometallics1997,
1994 13, 1285-1293. 16, 3234-3240.
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Table 1. Crystallographic Data for Compounds 2a, 2b, 4a, and6a

1 2a 2b 4da 6a
formula C20H12C|02PS Q4H20N03PS Q5H23N202PS Q8H40C|2N206P2Pt82 C20H12CI203PPdS
C4H10NO.CH,Cl,

mol wt 382.79 433.45 446.49 1132.88 713.71

crystal system triclinic triclinic triclinic monoclinic triclinic

crystal size (mm) 0.16¢ 0.21x 0.23 0.13x 0.21x 0.26 0.20x 0.21x 0.26 0.08x 0.07x 0.12 0.09x 0.19x 0.23

space group P1 (No. 2) P1 (no. 2) P1 (no. 2) P2i/c (no. 14) P1 (no. 2)

a(h) 8.787(1) 6.928(1) 9.947(2) 12.735(3) 8.873(1)

b (A) 8.878(1) 9.220(1) 11.663(3) 9.856(2) 12.452(1)

c(A) 11.361(1) 17.083(2) 11.860(3) 35.707(8) 12.801(1)

o (deg) 74.211(1) 82.065(1) 60.967(3) 90 106.318(1)

f (deg) 88.421(1) 85.694(1) 86.534(3) 94.646(3) 95.263(1)

y (deg) 75.960(1) 70.673(1) 66.273(3) 90 93.850(1)

V(A3 826.63(1) 1019.35(1) 1085.6(5) 4467.2(1) 1345.22(1)

Z 2 2 2 4 2

Pealed (g CMT3) 1.538 1.412 1.366 1.684 1.762

u (Mo Koo) (mm™1) 0.465 0.264 0.248 3.479 1.259

F(000) 392 452 468 2256 716

temp (K) 100 100 100 100 100

Omin-max (deg) 1.9,28.3 1.2,27.7 2.0,28.3 1.1,26.5 2.0,29.2

GOF (? 1.03 1.05 1.04 1.14 1.05

R 2 0.0305 0.0350 0.0587 0.1064 0.0223

WR, P 0.0842 0.0950 0.1454 0.2419 0.0569

ARy = Y|Fol — IFel/Z|Fol. PWRe = { SW[(Fo? — Fe?)2/ T [W(Fo?)?]} 2

Table 2. Selected Bond Distances (A) and Bond Angles (deg) for Compolinga, and2b
1 2a 2b

Cl-P 2.1044(5) SC10 1.7769(14) SC10 1.785(3)
S-C10 1.7778(14) SCl11 1.7691(15) SCl11 1.777(3)
S-C11 1.7771(14) PO1 1.6843(10) PO1 1.680(2)
P-01 1.6480(11) P02 1.6686(11) PO2 1.676(2)
P-02 1.6335(11) PN 1.6534(13) P-N1 1.646(2)
C10-S-C11 101.95(7) C16S-C11 102.98(7) C16S-C11 101.93(13)
Cl-P-01 93.69(4) OtP-02 96.53(5) OxP-02 95.29(11)
Cl-P-02 93.66(4) Ot P—-N 100.75(6) OtP-N1 99.08(10)
01-P-02 100.99(6) O2P-N 96.33(6) 02-P—N1 96.37(12)

Table 3. Selected Bond Distances (A) and Bond Angles (deg) for

Complexesda and 6a

A).8c Comparison of these data with that for compex
indicates the betteo-donor strength of the phosphonate

4a 6a ligand in 6a than the above-mentioned phosphine. The
PI_CIL 2.339(4) PaCIL 2.3450(4) S—Pd-P bite angle of 84.09(1)|s. S|gn|f|c§ntly smaller
Pt—CI2 2.356(3) Pe-CI2 2.4024(4) compared to the same (88.51(#)n the six-membered
E:—gé g-g%gg Egg g-igggg; thioether-phosphine complex [PdgMeSGH4,CH,PPh)].8¢
P04 1.604(11) PO1 15717(12) The bond angle .at sulfur (CS—C12, 98.35(8)) has
P2-05 1.599(11) P02 1.6770(13) decreased approximately by, ®ompared to that of the free
P-03 1.4798(13) ligand2a (C10-S—C11, 102.98(7), whereas the angle at
Cl1—Pt—CI2 89.45(13) Clt+Pd-CI2 92.62(1) phosphorus has increased from 96.53(&)1-P—-02) to
Cl1-Pt-P1 172.34(14) CltPd-S 175.85(1) 99.92(7}) (O1—-P—02) after complex formation. These
Cl1—Pt—P2 86.21(14) Cl&Pd-P 93.04(1) o o
P1—Pt—pP2 98.55(15) Cl2Pd-S 89.99(1) signify that the P-S mesocyclic ring becomes more bent at
C2-S1-C12 103.7(7) Cl2Pd-P 172.53(2) sulfur and straightens at the phosphorus upon chelation to
C26-52-C36 105.7(7) SPd-P 84.09(1) i ;
o PaOn 101.7(6) C2S 12 98.35(8) the p_alla(_mum center. Interestingly, Nidhows a hydrogen
01-P-02 99.92(7) bonding interaction (NH2-03, 1.7600 A and N-H2N---

CH,PPh)] (2.295(1) A)8 The P=0 bond length of 1.4798- 03, _1_62.38) with the oxygen of P=O, which may give extra
(13) A and the PO bond lengths of 1.5717(12) and Stability to the anionic complega

1.6770(13) A are typical of other metal complexes containing ~ Suzuki Cross-Coupling ReactionsThe application of all
phosphonate groug8¥??2 The Pd-CI2 bond length of  the palladium complexe8a, 3b, 53, 5b, 63 and6b and
2.4024(4) A (trans to phosphorus) is slightly longer than the related complexes formed in-situ as catalysts in the Suzuki
Pd—ClI1 bond length (trans to sulfur), which is 2.3450(4) A. coupling reaction was investigated. In all cases, the initial
This reflects the difference between thedonor strengths  coupling studied was that of phenylboronic acid with the
of phosphorus and sulfur (trans influence), which is not “easy-to-couple” substrate 4-bromoacetophenone. The results
unusual. For example, in [PdCBUSGH4CH,PPh)], the were encouraging, with most of the catalysts showing
Pd—Cl bond trans to the phosphorus center is longer (2.3686- excellent activity using 0.01% mol at 6C, except for the

(9) A) than the one located trans to the sulfur (2.3157(9) complexes3a and3b, which displayed low reactivity even
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Table 4. Comparison of P-S Bond Parameters, Ring Conformations,
and3P Chemical Shifts for Cyclic Phosphites (In Increasing Order of %

TBP)
Compound P-S(A)  %TBP* S-P-R,, o(C'P) Reference
(deg)b in ppm
@ (O 33426 201 156.99  69.4
I
oL 13T 31566 322 169.28  “Jep = This Work
P 4
Om_ 0
Y AR 5835 Hz
S
O Q R=NCH,0
D w
cl o
co\)"/‘s 3.152(1) 325 16635  138.1 122
N/ X
co//"“‘\/”‘F'h
co r“o
cl
% 3.089(1)  36.7 164.47 1349 This Work
P
0 -
T/\O O R = NC,H,0
R a
3.0432) 397 172.22(8) 170.4 11b
3.040(1)  39.8 166.68  135.1 This Work
3.007 42.0 172.64 445 This Work
2998(2) 426 167.56 1457 12a
295209) 47.1 1733(9) 1325 11b
2.887(1)  49.9 16555 1723 This Work

O 2.816(2)

54.5

169.24(7) 168.4

11a

apercent geometrical displacement from a pyramid toward a TB#th
reference to a TBP, with sulfur in an axial position, and both ring oxygen (23) (a) Li, G. Y.; Zheng, G.; Noonan, A. B. Org. Chem2001, 66, 8677—

atoms in equatorial positions.
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Table 5. Influence of Different Catalysts and Catalyst Loading on the
Coupling Reactioh

o Methanol Q
e Cat, K,CO, M

e

amount of cat.

entry catalyst (mol %) time () conv (%) TON
1 6a 0.01 2 100 10 000
2 6a 0.001 12 72 72 000
3 6a 0.0005 12 46 92 000
4 6b 0.01 5 97 9700
5 6b 0.001 5 46 46 000
6 5a 0.01 2 99 9900
7 b5a 0.001 5 29 29 000
8 5b 0.01 2 88 8800
9 b5b 0.001 2 28 28 000
10 Pd(OAc)/2a 0.01 3 96 9600
11 Pd(OAc)/2a 0.001 18 92 92 000
12 Pd(OAc)2a 0.0005 18 28 56 000
13 Pd(OAc)/2b 0.01 12 93 9300
14  Pd(OAc)/2b 0.001 12 20 20 000
15 3a 0.5 12 70 140
16 3a 1 12 99 99
17 3b 0.5 12 67 134
18  Pd(OAc) 0.01 6 31 3100

a Reaction conditions: 0.5 mmol of 4-bromoacetophenone, 0.75 mmol
of phenylboronic acid, 1 mmol of ¥COs;, 5 mL of methanol, at 60C.
b Conversion to coupled product determined by GC, based on aryl halides
(or dodecane); average of two runs.

with a high mole percent (Table 5). The best results were
obtained with all of the four precatalystSgb and 6a,b).

Use of other palladium precursors such as Pd(@QRa)p

also gave good yields, but reactions were carried out for a
prolonged period (18 or 12 h). From a comparison of the
activities of the P,S-chelated complex@&sh and6a,b with

that of the nonchelated complex8gb in the coupling of
4-bromoacetophenone, two conclusions can be drawn: (i)
the P-S-chelated complexes show greatly enhanced activity
and (i) the P-S chelated complexes are atom-economic (i.e.,
1 equiv of ligand was used compared to 2 equiv in the case
of complexes8aand3b. The high activities of P S-chelated
complexes demonstrate the importance of heterofunctional
coordination in the coupling reaction.

Next, we examined the effect of catalyst loading on this
convenient coupling between 4-bromoacetophenone and
phenylboronic acid. High yields are maintained from normal
catalyst loads (0.01 mol %) down to a level of 0.001 mol %
for the catalyst6a and Pd(OAcy2a. A moderate yield
(>46%) is achieved even at catalyst loading as low as 0.0005
mol % with a turnover number (TON) of 92 000 (Table 5,
entry 3). The overall activity of the complexéa,b and Pd-
(OAc)./2afollows the orde6a > Pd(OAc)/2a > 6b, with
anionic complexes predominating over all the precatalysts.
Although6aand6b have the same metal environments, the
former shows better activity than the latter.

Recently, Li and co-workers demonstrated that the similar
anionic adduct formed under Suzuki reaction conditions is
responsible for the high activity of the cataly&t23It was
observed that the palladiundialkylhydroxyphosphine com-

8681. (b) Li, G. Y.J. Org. Chem2002 67, 3643-3650.
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plexes of the type PdPR,(OH) readily undergo base- Table 6. Effect of the Solvent on the Coupling Reaction
promoted deprotonation of the hydroxyl group to give anionic Cat. 6a o

species that are proposed to act as the true catalysts. O@Br . @B(OH) (0.02 mol%)
However, in the present study, the isolated anionic complex wme ? K,CO,2h Me

(6aor 6b) during catalysis can exchange cation with the base
(i.e., KzCOs) to form K*—Pd-, which is likely to act as the entry solvent conv (%)

true catalyst. The rate at which these anionic complexes % _“r“ﬁlt:hano' %_)%0
catalyze the Suzuki coupling reaction may be due to the 3 acetone 63
interaction of the metal cation (K with the halide anion 4 dioxane 63
ligated to the palladium, affording a more reactive palladium- 2 '\é"a'c:’\‘ gf
(0) complex, as proposed by Jutand and co-workers. 7 xylene 96
However, it warrants further investigations to understand the 8 toluene 98

effect of such inter_aCtionS on active catalyst fgrmation a.nd aReaction conditions: 0.5 mmol of 4-bromoacetophenone, 0.75 mmol

also on the catalytic performance of such anionic species.of phenylboronic acid, 1 mmol of #COs, at refluxing temperature of
The activity of5a,b and6ab is found to be superior to solvent.? Conversion to coupled product determined by GC, based on aryl

halides (or dodecane); average of two runs.

that of the commonly used catalysts Pg@ppf) and Pet

(dba)/(dppf), which catalyzes the reaction between 4-bro- Table 7. Effect of the Base on the Coupling Reacfion

moacetophenone and phenylboronic acid in toluene at 70 Cat. 6a

°C in 94% and 86% yield, respectivelyln comparison with O@Br . @B(OH) (0.02 mol%) O

other P,S-chelated palladium catalysts, the catalytic activity , 2 MeOH  Me

e
of 5ab and 6ab is similar to that of the analogous 'Pd

complexes of the 1-phosphabarrelene phosphine sulfide entry base conv (%)
system, whose reactions were carried out in toluene at 110 1 K2COs 100
oC 5a 2 NaCO3 >99
: , 3 CsCO; 79
One run was performed on coupling of 4-bromoacetophe- 4 EtN 85
none with phenylboronic acid at 6€ using 0.01 mol % of 5 KOH >99
Pd(OAc) (in the absence of ligand), which showed only 31% o ﬁqu B4

conversion after 6 h, which could be significantly improved 8 K'BuO 99

to 96% withn 3 h once2a was introduced (Ta_ble 5, entry aReaction conditions: 0.5 mmol of 4-bromoacetophenone, 0.75 mmol
10). The homogeneous nature of the catalysis was checkedht phenylboronic acid, 1 mmol of base, 5 mL of MeOH, at 60, 2 h.

by the classical mercury te¥tAddition of a drop of mercury b Conversion to coupled product determined by GC, based on aryl halides
to the reaction mixtures did not affect the activity of the (©F dodecane); average of two runs.

catalyst, thus showing them to be truly homogeneous
systems.

To examine the solvent capability, the coupling between
4-bromoacetophenone and phenylboronic acid catalyzed b
6a (0.02 mol %) was examined in different solvents (Table
6) at 60°C. Polar solvents such as MeOH and DMF as well
as nonpolar solvents like xylene and toluene were found to
be most productive. However, solvents like THF and
acetonitrile generally resulted in poor yields.

Investigation into the optimal base showed that the
common and less expensive inorganic bases such@9K
Na,COs, KOH, K3PO,, and KBUO are the reagents of choice
(Table 7). The organic basesBtis less effective. Surpris-
ingly, CsCQO; and KF, the most common and effective base
for phosphite-based palladacyceand the Pg(dba)/phos-
phine® Suzuki-type catalytic reaction, respectively, proved
to be less effective in the present system.

(24) Amatore, C.; Jutand, Acc. Chem. Re000 33, 314-321. The mesocyclic thioethetraminophosphonites show sulfur
(25) Colacot, T. J.; Qian, H.; Cea-Olivares, R.; Hernandez-Ortegd, S. — phosphorus coordination due to the flexible nature of the

Organomet. ChenR001, 637639, 691-697. ; ; . ;
26) (a)g’Widegren’ 3 A Bénnett’ M. A Finke, R. G.Am. Chem. Soc. eight-membered ring system; as a consequence, the trico-

Under the optimized reaction conditions, a wide array of
aryl halides can react with arylboronic acid in the presence
of 6a to provide cross-coupling products in good yields
y(Table 8). For example, in a methanol solution6af(0.02
mol %) and KCO;s (2 equiv), 4-bromoacetophenone couples
with phenylboronic acid to give 4-acetylbiphenyl with 100%
conversion at 60C (entry 1). It is notable that the use of
deactivated, electron-rich aryl bromides (e.g., entry 7) as well
as activated and electron-poor ones (e.g., entry 1) also
resulted in high yields. We have studied the coupling of some
substituted boronic acids with aryl bromides, which also
resulted in good yields (entries 8, 9). However, the coupling
of deactivated 2,4-dimethoxybromobenzene with phenylbo-
ronic acid resulted in coupling with poor yield (entry 13).

Conclusion

2003 125 10301-10310. (b) Widegren, J. A.; Finke, R. G. Mol. ordinated geometry is displaced toward a TBP. The amino-
Catal. A: Chem2003 198 317-341. i ini 1ahi i
(27) Bedford, R. B.; Coles, S. J.; Hursthouse, M. B.; Scordia, V. J. M. phos.phonllteQaande Con.tammg th? h?mllablle thlpether
Dalton Trans.2005 991995, functionality show versatile coordination properties. By
(28) (a) Littke, A. F.; Dai, C.; Fu, G. CJ. Am. Chem. So@00Q 122, choosing appropriate metal reagents and reaction conditions,

4020-4028. (b) Pramick, M. R.; Rosemeier, S. M.; Beranek, M. T; . . .
Nickse. S. B.. Stone, J. J.: Stockland, R. A.: Baldwin. S. M.: Kastner, W€ €an achieve both mono- and chelating bidentate modes

M. E. Organometallics2003 22, 523-528. of coordination. These ligands form neutral, cationic, and
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Table 8. Suzuki Cross-Coupling of Aryl Halides with Arylboronic (PhCNYPdCH,3° [(#3-C3Hs)PdCIL,3t and Pt(COD)G 32 were pre-
Acids Catalyzed bysa? pared according to the published procedures. FFhand3'P{1H}
R! RE cat 6o R! Re NMR (6 in ppm) spectra were obtained on a Varian VXR 300 or
@x + @’B(OH)Z mo VRX 400 spectrometer qperating at frequencies of 300 or.400 and
. K,CO, — (121 Do,\r/I éESOZdI\/I)Hz,lre.spectn_/ilyégréj (spelgt,\r/laSVéeée) recordt_ed in @l|DCI
) o b or 5) solutions wit or 5) as an interna
llzmry S Anylbormie neid Produet Lt lock; TMS and 85% HPO, were used as internal and external

0 100
Me@—@—Br @‘B(°H>z Me'é standards fofH and3'P{H} NMR, respectively. Positive shifts

lie downfield of the standard in all of the cases. Infrared spectra
<j>—B(OH)2 NC were recorded on a Nicolet Impact 400 Fourier transform (FT) IR
instrument as a KBr disk. Microanalyses were carried out on a Carlo

83
@—B(OH)z Erba model 1106 elemental analyzer. Q-Tof Micromass experiments
C

NCOBr
QBr
OHC were carried out using Waters Q-Tof micro (YA-105). Melting
91 . . . .
< > points of all compounds were determined on a Veego melting point
OHC Bi B(OH),  OHC
' O apparatus and were uncorrected. Gas chromatography (GC) analyses
99 ; ) ;
<:> <:> were performed on a Perkin-Elmer Clarus 500 GC fitted with a
| B(OH),
. o6 flame ionization detector (FID) and a packed column.
< >—Br < >—B(0H)2 H Synthesis of Thionaphthalatochlorophosphite] —OC;Hg(ut-
Q S)Ci10H6O—}PCI (1). A solution of PC} (0.65 mL, 7.5 mmol) in
MeOOB
Y
- )s
MeOOB

92
@—B(OH)Z MeO 15 mL of THF was added dropwise to a solution of thiobis(2,2
Cl

cl | 08 naphthol) (1.5 g, 4.7 mmol) in THF (40 mL) at20 °C, followed
@ fi by the addition of BN (1.96 mL, 14.1 mmol) and a catalytic
BOH),  Me O Q amount of DMAP in THF (15 mL). The reaction mixture was
0 97 warmed to room temperature and stirred for 14 h. The solvent was
CIOB(OH)Z et Q O cl removed under reduced pressure, and the white residue obtained
cl I 54 was dissolved in 30 mL of toluene; the resulting mixture was filtered

Cl
@B(OH)Z Meo through Celite to remove the §-HCI salt. The filtrate obtained

was concentrated under reduced pressure and kep2&atC to

! MGOOB' C'«j}B(OH)2 MeoCI 37 give a white crystalline productl). It was recrystallized from a

MeO MeO - mixture of CHCly/petroleum ether (bp 66880 °C) to give colorless
QB(OH)Z O crystals of X-ray quality at-25 °C. Yield: 90% (1.62 g). Mp:
O O 138—-140°C. Anal. Calcd for GoH1,CIO,SP: C, 62.75; H, 3.16;

Br O S, 8.38. Found: C, 62.55; H, 3.08; S, 8.28. NMR (400 MHz,

CDCl, 8): 8.72 (d, 2H,Ar, 334 = 8.8 Hz), 7.75 (t, 2HAT, 3Jun

13 PMe @_B(OH) MeO 0 OMe 19 = 7.6 Hz), 7.54-7.58 (m, 4H,Ar), 7.41 (t, 2H,Ar, 34y = 7.6
MeoGBr : \(‘ Hz), 7.25 (d, 2HAr, 33y, = 8.8 Hz).3'P{1H} NMR (162 MHz,
O CDCl;, 6): 172.3 (s). Electrospray ionization mass spectrometry
(ESIMS),m/z. (M*—Cl), 347.2.

r
r
r
r

aReaction conditions: ArX (0.5 mmol), ArB(OR}0.75 mmol), kCOs

(1 mmol), catalyst (0.02 mol %), MeOH (5 mL), at 6C. Time: 2 h. Synthesis off —OC1oHg(u-S)CroHeO—} PNC;HgO (2a). A solu-
b Conversion to coupled product determined by GC, based on aryl halides tion of the chlorophosphité (2 g, 5.22 mmol) in THF (40 mL)
(or dodecane); average of two runs. was added dropwise to a solution of morpholine (0.96 mL, 10.97

anionic complexes with palladium(ll) derivatives. Catalyti- mmol) in THF (20 mL) at O°C. After the completion of addition,
P P : y the solution was warmed to room temperature and stirred for 12 h.

cally F‘Sfe_f“' anionic complexea and 6_b are synthesized The solvent was removed under reduced pressure, the white residue
by oxidizing the phosphorus center with a trace amount of gptained was dissolved in 40 mL of toluene, and the morpholine
water, establishing a metaphosphoruso-bond. These  hydrochloride salt was removed by filtration. The clear solution
complexes are the first examples of thioethaminophos- was concentrated and cooled+@5 °C to give analytically pure
phonites forming anionic complexes with palladium metal. product @a) as colorless crystals. Yield: 95% (2.16 g). Mp: 178
The reactions of thioetheraminophosphonites with Pt-  180°C. Anal. Calcd for GH,0NO3PS: C, 66.50; H, 4.65; N, 3.23;
(COD)ChL gave exclusively phosphorus-coordinated cis- S, 7.39. Found: C, 66.39; H, 4.61; N, 3.19; S, 736NMR (400
complexes with highs-donor strength. All the palladium ~ MHz, CDCh, 9): 8.73 (d, 2HAr, *Juy = 8.8 Hz), 7.72-7.75 (m,
complexes present a promising catalytic activity (TON up 4H: A1, 7.55 (t, 2H'Ar'33‘]HH = 7.6 Hz), 7.37 (t, 2HAr, ZJHH =
to 92 000) toward Suzuki cross-coupling reaction for a series /-6 H2), 7:20 (d, 2HAT, %Jy = 8.8 Hz), 3.79 (t, 4H, @, *Jy =

. i 4.4 Hz), 3.41 (t, 4HCHy, 3y = 4.8 Hz).31P{1H} NMR (121.4
of aryl halides. Further utility of these complexes toward

various other organic transformations are under investigationMHz’ CDC, 0): 134.9 (s).
) hesis of {— He(u- HsO—}PNC4HgNCH3 (2b).
in our laboratory. Synthesis of { ~OCiHe(u-S)CioHsO—} PNCsHgNCH3 (2b)

This was synthesized by the procedure similar to tha&using

Experimental Section
(29) Mercado, R. M. L.; Chandrasekaran, A.; Day, R. O.; Holmes, R. R.

All experimental manipulations were carried out under an Organometallics1999 18 906-914.
atmosphere of dry nitrogen or argon using Schlenk techniques (gg) ?ntderson,YQ.YK.;hL_ldn, "4‘?00'?- iymgl-lggqszatﬁ%g&zs a2
unless otherwise stated. Solvents were dried and distilled prior to( )323?un0’  Yoshida, T.; Otsuka, Biorg. Synth.1990 28,

use by conventional methods. Bis(2-hydroxy-1-naphthyl) suffide, (32) Drew, D.; Doyle, J. RInorg. Synth.1972 13, 48—49.

9462 Inorganic Chemistry, Vol. 45, No. 23, 2006



Synthesis and Study of Mesocyclic Ligand Complexes

the chlorophosphité (1.5 g, 3.92 mmol) andN-methylpiperazine
(0.91 mL, 8.23 mmol). Yield: 93% (1.63 g). Mp: 17474 °C.
Anal. Calcd for GsH.3NL,O,PS: C, 67.25; H, 5.19; N, 6.27; S, 7.18.
Found: C, 67.19; H, 5.16; N, 6.23; S, 7.4 NMR (400 MHz,
CDC|3, (3) 8.73 (d, 2H Ar, SJHH =8.4 HZ), 7.73 (t, 2HAr, BJHH

= 6.8 Hz), 7.53-7.57 (m, 4H,Ar), 7.37 (t, 2H,Ar, 3344 = 6.8
Hz), 7.19 (d, 2HAr, 334y = 8.8 Hz), 3.46 (br s, 4H, By), 2.55
(br s, 4H, ), 2.39 (s, 3H, Ei3). 3P{H} NMR (121.4 MHz,
CDClg, 0): 135.1 (s).

Synthesis Of{ (—OCwHe(,u-S)CloH 60_)PNC4H80-KP} 2PdC|2

(3a). A solution of (PhCN)PdCL (0.03 g, 0.078 mmol) in CkCl;

(6 mL) was added dropwise to a solution2zf(0.069 g, 0.16 mmol)

in 8 mL of dichloromethane at room temperature. The resulting
yellowish-green solution was stirred for 3 h. The solution was then
concentrated to 3 mL and layered with petroleum ether, which on
cooling to—25 °C gave a yellow crystalline produc8d). Yield:
94% (0.076 g). Mp: 198°C (dec). Anal. Calcd for ¢Hao
Cl.N2O6P,S,Pd: C, 55.21; H, 3.86; N, 2.68; S, 6.14. Found: C,
55.09; H, 3.82; N, 2.65; S, 6.09H NMR (400 MHz, CDC}, 6):
8.83 (d, 4H,Ar, 3Jy = 8.8 Hz), 7.15-8.04 (m, 20HAr), 3.96 (t,

8H, CHy, 33y = 4.4 Hz), 3.49 (t, 8H, @, 334y = 4.4 Hz).3P-
{H} NMR (121.4 MHz, CDC}, 6): 93.9 (s).

Synthesis Of{ (_OC;]_()HGw-s)cloH60—)PNC4H8NCH3-KP} -
PdCl; (3b). This was synthesized by the procedure similar to that
for 3a, using (PhCN)PdCL (0.03 g, 0.078 mmol) an&b (0.072
g, 0.16 mmol). Yield: 90% (0.075 g). Mp: 18®& (dec). Anal.
Calcd for GoH4eCloN4sO4P,S,Pd: C, 56.11; H, 4.33; N, 5.23; S,
5.99. Found: C, 56.09; H, 4.29; N, 5.16; S, 5.84.NMR (400
MHz, CDCl, 6): 8.72 (d, 4HAr, 3Jy = 8.4 Hz), 7.1+8.61 (m,
20H, Ar), 3.73 (br s, 8H, El,), 2.61 (br s, 8H, @), 2.43 (s, 6H,
CHy). 31P{H} NMR (121.4 MHz, CDC}, 6): 94.1 (s).

Synthesis Of{ (—OC]_QHG(,M-S)Q[)HGO—)PNCqH 30-KP} 2PtC|2
(4a). A solution of 2a (0.071 g, 0.164 mmol) in C¥Cl, (10 mL)
was added dropwise to 6 mL of dichloromethane solution of Pt-
(COD)Ck (0.03 g, 0.08 mmol) at room temperature. After stirring

Calcd for GgHasFsNOgPSPd: C, 46.07; H, 3.45; N, 1.92; S, 8.78.
Found: C, 45.97; H, 3.34; N, 1.89; S, 8.661 NMR (400 MHz,
CDCl, 0): 8.86 (d, 2H,Ar, 3Jyy = 8.8 Hz), 7.36-7.95 (m, 10H,
Ar), 5.75-5.79 (m, 1H,allyl), 4.88 (br s, 2Hallyl), 4.28 (br s,
2H, allyl), 3.95 (t, 4H, Gy, 334y = 4.4 Hz), 3.73 (t, 4H, €,
8Jun = 4.6 Hz).31P{1H} NMR (121.4 MHz, CDC}, 8): 123.8 (s).
ESIMS,m/z (M — CRS0; ), 580.1.

Synthesis of { (—OC;0Hg(u-S)CioHsO—)PNCHgNCH3-«P S} -
Pd(;73-C3H5s)](CF3S0s) (5b). To a solution of [Pdf3-CsHs)Cl],
(0.025 g, 0.068 mmol) in acetone (5 mL) was added AgOTf (0.035
g, 0.014 mmol), and the reaction mixture was stirred for 15 min.
The AgCI salt was separated from the light yellow mother liquor
using a cannula. To the above resulting yellowish solution was
added slowly at room temperature a solution of the lig2im@.063
g, 0.14 mmol) in dichloromethane (8 mL), and this mixture was
stirred for 2 h. The orange solution obtained was concentrated to
2 mL, and diethyl ether (5 mL) was added to gbhleas an orange
microcrystalline residue. Yield: 88% (0.089 g). Mp: 148(dec).
Anal. Calcd for GgH»gF3N-OsPSPd: C, 46.87; H, 3.79; N, 3.77;
S, 8.63. Found: C, 46.76; H, 3.69; N, 3.72; S, 84¥2NMR (400
MHz, CDCl, 0): 8.85 (d, 2H Ar, 3Juy = 8.4 Hz), 7.29-7.89 (m,
10H, Ar), 5.81-5.85 (m, 1H.allyl), 4.84 (br s, 2Hallyl), 4.04 (br
s, 2H, allyl), 3.48 (br s, 4H, El,), 2.75 (br s, 4H, €,), 2.36 (s
3H, CHa). 31P{1H} NMR (121.4 MHz, CDC}, 0): 125.1 (s).

Synthesis of {(_OC;L()H@(‘M-S)CL()HGO_)P(O)-KP,KS} PdCl;]
(H2NC4HgO) (6a). A mixture of (PhCN)PdCL (0.04 g, 0.104
mmol), the ligand?a (0.047 g, 0.109 mmol), and 8 (2L, 0.11
mmol) in 10 mL of toluene was heated at 9Q for 3 h. The
yellowish-green precipitate formed was filtered off and dried. It
was recrystallized from the Gl /petroleum ether mixture to give
the product 6a) as yellowish crystals at room temperature. Yield:
90% (0.059 g). Mp: 232C (dec). Anal. Calcd for &H,,CIo,NO,-
PPdS: C, 45.84; H, 3.53; N, 2.23; S, 5.09. Found: C, 45.79; H,
3.49; N, 2.21; S, 4.98. IR (KBr disc, cr®): vn-p, 3302 S;vc—p,
3055 s, 2963, 2920, and 285218;-0, 1112 s*H NMR (400 MHz,

for 1 h, the clear solution was concentrated to 3 mL and layered DMSO-ds, d): 8.76 (d, 2H,Ar, 3Jyy = 8.4 Hz), 8.18 (d, 2HAr,

with petroleum ether (1 mL), which on slow evaporation gave the
productda as colorless crystals. Yield: 87% (0.079 g). Mp: 187
°C (dec). Anal. Calcd for ggH4oCl.N2OsP.S,Pt: C, 50.88; H, 3.56;

N, 2.47; S, 5.66. Found: C, 50.68; H, 3.52; N, 2.42; S, 515D.
NMR (400 MHz, DMSO#¢s, 6): 8.94 (d, 4H,Ar, 3Jyy = 8.8 Hz),
7.66—8.42 (m, 20HAr), 3.81 (t, 8H, G, 33y = 4.4 Hz), 3.41 (t,
8H, CH,, 34y = 4.8 Hz).31P{*H} NMR (121.4 MHz, DMSO¢l,

0): 69.4 (s,'Jppp = 5835 Hz).

SyntheSiS 01{ (_OC]_OH e(u-s)q_d" 60_)PNC4H 3NCH3‘KP} 2PtC|2
(4b). This was synthesized by the procedure similar to thattépr
using 2b (0.073 g, 0.164 mmol) and Pt(CODY(0.03 g, 0.08
mmol). Yield: 90% (0.084 g). Mp: 218C (dec). Anal. Calcd for
CsoH4eCIN4,O4P,S,Pt: C, 51.82; H, 4.00; N, 4.83; S, 5.53. Found:
C, 51.68; H, 3.92; N, 4.72; S, 5.51H NMR (400 MHz, DMSO-
ds, 9): 8.95 (d, 4H,Ar, 33y = 8.8 Hz), 7.63-8.44 (m, 20H Ar),
3.48 (br s, 8H, Ely), 2.58 (br s, 8H, El,), 2.40 (s, 6H, El3). 31P-
{H} NMR (121.4 MHz, DMSO#d, 9): 69.9 (s,'Jpip = 5842 Hz).

Synthesis of { (—OC;oHg(u-S)CyoHsO —)PNC4HgO-«P «S} Pd-
(73-C3Hs)](CF3S0;s) (5a). A solution of [Pdg3-CsHs)Cl], (0.025
g, 0.068 mmol) in CHCI, (6 mL) was added dropwise to a
dichloromethane (8 mL) solution d¢fa (0.061 g, 0.14 mmol) at
room temperature. After 2 h, AgOTf (0.035 g, 0.014 mmol) was
added, and the resulting mixture was stirred for an additional 1 h.

8Jun = 8.8 Hz), 8.01 (d, 2HAr, 3Jyy = 7.6 Hz), 7.82 (t, 2HATr,
8Juyn = 7.2 Hz), 7.57 (t, 2HAr, 334y = 6.8 Hz), 7.45 (d, 2HAr,
SJHH = 8.8 HZ), 3.76 (t, 4H, Gz, SJHH = 4.8 HZ), 3.11 (t, 4H,
CH,, 3Jyn = 4.4 Hz).3P{1H} NMR (121.4 MHz, DMSO#d, 9):
445 (s).

SyntheSiS of [ﬁocloHG(,u'S)CloH60_)P(O)'KP,KS}PdC'z]
(H2NC4HgNCH?3) (6b). This was synthesized by the procedure
similar to that for6a, using (PhCNyPdCL (0.04 g, 0.104 mmol),
2b (0.049 g, 0.109 mmol), and 8 (2 L, 0.11 mmol). Yield:
82% (0.055 g). Mp: 158C (dec). Anal. Calcd for &H,sCloN,Os-
PPdS: C, 46.78; H, 3.93; N, 4.36; S, 4.99. Found: C, 46.69; H,
3.88; N, 4.31; S, 4.89. IR (KBr disc, c): vn-n, 3309 s;vc—p,
3054 s, 2970, 2928, and 2720i$;-0, 1112 sIH NMR (400 MHz,
DMSO-dg, 0): 8.81 (d, 2H,Ar, 3Jyy = 8.8 Hz), 8.45 (d, 2HA,
3Jun = 8.4 Hz), 7.18-7.98 (m, 8HAr), 3.49 (br s, 4H, El,), 2.58
(br s, 4H, H,), 2.33 (br s, 3H, El3). 31P{H} NMR (121.4 MHz,
DMSO-ds, 0): 44.7 (S).

Catalysis. In a two-necked round-bottom flask under an atmo-
sphere of nitrogen were placed the appropriate amount of catalyst
solution and 5 mL of methanol. The correct amount of catalyst
was added as a methanol solution made up of multiple volumetric
dilutions of stock solutions. After stirring for 5 min, aryl halide
(0.5 mmol), arylboronic acid (0.75 mmol), ang®0; (0.138 g, 1

The suspension obtained was filtered through Celite to remove AgCI mmol) were introduced into the reaction flask. The mixture was
salt. The clear solution was concentrated, and petroleum ether (5heated at 60°C for the required time under an atmosphere of

mL) was added to precipitate the product, which was then filtered
off and dried. Yield: 94% (0.094 g). Mp: 118C (dec). Anal.

nitrogen (the course of reaction was monitored by GC analysis).
Then, the solvent was removed under reduced pressure. The
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resulting residual mixture was diluted with,® (8 mL) and EfO as riding contributions with isotropic displacement parameters tied

(8 mL), followed by extraction twice (Z 6 mL) with EtO. The to those of the attached non-hydrogen atoms.

combined organic fraction was dried (Mg9@nd stripped of the
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