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Preparation of novel mono- and bidentate phosphine ligands having dendrimer moiety is
reported. Monodentate (1a—c) and bidentate ligands (5a,b) were synthesized from bis(4-
hydroxyphenyl)phenylphosphine oxide (3) and 1,2-bis(dichlorophosphino)ethane, respectively,
in high yields. The defect-free monodisperse nature of these compounds was confirmed by
3P NMR and elemental analysis as well as by ESI mass spectra. Complexation of these
ligands with PtCIl,(COD) followed by NaBH, reduction in a THF/H,O mixture gave Pt(0)
complexes 10a,b (having 1a,b as the ligands) and 13a,b (5a,b as the ligands). Monodentate
ligands gave PtL; complexes (10a,b) and bidentate ligands gave Pt(L—L), complexes (13a,b),
respectively. Preliminary studies on oxidative addition of Rl (R = CHj3; or CsHs) to 10a,b
showed that the metal center is easily accessible. Further, molecular modeling of 13b showed
nanoscale flattened globular structure of the complex with an approximate diameter of 4.4

nm.

Introduction

Ever since the discovery of dendritic macromolecules,!
considerable interest is focused on dendrimers. During
the past decade, a vast variety of dendrimer molecules
with different functional groups were synthesized both
by divergent? and convergent® methodologies. Owing to
their unique physical and chemical properties,* den-
drimers have found use in many areas such as encap-
sulation of function,® host—guest chemistry,® and nanos-
cale technology.”

* To whom correspondence should be addressed. Fax: +81-11-706-
3698. E-mail: tsuji@cat.hokudai.ac.jp.
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Recently, incorporation of metals into dendrimers has
received much attention and is being studied exten-
sively. There are mainly two ways to incorporate metals
into dendrimers, namely, at core® and at periphery.® In
the case of the incorporation at the periphery, there are
many examples and a large number of metal atoms can
be introduced within the same peripheral surface.® On
the contrary, in the case of the incorporation of a metal
at core,® the metal is surrounded by the dendrimer
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Chart 1. Compounds la—c, Monodentate Ligands, and 5a,b, Bidentate Ligands
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moiety and experience unique properties typical of
dendrimers. However, the latter compounds are less
addressed.

It is well-known that the strong coordinating ability
of phosphines to transition metals is utilized in a wide
variety of homogeneous catalytic reactions such as
hydrogenation,© hydroformylation,!! and allylic substi-
tution.’2 The beneficial feature of phosphines is their
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ability to tune metal environment (steric and/or elec-
tronic) through coordination. Both mono- and bidentate
phosphines are employed for this purpose.

Given the importance of dendrimers in one hand and
phosphines on the other, the incorporation of dendrim-
ers on a phosphine core must be a rational scheme for
making potent ligands. Triphenyl phosphine (TPP) and
1,2-bis(diphenylphosphino)ethane (DPPE) are typical
mono- and bidentate phosphine ligands, respectively,
which are most frequently used in a wide variety of
homogeneous catalysis.’®> A good deal of knowledge
about performance of TPP and DPPE as ligands has
been accumulated for many transition metal catalyses.
In this paper, we introduce dendrimer moieties to the
phenyl rings of TPP and DPPE to obtain dendrimer—
phosphine ligands (la—c and 5a,b, Chart 1) which
might possess a nature similar to TPP and DPPE, but
with additional dendrimer properties. Dendrimer—
phosphine complexes having a metal at the core would
be easily prepared with these ligands. Although these
phosphine complexes might realize unique catalytic
ability provoked by the dendrimer exterior, there have

(15) Pignolet, L. H. Homogeneous Catalysis with Metal Phosphine
Complexes; Plenum: New York, 1983.
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been only three precedents (Ru,® Ir,'® and Au!* com-
plexes) for such complexes. Herein, we report synthesis,
characterization, and complexation of mono (1la—c) and
bidentate (5a,b) dendrimer—phosphine ligands to pro-

vide novel metallo—dendrimer complexes with Pt(0) at
the core.

Results and Discussion

Synthesis of Monodentate Phosphine Ligands
(1). Our basic strategy of the synthesis consists of
connecting Fréchet type polybenzyl ether dendrimer
unit (G1-Br, 2a; G2-Br, 2b; G3-Br, 2c)® to bis(4-
hydroxyphenyl)phenylphosphine oxide (3) to afford the
corresponding dendrimer—phosphine oxides (4a—c) in
high yields (Scheme 1).

The phosphine oxides (4a—c) were readily reduced
using trichlorosilane!® to the corresponding phosphines
(1a—c, Scheme 1). 3P NMR spectra of 1a—c showed
resonance at —7.6, —7.6, and —7.7 ppm, respectively,
without any peaks in the phosphine oxide region (20—
30 ppm). ESI mass spectrum of 1la—c showed a single
molecular ion peaks at m/z 898 (M)*, 1749 (M + H)™,
and 3448 (M + H)*, respectively (Figure 1). These mass
spectra as well as elemental analysis data clearly
indicate that the products are monodisperse and with
no incomplete substitution. Obtaining such a defect-free
ligand is essential for synthesis of a metallo—dendrimer
with definite structure and well-defined architecture.

Synthesis of Bidentate Phosphine Ligands (5).
To use the chelating nature of bidentate phosphines
such as DPPE, a parallel synthetic route was envi-
sioned. Synthesis similar to the one used for monoden-
tate ligands (Scheme 1) could not be applied successfully
due to the poor solubility of (HOCgH4),PCH,CH,P(CsHa-
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Figure 1. ESI MS spectra of monodentate ligands: (a)
1a; (b) 1b; (c) 1c.
Scheme 2
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OH),17 and the corresponding phosphine oxide in com-
mon organic solvents. The reactions with these sub-
strates only afforded an intractable mixture of products
containing a varying number (1—4) of the dendrimer
moieties (GPC and ESI mass spectra). As an alternate
strategy, 2a and 2b were condensed with 4-bromophenol
(7) to get the corresponding ethers 8a,b, respectively,
in high yields (Scheme 2). Then, lithiation of 8a and 8b
with n-BuLi followed by reaction with 1,2-bis(dichloro-
phosphino)ethane gave the required products (5a,b) in
a pure form. 31P resonance of 5a and 5b appeared as a
single sharp peak at —14.8 and —15.0 ppm, and ESI
mass spectra gave corresponding molecular ion peaks
at m/z 1672 (M + H)™ and 3370 (M + H)™, respectively.
Careful examination of 3C and 'H NMR spectra indi-
cated that 5a and 5b were obtained as a defect-free
monodisperse material, which was supported by the
elemental analysis data of the corresponding phosphine
oxides (6a, n = 1; 6b, n = 2).

(16) (a) Fritzsche, H.; Hasserodt, U.; Korte, F. Chem. Ber. 1965, 98,
171. (b) Huck W. T. S.; Snellink-Ruél, van Veggel, F. C. J. M
Reinhoudt, D. N. Organometallics 1997, 16, 4287.

(17) Mirabelli, C. K.; Hill, D. T.; Faucette, L. F.; McCabe, F. L.;
Girard, G. R.; Bryan, D. B.; Sutton, B. M.; Bartus, J. o0.; Crooke, S. T.;
Jhonson, R. K. J. Med. Chem. 1987, 30, 2181.
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Complexation Studies. Our next aim was to study
the coordination ability of 1a—c and 5a,b. Platinum was
selected as the metal counterpart due to good stability
and catalytic activity of its phosphine complexes.8

In the case of monodentate phosphines (Scheme 3), 2
equiv of 1a was allowed to react with 1 equiv of PtCl,-
(COD) at room temperature.’® 31P NMR analysis of the
reaction mixture indicated all the 1a coordinated to the
Pt(11) center to show resonance at 12.5 ppm (*Jp—pt =
3682 Hz). The analytically pure 9a was isolated in 97%
yield from the reaction mixture. On the basis of com-
parison with 3P NMR spectra of known Pt(ll) TPP
complexes (cis- and trans-PtCl,(PPhg),),2° the product
obtained (9a) was formulated to be the cis complex as
shown in Scheme 3. Similarly, starting from 1b, the cis-
complex 9b was isolated in an analytically pure form.2!
Subsequently, reduction of 9a and 9b to the correspond-

(18) (a) Belluco, U. In Organometallic and Coordination Chemistry
of Platinum; Maitlis, P. M., Stone, F. G. A., West, R., Eds.; Academic:
New York, 1974; p 485. (b) Anderson, G. K. In Comprehensive
Organometallic Chemistry I1; Abel, E. W., Stone, F. G. A., Wilkinson,
G., Eds.; Pergamon: Oxford, U.K., 1995; Vol. 9, p 431.

(19) Asker, K. A.; Hitchcock, P. B.; Moulding, R. P.; Seddon, K. R.
Inorg. Chem. 1990, 29, 4146.

(20) Farkas, E.; Kollar, L.; Moret, M.; Sironi, A. Organometallics
1996, 15, 1345.

(21) (a) Similarly, PdCI;(PhCN), reacted with 1c to afford trans-
PdCl,(1c), in quantitative yield with a trace amount of the cis isomer.
31P resonance (CsDg) of the trans isomer appeared at § 22.08 ppm and
the cis isomer at 31.07 ppm, which are very close to the corresponding
TPP analogues.?!® (b) Yang, Z.; Han, X.; Li, T.; Song, Y. Ke Xue Tong
Bao 1985, 841,
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ing Pt(0) complexes (10a and 10b) were successfully
carried out with NaBH, in a THF/H,O mixture, while
other reducing agents reported for Pt(Il) (n-BusNF,222
N-BusNHS0,,22° and NH;NH»2%°) were all unsuccessful.
The 3P resonances of 10a and 10b appeared only at
48.2 ppm (YJp_pt = 4445 Hz) and 49.0 ppm (}Jp_pt =
4455 Hz), respectively. These chemical shifts as well as
the 1Jp_pt values are very similar to those of Pt(PPhs)s
(49.9 ppm, 1Jp_p; = 4438 Hz),23 but not with Pt(PPhs),
(9.2 ppm, 1Jp_pt = 3829 Hz).28 Thus, both 10a and 10b
must have the three phosphine ligands on the platinum
as shown in Scheme 3. This formula was further
supported by the elemental analysis of 10a and 10b.
In the case of Pt(0) TPP complex, both Pt(PPhs); and
Pt(PPh3), can be prepared selectively.?*2 Moreover,
Pt(PPhs)4 can be generated by adding excess PPhj to
Pt(PPhjz)3.2324b In contrast, neither a use of excess 1 in
the reduction of 9 (Scheme 3) nor adding excess 1 to 10
yielded the corresponding PtL, complex. This may be
attributed to the voluminous size of 1.25a°¢

As for the chelating phosphines, 11a and 11b were
obtained in high yields by the reaction of PtCl,(COD)
with 5a and 5b, respectively (Scheme 4). It is well-
known that, unlike the monodentate ligands, chelating
phosphines such as DPPE afford cationic complexes
[Pt2T(DPPE),].26 Thus, further addition of 5a,b to 11a,b
afforded the cationic complex 12a,b in high yields,
respectively. 3P NMR spectra of 12a,b were almost
identical with that of [Pt(DPPE),]Cl,. Finally, reduction
of 12a,b with NaBH,4 in a THF/H»O mixture gave Pt(0)
complex 13a,b respectively, as analytically pure materi-
als in high yields (Scheme 4).

In line with Hawker's observation** of enhanced
solubilities of dendritic units, the novel dendrimer—
phosphine ligands (1a—c, 5a,b) and their Pt complexes
(9a,b, 10a,b, 11a,b, 12a,b, and 13a,b) obtained in the
present study show high solubilities in benzene, THF,
and dichloromethane, as compared with TPP, DPPE,
and the corresponding Pt complexes. All the den-
drimer—phosphines (1a—c, 5a,b) are insoluble in hex-
ane. However, addition of even a small amount of
benzene or toluene caused a drastic change and gave a
homogeneous solution. With TPP and DPPE, such a
distinct phenomenon was not observed. Moreover, 11la
and 11b are freely soluble in dichloromethane, whereas
the corresponding cis-PtCly(DPPE) is almost insoluble.

Oxidative Addition Study. Oxidative addition?’ is
one of the most important elementary steps in many
catalytic cycles. Therefore, the reaction of the den-
drimer—phosphine Pt(0) complexes (10 and 13) with

(22) (a) Mason, M. R.; Verkade, J. G. Organometallics 1992, 11,
2212. (b) loele, M.; Ortaggi, G.; Scarsella, M.; Sleiter, G. Polyhedron
1991, 10, 2475. (c) Malatesta. L.; Cariello, C. J. Chem. Soc. 1958, 2323.

(23) Sen, A.; Halpern, J. Inorg. Chem. 1980, 19, 1073.

(24) (a) Ugo, R.; Cariati, F.; Monica, G. L. Inorg. Synth. 1990, 28,
123. (b) Grushin, V. V.; akhrem, I. S.; Vol'pin, M. E. J. Organomet.
Chem. 1989, 371, 403.

(25) (a) Darensbourg, D. J.; Decuir, T. J.; Stafford, N. W.; Robertson,
J. B.; Draper, J. D.; Reibenspies, J. H.; Katho, A.; Jod, F. Inorg. Chem.
1997, 36, 4218. (b) Otsuka, S.; Yoshida, T.; Matsumoto, M.; Nakatsu,
K. J. Am. Chem. Soc. 1976, 98, 5850. (c) Tolman, C. A.; Seidel, W. C.;
Gerlach, D. H. 3. Am. Chem. Soc. 1972, 94, 2669.

(26) Martelli, M.; Pilloni, G.; Zotti, G.; Daolio, S. Inorg. Chim. Acta
1974, 11, 155. (b) Engelhardt, L. M.; Patrick, J. M.; Raston, C. L.;
Twiss, P.; White, A. H. Aust. J. Chem. 1984, 37, 2193.

(27) (@) Yamamoto, A. Organotransition Metal Chemistry; John
Wiley and Sons: New York, 1986; p 195. (b) Crabtree, R. H. The
Organometallic Chemistry of the Transition Metals, 3rd ed.; John Wiley
and Sons: New York, 1986; Chapter 6.
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CH3l and CgHsl were carried out with monitoring the
reaction by 3P NMR. Just like Pt(DPPE),,2® 13a and
13b (stable 18-electron complexes) did not show any
reactivity in the reaction. So, the reactions of Pt(PPh3)s
(10c) and 10a,b were studied (Table 1). The reaction of
CHgsl with 10c,?%¢ 10a and 10b was too fast and
completed within 2 min (before the 3P NMR measure-
ment) to afford trans adducts 14c (31P resonance at 27.7

(28) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Application of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987; p 246.

(29) (a) Pearson, R. G.; Figdore, P. E. 3. Am. Chem. Soc. 1980, 102,
1541. (b) Kawata, N.; Mizoroki, T.; Ozaki, A. Bull. Chem. Soc. Jpn.
1974, 47, 1807. (c) Davies, J. A.; Eagle, C. T.; Otis, D. E.; Venkatara-
man, U. Organometallics 1989, 8, 1080.
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ppm with 1Jp_py = 3063 Hz: lit.2%¢ 26.8 ppm, 1Jp_pt =
3064 Hz), 14a (26.4 ppm with 'Jp_p; = 3050 Hz), and
14b (26.3 ppm with 1Jp_p; = 3039 Hz), respectively, in
guantitative yields (entries 1—3). On the other hand,
the reaction of 10c?®® and 10b with CgHsl was slower
enough to be followed by 3P NMR. Since C¢Hsl was
used in excess (10 equiv), the reaction showed pseudo
first order dependence on [PtL3]: —d[PtL3]/dt =
Kobs[PtLs]. Plots of In[PtLs] vs time showed a straight
line (R? = 0.97—0.99) up to 80% conversion. In both
benzene and 1,2-dichloroethane as a solvent, 10c af-
forded trans adduct 14d (3P resonance at 22.9 ppm with
1Jp_pt = 3086 Hz: lit.2% 21.2 ppm with lJp_pt = 3097
Hz) quantitatively (entries 4 and 5), while 10b reacted
two times slower to afford trans adduct 14e (3P
resonance at 20.8 ppm with 1Jp_p = 3050 Hz) (entries
6 and 7). Thus, the Pt center of 10b is still easily
accessible in the reaction. The dendrimer—phosphine
ligands might work as a potent ligand in a catalytic
reaction.3°

Molecular Modeling of 13b. All the Pt complexes
(9a,b, 10a,b, 11a,b, 12a,b, and 13a,b) obtained in this
study could not be recrystalized due to their high
solubility in common organic solvent systems: only
amorphous or glassy materials were obtained. Thus, the
so extremely low crystallinity nature of the complexes
prevented us from obtaining single crystals suitable for
X-ray crystallographic analysis. On the other hand,
recently molecular modeling®! is developing as a reliable
tool. Even a large molecule could be modeled properly,
if nonempirical,3? semiempirical,®® and molecular me-
chanics3* calculations are combined.

Among the Pt complexes obtained in this study, 13b
is the largest molecule (C44H334056P4Pt, MW = 6934.7)
and relatively rigid since it contains the chelate ligand
5b. So we performed calculations to visualize a molec-
ular shape of 13b. First, to search a low-energy con-
former of the G2 moiety, conformational analysis was
carried out for G2-OCgHs by CONFLEX3/MM3.36 Then,
to get an initial structure of 13b, the optimized G2
moiety was introduced to Pt(DPPE), whose structure
had been optimized®” by the DFT38 method (B3LYP3%/

(30) Oosterom, G. E.; Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen,
P. W. N. M. Angew. Chem., Int. Ed. Engl. 2001, 40, 1828.

(31) (a) Goodman, J. M. Chemical Application of Molecular Model-
ing; Royal Society of Chemistry: Cambridge, 1998. (b) Smith, W. B.
Introduction to Theoretical Organic Chemistry and Molecular Modeling;
John Wiley and Sons: New York, 1996. (c) Young, D. C. Computational
Chemistry; John Wiley and Sons: New York, 2001. (d) Grant, G. H.;
Richards, W. G. Computational Chemistry; Oxford University: Oxford,
U.K., 1995.

(32) (a) Foresman, J. B.; Frisch, /A&. Exploring Chemistry with
Electronic Structure Methods, 2nd ed.; Gaussian: Pittsburgh, PA, 1996.
(b) Hehre, W. J.; Radom, L.; Schleyer, P. V. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; John Wiley and Sons: New York, 1986.

(33) Segal, G. A. Semiempirical Methods of Electronic Structure
Calculation; Plenum: New York, 1977.

(34) Rappé, A. K.; Casewit, C. J. Molecular Mechanics across
Chemistry; University Science Books: Sausalito, CA, 1997.

(35) (a) Goto, H. J. Am. Chem. Soc. 1989, 111, 8950. (b) Goto, H.;
Osawa, E. J. Chem. Soc., Perkin Trans. 2 1993, 187.

(36) (a) Lii, J.-H.; Allinger, N. L. J. Am. Chem. Soc. 1989, 111, 8566.
(b) Lii, J.-H.; Allinger, N. L. 3. Am. Chem. Soc. 1989, 111, 8576.

(37) X-ray structure of Pt(DPPE), has not been reported. Further-
more, structure determination of Pt(DPPE), by molecular orbital
calculation has not been carried out before. Therefore, an initial
structure of Pt(DPPE), was derived from the X-ray structure of Pt-
[(CeFs)2PCH,CH,P(CsFs),]2,3% and this initial structure was optimized
by the DFT calculation. (b) Merwin, R. K.; Schnabel, R. C.; Koola, J.
D.; Roddick, D. M. Organometallics 1992, 11, 2972.
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Table 1. Oxidative Addition of PtL3; (10a—c) with CH3l and C¢Hsl2

PtL; + RI — trans-PtRIL,

10 14
entry PtLs R solvent temp/°C 14 (L) Kobs x 102/min—1
1 10a CH3 toluene-dg 22 14a (1a) largeP
2 10b CH3 toluene-dg 22 14b (1b) largeb
3 10c CH3 toluene-dg 22 14c (TPP) largeP
4 10c CeHs benzene-ds 49 14d (TPP) 10.97
5 10c CeHs CICH2CHCI 49 14d (TPP) 5.29
6 10b CeHs benzene-ds 49 14e (1b) 5.62
7 10b C5H5 ClCHzCHzC' 49 14e (1b) 2.73

a [PtLs]o = 1.5 x 1072 mol dm~3; [RI]o/[PtL3]o = 10. b The oxidative addition was completed within 2 min.

Figure 2. (a) Side and (b) top view of optimized 13b.

LANL2DZ%). Finally, the resulting structure was fur-
ther optimized by PM34/MOZYME#*? method with fixing
the PtP4 core structure, and the results are shown in
Figure 2. The complex has nanoscale flattened globular
structure with an approximate diameter of 4.4 nm.
Noteworthy is that as the optimization proceeded,
several cavities appeared around the Pt (Figure 2a),
which might be utilized as a guest room® in some
catalytic transformations.

Experimental Section

General Experimental Procedures. All manipulations
were performed under an argon atmosphere using standard
Schlenk-type glassware on a dual-manifold Schlenk line. The
reagents and the solvents were dried and purified before use
by usual procedures.®® 3,5-Dihydroxybenzyl alcohol and 1,2-

(38) (a) Parr, R. G.; Tang, W. Density-Functional Theory of Atoms
and Molecules; Oxford University: Oxford, U.K., 1989. (b) Labanowski,
J. K.; Andzelm, J. W. Density Functional Methods in Chemistry;
Springer: New York, 1991.

(39) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(40) () Dunning, T. H., Jr.; Hay, P. J. In Modern Theoretical
Chemistry; Schaefer, H. F., 111., Ed.; Plenum: New York, 1976; Vol. 3,
p 1. (b) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270. (c) Wadt,
W. R.; Hay, P. J. 3. Chem. Phys. 1985, 82, 284. (d) Hay, P. J.; Wadt,
W. R. J. Chem. Phys. 1985, 82, 299.

(41) (a) Stewart, J. J. P. J. Comput. Chem. 1989, 10, 209. (b)
Stewart, J. J. P. J. Comput. Chem. 1989, 10, 221.

(42) (a) Fruchtl, H. A.; Nobes, R. H.; Bliznyuk, A. THEOCHEM
2000, 506, 87. (b) Greatbanks, S. P.; Gready, J. E.; Limaye, A. C,;
Rendell, A. P. J. Comput. Chem. 2000, 21, 788. (c) Titmuss, S. J.;
Cummins, P. L.; Bliznyuk, A.; Rendell, A. P.; Gredy, J. E. Chem. Phys.
Lett. 2000, 320, 169.

(43) Armarego, W. L. F.; Perrin, D. D. Purification of Laboratory
Chemicals, 4th ed.; Burrerworth-Heinemann: Oxford, U.K., 1997.

bis(dichlorophosphino)ethane were purchased from Aldrich.
G1-Br,%® G2-Br,%* G3-Br,3? CeHs(P=O)(C6H4OH)2 (3),44 and
PtCl,(COD)*® were prepared according to literature procedures.
H NMR (400.13 MHz), 1*C NMR (100.61 MHz), and 3P NMR
(161.98 MHz) spectra were recorded on a Bruker ARX 400
instrument. 3P NMR data are given relative to external 85%
HsPO,4. Column chromatography was performed on silica gel
(Wako Chemicals, Wakogel C-200HG; particle size 75—150 um)
or Florisil (Kanto Chemicals, granularity 150—250 um). ESI
mass spectra were recorded on a JEOL JMS-SX102A instru-
ment. Recycling preparative-scale GPC (RP-GPC) was carried
out on a Japan Analytical Industry LC-918 system equipped
with Jaigel-1H and Jaigel-2H columns using CHCI; as an
eluent. Elemental analyses were performed at the Center for
Instrumental Analysis of Hokkaido University.
CeHs(P=0)(CsH4O-G1), (4a). To a refluxing solution of dry
K2COs3 (2.2 g, 15.8 mmol) and bis(4-hydroxyphenyl)phenylphos-
phine oxide (3) (1.95 g, 6.3 mmol) in 50 mL of DMF and 50
mL of THF were added dropwise a mixture of 18-crown-6 ether
(800 mg, 3.0 mmol) and G1-Br (2a) (5.3 g, 13.9 mmol) in THF
(100 mL) with stirring. After 48 h, this solution was allowed
to cool to room temperature and then filtrated using Celite.
The Celite was washed with THF (10 mL x 3). The combined
organic solvent was concentrated and purified by column
chromatography on silica gel (ethyl acetate: toluene = 1:2 in
volume). Removal of the solvent gave 4a as a white glass like
solid, 5.6 g (yield > 99%). *H NMR (CDClg): 9 5.01 (s, 12H),
6.56 (t, J = 2 Hz, 2H), 6.63 (d, J = 2 Hz, 4H), 6.98 (dd, J =9
Hz, 2 Hz, 4H), 7.24—7.40 (m, 22H), 7.51-7.57 (m, 5H), 7.62—
7.65 (m, 2H). ¥C NMR (CDClg): ¢ 69.9, 70.1, 101.6, 106.3,
114.9 ((Jc-p = 7 Hz), 127.5, 128.3, 128.6, 132.0 (3Jc-p = 20

(44) Senear, A. E.; Valient, W.; Wirth, J. J. Org. Chem. 1960, 25,
2001.
(45) Drew, D.; Doyle, J. R. Inorg. Synth. 1972, 13, 48.
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Hz), 133.9 (3Jc-p = 20 Hz), 136.6, 138.7, 160.2. 3P NMR
(CeDs): 0 29.3. Anal. Calcd for CeoHs,0,P: C, 78.76; H, 5.62.
Found: C, 78.71; H, 5.65.

CeHs(P=0)(CsH40O-G2), (4b). This was prepared from G2-
Br (2b) (5.0 g, 6.2 mmol) similarly, and obtained as a white
solid (4.64 g, yield 87%).*H NMR (CDCls3): 6 4.95 (s, 8H), 5.01
(s, 20H), 6.54 (t, J = 2 Hz, 2H), 6.56 (t, J = 2 Hz, 4H), 6.64 (d,
J = 2 Hz, 4H), 6.66 (d, J = 2 Hz, 8H), 7.00 (dd, J = 9 Hz, 2
Hz, 4H), 7.16 (m, 2H), 7.28—7.50 (m, 42H), 7.53—7.67 (m, 5H).
13C NMR (CDClg): 6 70.0,70.1,101.5, 101.6, 106.4, 114.8 (3Jc-p
=7Hz), 127.5,128.0, 128.5, 131.9 (*Jc—p = 20 Hz), 133.9 (*Jc—p
= 20 Hz), 136.7, 138.6, 139.1, 160.1. 3P NMR (CsDs): 9 29.3.
Anal. Calcd for Cy16Hg9O15P: C, 78.98; H, 5.66. Found: C,
78.98; H, 5.72.

CeHs(P=0)(CsH4O-G3), (4c). Similarly, 4c was prepared
from G3-Br (2c) (356 mg, 0.21 mmol) and further purified by
the RP-GPC. The product was freeze—thaw dried to get a white
solid (256 mg, 74%). *H NMR (CDClz) : 6 4.90—4.94 (br, 28H),
4.97 (s, 32H), 6.51 (t, J = 2 Hz, 4H), 6.53 (t, J = 2 Hz, 10H),
6.62 (d, J = 2 Hz, 14H), 6.63 (d, J = 2 Hz, 14H), 6.96 (dd, J =
9 Hz, 2 Hz, 9 Hz, 4H), 7.24—7.52 (m, 89H). 13C NMR (CDCls):
0 69.9, 70.0, 101.5, 106.3, 106.4, 114.8 ((Jc-p = 7 Hz), 127.5,
128.0, 128.4, 134.0, 136.7, 138.6, 139.0, 139.1, 160.0, 160.1.
3P NMR (C¢Dg): 6 29.1; ESI-MS: m/z 3463 ([M + H]"). Anal.
Calcd for CpsH19503:P: C, 79.10; H, 5.68. Found: C, 78.93;
H, 5.73.

CeHsP(CsH4O-G1), (1a). To a solution of 4a (1.27 g, 1.4
mmol) in degassed xylene (10 mL) was added triethylamine
(0.41 mL, 2.94 mmol) and HSiCl; (0.28 mL, 2.8 mmol) at room
temperature with stirring. The mixture was stirred at 120 °C
for 48 h. Then, the suspension was cooled to room temperature
and poured into 5 mL of 2 N NaOH(aq). The organic layer was
washed with water and dried over Na,SO,. After removal of
the solvent, the residue was purified by column chromatog-
raphy on silica gel (eluting with CH,CI,) to give 1a as a white
solid (1.18 g, 93%). *H NMR (CDCls): 6 4.98 (s, 4H), 5.01 (s,
8H), 6.55 (t, J = 2 Hz, 2H), 6.64 (d, J = 2 Hz, 4H), 6.92 (d, J
= 9 Hz, 4H), 7.26—7.41 (m, 29H). 13C NMR (CDCls): & 69.9,
70.1, 101.6, 106.3, 115.2 ((Jc—p = 7 Hz), 127.5, 128.0, 128.5,
133.2 (3Jc-p = 20 Hz), 135.3 (3Jc-p = 20 Hz), 136.7, 139.1,
160.2. 3P NMR (C¢Dg): 6 —7.6. ESI-MS: m/z 898 ([M]"). Anal.
Calcd for CeoHs106P: C, 80.16; H, 5.72. Found: C, 80.41; H,
5.74.

CeHsP(CsH4O-G2), (1b). In a similar manner, 1b was
prepared from 4b (3.19 g, 1.8 mmol) as a white solid (2.70 g,
83%). *H NMR (CDCl3): 6 5.00 (br, 8H), 5.05 (br, 20H), 6.61
(br, 6H), 6.70—6.72 (br, 12H), 6.98 (d, J = 9 Hz, 4H), 7.20 (m,
1H), 7.29—7.46 (m, 48H). 13C NMR (CDCls): 4 69.9, 70.0, 101.5,
106.3, 114.9 ((Jc—p = 7 Hz), 127.5, 128.2, 128.5, 133.1 (®Jc-p
= 20 Hz), 135.2 (3Jc-p = 20 Hz), 136.7, 138.3, 139.1, 160.0,
160.1.3'P NMR (CgDs): 6 —7.6. ESI-MS: m/z 1749 ([M + H]M).
Anal. Calcd for Ci16Hg9O14P: C, 79.71; H, 5.71. Found: C,
79.93; H, 5.77.

CeHsP(CsH4O-G3), (1c). This was prepared from 4c (255
mg, 0.074 mmol) in an analogous manner and obtained as a
white solid after freeze—thaw drying (172 mg, 67%). *H NMR
(CDCls): 6 4.90—4.94 (br, 28H), 4.96 (s, 26H), 5.00 (s, 6H),
6.50—6.57 (m, 15H), 6.62 (d, J = 2 Hz, 10H), 6.63 (d, J = 2
Hz, 14H), 6.65 (d, 3 = 2 Hz, 3H), 6.88 (d, J =9 Hz, 3H), 7.17—
7.39 (m, 90H). 3C NMR (CDCl3): ¢ 69.9, 70.0, 101.5, 106.3,
106.4, 127.5, 128.0, 128.6, 136.7, 139.1, 160.0, 160.1. 3P NMR
(CeDe): 0 —7.7. ESI-MS: m/z 3448 ([M + H]*). Anal. Calcd
for CuxsH195030P: C, 79.47; H, 5.70. Found: C, 79.59; H, 5.85.

BrCsH,0O-G1 (8a). A 100 mL two necked flask was charged
with dry K,COj3 (2.16 g, 15.65 mmol) and p-bromo phenol (7)
(2.26 g, 13.05 mmol) in THF (20 mL). To this well-stirred
suspension under reflux were added a mixture of G1-Br (2a)
(5.00 g, 13.05 mmol) and 18-crown-6 ether (345 mg, 1.30 mmol)
in THF (40 mL) over 1 h. The rate of the addition is maintained
in such a way that a brisk effervescence is observed for every
drop addition. After the addition was over the reaction mixture

Balaji et al.

was refluxed for 48 h. Then the reaction mixture was cooled
to room temperature. The mixture was filtered through a short
pad of Celite. Celite was then washed with THF (10 mL x 5).
The combined organic phase was evaporated to dryness under
reduced pressure. The crude residue was taken in ethyl acetate
which was washed with 5% NaOH (10 mL x 5), water, and
brine successively. The organic layer was dried over MgSO,.
Removal of the solvent under reduced pressure yielded crude
product. It was purified by column chromatography on silica
gel using a EtOAc/hexane mixture (1:9 in volume) as an
eluent: yield 5.27 g (85%).'H NMR (CDClg): 6 4.97—5.02 (m,
24H), 6.58 (s, 8H), 6.67 (s, 12H), 6.91 (s, 8H), 7.32—7.39 (m,
40H); °C NMR (CDCIg) 6 70.1, 101.6, 106.3, 113.2, 116.7,
127.6,128.1, 128.6, 132.3, 136.9, 139.0, 157.7, 160.2. ESI-MS:
m/z 474 [M]*, 476 [M]*.

BrCsH,0O-G2 (8b). Similarly, 8b was prepared from G2-Br
(2b) (3.00 g, 3.30 mmol) in 80% yield (2.67 g). 'H NMR
(CDClg): 6 4.99—5.08 (m, 24H), 6.62—6.74 (m, 8H), 6.86—6.88
(m, 8H), 7.26—7.46 (m, 40H). *C NMR (CDClg): ¢ 70.5, 70.6,
102.0, 102.1, 106.8, 106.9, 113.7, 117.2, 127.7, 128.1, 128.7,
132.8, 137.2, 139.5, 139.7, 158.2, 160.6, 160.7. ESI-MS: m/z
898 [M]*, 900 [M]".

(G1-OCsH4),PCH,CH,P(CsH,O-G1), (5a). A 100-mL single
necked round-bottom flask fitted with three-way stopcock was
charged with 8a (1.5 g, 3.16 mmol) and 20 mL of THF. The
reaction flask was cooled to —78 °C. To this cooled solution,
n-BuLi (202 mg, 3.16 mmol) was added drop by drop over 5
min, keeping the temperature below —78 °C. After the addition
was over, the reaction mixture was stirred at that temperature
for 60 min. Then, 1,2-bis(dichlorophosphino)ethane (183 mg,
0.79 mmol) in toluene (2.5 mL) was added at —78 °C over 5
min. The reaction mixture was further stirred at that tem-
perature for 90 min, and at room temperature overnight. The
solvent was removed under reduced pressure, and the residue
was dissolved in toluene (20 mL). Water (5 mL) was added to
the solution, and the resulting suspension was stirred for 30
min. It was filtered through a short column containing a
mixture of Celite and MgSQO, (2:1 in volume), and the column
was washed with toluene (5 mL x 4). The combined filtrate
was concentrated under reduced pressure. The residue was
dissolved in CH,CI; (1.5 mL), and MeOH (10 mL) was added
to precipitate the crude 5a. After the crude 5a was dried under
high vacuum, it was dissolved CH,Cl; (0.5 mL) and a flash
filtration through Florisil using a THF/CH,Cl, mixture (1:99
in volume) as an eluent gave pure product in 75% yield (0.989
g). Alternatively, the crude 5a can be purified by column
chromatography on silica gel using a EtOAc/hexane mixture
(2:3 in volume) as an eluent. *H NMR (CDClz): ¢ 1.8—2.2 (m,
4H), 4.97—5.02 (m, 24H), 6.58 (s, 8H), 6.67 (s, 12H), 6.91 (s,
8H), 7.32—7.39 (m, 40H). *C NMR (CDCl3): 6 22.6, 69.7, 70.2,
101.6, 106.4, 115.1, 127.7, 128.1, 128.7, 134.2, 136.8, 139.3,
159.3, 160.2. 3P NMR (C¢Dg): 6 —14.82. ESI-MS: m/z 1672
(IM + HI").

(G2-0C6H4)2PCH2CH2P(C5H40-GZ)2 (5b) Compound 5b
was similarly prepared from 8b (1.5 g, 1.67 mmol) in 70% yield
(0.985 g). 'H NMR (CDClg): ¢ 2.0—2.2 (m, 4H), 5.06 (s, 56H),
6.66 (s, 16H), 6.76 (s, 36H), 7.26—7.46 (m, 80H). 3C NMR
(CDClg): ¢ 22.6, 70.0, 70.1, 101.6, 106.4, 115.2, 127.6, 128.0,
128.6, 132.7, 136.8, 139.1, 160.2. 3P NMR (C¢Ds): 0 —14.99.
ESI-MS: m/z 3370 ([M + H]").

(G1-OCgHa)2(P=0)CH,CHy(P=0)(CsH.O-G1), (6a). H.0-
(10%, 0.5 mL) was added to 5a (100 mg, 0.06 mmol) in 5 mL
of CHCl;, and the reaction mixture was stirred for 30 min.
The resulting mixture was transferred to a separating funnel
and washed with water and brine successively. The organic
layer was dried over MgSO, followed by removal of the solvent
under reduced pressure gave 6a as a white glass like material.
H NMR (CDCl3): 6 1.8—2.2 (m, 4H), 4.97-5.02 (m, 24H),
6.63—6.73 (m, 20H), 6.91 (s, 8H), 7.32—7.39 (m, 40H). 13C NMR
(CDCl3): ¢ 22.7, 69.8, 70.2, 101.5, 106.4, 114.9, 127.6, 128.1,
128.6, 134.3, 136.8, 139.6, 158.7, 160.2. 3P NMR (CgDg): 6
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34.46. Anal. Calcd for C110Hg6014P2: C, 77.54; H, 5.68. Found:
C, 77.98; H, 5.88.

(G2-OCgH4)2(P=0)CH,CH,(P=0)(CsH40-G2), (6b). Com-
pound 6b was prepared similarly from 5b (100 mg, 0.03 mmol).
IH NMR (CDCls): ¢ 1.8—2.1 (m, 4H), 4.9—5.02 (m, 56H), 6.58—
6.69 (m, 52H), 7.25—7.41 (m, 80H). 13C NMR (CDCls): 9 22.6,
70.0,70.1, 101.6, 106.4, 115.2, 127.6, 128.1, 128.6, 132.7, 136.8,
139.2, 160.2. 3P NMR (C¢Dg): 6 34.09. Anal. Calcd for
C222H192030P2: C, 78.38; H, 5.69. Found: C, 78.20; H, 5.89.

cis-PtCIl,[PCeHs(CsH40O-G1),]2 (9a). To PtCI,(COD) (75 mg,
0.2 mmol) and 1a (360 mg, 0.4 mmol) was added THF (1 mL)
at room temperature. The reaction mixture was stirred for 6
h, and crude 9a was precipitated by adding 5 mL of hexane.
This light ivory product was purified by RP-GPC to afford 9a
as a white glass like solid in 97% yield (401 mg). 3P NMR
(CeDg): 0 12.5 (*Jp—pt = 3682 Hz). ESI-MS: m/z 2028.7 (M —
C|]+) Anal. Calcd for Ci50H102012CloP-Pt: C, 69.83; H, 4.98.
Found: C, 69.68; H, 5.13.

cis-PtCI;[PC¢Hs(CsH40O-G2)2]2 (9b). In the same manner
as 9a, 9b was obtained from 1b (87.5 mg, 0.05 mmol) as a
white solid in 70% yield (66 mg). 3P NMR (CsDs): 6 13.3 (*Ip—pt
= 3657 Hz). ESI-MS: m/z 3727.7 ((M — CI]*). Anal. Calcd for
Co32H198028ClLP,Pt: C, 74.07; H, 5.30. Found: C, 74.00; H,
5.36.

Pt[PC¢Hs(CsH4O-G1):]3 (10a). Compound 9a (81.3 mg,
0.0394 mmol) and la (35.4 mg, 0.0394 mmol) were dissolved
in a mixture of 3.8 mL of THF and 0.2 mL of H,O. Then, solid
NaBH, was added in one portion to the solution with stirring.
After 1 min, 10 mL of hexane was added to the resulting yellow
solution to precipitate crude 9a. The crude 9a was purified by
a short Florisil column with THF as an eluent to afford an
yellow solid in 50% yield (57 mg). *C and *H NMR spectra
were very similar to those of 1a. 3'P NMR (C¢Dg): ¢ 48.2 (*Jp—pt
= 4445 Hz). ESI-MS: m/z 2893 ([M + H]"). Anal. Calcd for
Cis0H153018P3Pt: C, 74.75; H, 5.33. Found: C, 75.23; H, 5.60.

Pt[PCsHs(CsH40O-G2),]5 (10b). In a manner similar to 10a,
10b was prepared from the reaction between 9b and 1b. 13C
and 'H NMR spectra were very similar to those of 1b. 1P NMR
(CeDe): 0 49.0 (LJp_pt = 4455 Hz). ESI-MS: m/z 5456 (M + H
+ H20]+) Anal. Calcd for CzssH297042P3Pt: C, 76.85; H, 5.50.
Found: C, 76.90; H, 5.88.

CiS-Ptc|2[(Gl-OC5H4)2PCH2CH2P(C5H40-G].)2] (1la) At
room temperature, 5a (225 mg, 0.134 mmol) in CH,CI, (1 mL)
was added dropwise over 1 min to PtCl,(COD) (50 mg, 0.134
mmol) in CHxCI; (3 mL). The resulting solution was stirred
for 10 h. The solution was concentrated under reduced pres-
sure to half of the initial volume, and 11a was precipitated by
adding 10 mL of hexane. The 11a thus obtained was dissolved
in 1 mL of CH,Cl; again, and 11a was precipitated by adding
10 mL of MeOH. Finally, the crude 11a was purified by a short
Florisil column with a THF/CH.Cl, mixture (1:9 in volume)
as an eluent to afford a white solid in 96% yield (250 mg). 3P
NMR (C¢Dg): 6 39.73 (Jp—pt = 3641 Hz). ESI-MS: m/z 1902.3
(IM — CI]"), 1866.9 ([M — 2CI]).

CiS-Ptcl2[(G2-0C6H4)2PCH2CH2P(C5H40-G2)2] (11b) In
a manner analogous to 11a, 11b was prepared from 5b (200
mg, 0.059 mmol) in 95% yield (205 mg). 3P (CsDs): 6 40.00
(1Jp—pt = 3628 HZ). Anal. Calcd for C,2oH192028CloP,Pt:0.5 CH»-
Cl:%6 C, 72.65; H, 5.29. Found: C, 72.62; H 6.00.

[Pt{ (G1-OCsH,4),PCH,CH,P(CsH,O-G1),},]Cl, (12a). At
room temperature, 11a (200 mg, 0.103 mmol) was dissolved
in THF (3 mL), and 5a (175 mg, 0.104 mmol) in THF (1 mL)
was added dropwise over 1 min. The resulting solution was
stirred for 10 h. The solution was concentrated under reduced
pressure to half of the initial volume, and 12a was precipitated

(46) It is well-known that some DPPE complexes of Pt retain a small
amount of solvent of crystallization, which cannot be removed even
by prolonged evacuation. Appleton, T. G.; Bennett, M. A. Inorg. Chem.
1978, 17, 738.
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by adding 10 mL of hexane. The precipitate was dissolved in
1 mL of CHCl,, and 12a was precipitated once again by adding
10 mL of MeOH. Finally, the crude 12a was purified through
a short Florisil column with a THF/CH,CI, mixture (1:1 in
volume) as an eluent and 12a was afforded as a white solid in
96% vyield (357 mg). 3P NMR (C¢Dg): 6 46.97 (*Jp—pt = 2383
Hz). ESI-MS: m/z 3574.5 (IM — CI]*"), 1769.5 ([M — 2CI]?%).
Anal. Calcd for C220H192024C|2P4Pt'CH2C|2: C, 71.84; H, 5.29.
Found: C, 71.93; H, 5.48.

[Pt{ (GZ-OC5H4)2PCHzCHzP(C5H40-G2)2}g]Clz (12b) In
a manner similar to 12a, 12b was prepared from 11b (150
mg, 0.041 mmol) in 92% yield (266 mg). 3P NMR (C¢D¢): ¢
46.45 (*Jp_pr = 2370 Hz). ESI-MS: m/z 3684.6 (M + 2H +
3CHC|3]+2) Anal. Calcd for C444H384055C|2P4Pt'CH2C|2: C,
75.38; H 5.49. Found: C, 75.24; H 6.07

Pt[(Gl-OC5H4)2PCH2CH2P(CGH40-61)2]2 (133) Com-
pound 12a (50 mg) was dissolved in a mixture of 0.47 mL of
THF and 0.03 mL of H,O. Then, solid NaBH, was added in
one portion to the solution with stirring. After 5 min, 10 mL
of hexane was added to the resulting yellow solution to
precipitate 13a. The 13a thus obtained was dissolved in 1 mL
of CHCl,, and diethyl ether (10 mL) was added to precipitate
crude 13a. The crude 13a was purified by a short Florisil
column with THF as an eluent to afford a yellow solid in 80%
yield (36 mg). 3C and 'H NMR spectra were very similar to
those of 5a. 3'P NMR (Cg¢Dg): 0 27.86 (*Jp—pt = 3746 Hz). ESI-
MS: m/z 1769 ([M + 2H]2+). Anal. Calcd for C220H192024P4Pt‘
CH.Cl,: C, 73.25; H, 5.40. Found: C, 72.81; H 5.76.

Pt[(G2-OCsH4).PCH,CH,P(CsH40-G2),], (13b). In a simi-
lar manner, 13b was prepared from 12b (50 mg) in 70% yield
as a yellow glassy solid (35 mg). *3C and *H NMR spectra were
very similar to those of 5b. 3'P NMR (CsDg): 6 29.46 (*Jp—pt =
3741 Hz). ESI-MS: m/z 3467 (M + 2H]*"), 3512 (IM +
AcOELt]?"). Anal. Calcd for Ca4aH3z84056P4Pt-2CH,Cl,: C, 75.40;
H 5.50. Found: C, 75.12; H 5.96.

PdCI,(PCsHs(CsH4O-G3),),. To a mixture of PACI,(PhCN),
(5 mg, 0.01 mmol) and 1c (100 mg, 0.03 mmol) was added
benzene (2 mL) at room temperature. After stirring for 22 h,
the reaction mixture was concentrated under reduced pressure.
3P NMR (C¢Dg): 0 22.08, 31.17.

Oxidative Addition of Rl (R = CH; or CgHs) to 10
(Table 1). An NMR tube was charged with 0.45 mL of 1.5 x
1072 mol dm~3 solution of 10 (in C¢Ds or 1,2-dichloroethane).
Then, excess RI (10 equiv; R = CHj; or CgHs) was added to the
solution by a syringe. The sample was immediately analyzed
with 3P NMR. When 1,2-dichloroethane was used as the
solvent, CsDs in a sealed capillary was used for locking. For
all the oxidative addition studies, HsPO4 in DO in a small
sealed capillary was used as an internal standard for integrat-
ing the 3P resonance. 3!P resonances of l4a—e were as
follows: 14a, 26.4 ppm (*Jp-p: = 3050 Hz); 14b, 26.3 ppm
(1Jp—pt = 3039 Hz); 14¢,?% 27.7 ppm (*Jp_p: = 3063 Hz); 14d,>®
20.8 ppm (*Jp-pt = 3050 Hz); 14e, 22.9 ppm (1Jp_p: = 3086 Hz).

Molecular Modeling of 13b. The CONFLEX/MM3 con-
formational analysis was carried out with CAChe 3.2 (Oxford
Molecular) on a DELL Precision 610 WorkStation. The DFT
and PM3/MOZYME calculations were performed with the
Gaussian 98* and MOPAC2000 (Ver 1.32, Fujitsu), respec-

(47) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K,
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, Revision A.7; Gaussian, Inc.: Pittsburgh,
PA, 1998.
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tively, on an HP Exemplar V2500 at the Hokkaido University
Computing Center.
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