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A typical procedure for polymerization (entry3) is as
follows. An orange solution of 5, which was prepared by the
reaction of 1 (9.30 mg, 10 umol) with H(OEt,),BAr, (10.7 mg,
10 umol) in chlorobenzene (5 mL) at room temperature, was
transferred by cannula into a 150 mL pressure bottle and
diluted with chlorobenzene (15 mL). Ethylene gas was
charged, and the mixture was mechanically stirred at 70°C
for 1 h under a constant pressure (10 kgfcm=2; 1 kgf =9.81 N).
At this stage, the reaction system was a clear orange solution
containing a small quantity of white precipitates. The mixture
was poured into MeOH (80 mL), and the resulting precip-
itates were collected by filtration and dried under vacuum to
give a white solid of polyethylene (1.34 g). The reaction could
be carried out in 1,2-dichloroethane in place of chlorobenzene
at almost the same catalytic activity (124 kgh~! (molcat)!). In
this case, however, precipitation of polymer from the reaction
solution was considerable and the molecular weight was
lowered (M,,=12.9 kgmol~!, M,/M,=71).

As seen from entries 3, 7, and 8 in Table 1, the catalytic
activity was highly sensitive to the R groups of the diphos-
phinidenecyclobutene ligands; the phenyl-substituted catalyst
5 derived from 1 exhibited much higher activity than the
others. The activity thus observed is similar to the level of the
diimine-based palladium catalysts.’! Higher pressure tends to
improve the catalytic activity but causes a drop in the
molecular weight (entries 2—4). The activity reached the
maximum at around 70°C (entry 3).

Noteworthy is that the present catalysts bearing diphosphi-
nidenecyclobutene ligands possess extremely high thermal
stability in the reaction solutions; no sign of decomposition
was observed even at 100°C (entry 6). This property is
remarkable when compared with the diimine analogues!'”!
and may be attributed to good coordination ability of the
phosphorus-based ligands with a soft palladium center.

Received: August 4, 2000 [Z15585]

[1] a) A. Jouaiti, M. Geoffroy, G. Terron, G. Bernardinelli, J. Chem. Soc.
Chem. Commun. 1992, 155; b) A. Jouaiti, M. Geoffroy, G. Terron, G.
Bernardinelli, J. Am. Chem. Soc. 1995, 117, 2251; c) A. Jouaiti, M.
Geoffroy, G. Bernardinelli, Chem. Commun. 1996, 437; d) H. Kawa-
nami, K. Toyota, M. Yoshifuji, Chem. Lett. 1996, 533; e) M.
van der Sluis, V. Beverwijk, A. Termaten, E. Gavrilova, F. Bickel-
haupt, H. Kooijman, N. Veldman, A. L. Spek, Organometallics 1997,
16, 1144; ) M. Yoshifuji, Y. Ichikawa, N. Yamada, K. Toyota, Chem.
Commun. 1998, 27; g) M. van der Sluis, V. Beverwijk, A. Termaten, F.
Bickelhaupt, H. Kooijman, A.L. Spek, Organometallics 1999, 18,
1402.

K. Toyota, K. Masaki, T. Abe, M. Yoshifuji, Chem. Lett. 1995, 221.

a) F. Mathey, P. Le Floch, Chem. Ber. 1996, 129,263;b) P. Le Floch, S.

Mansuy, L. Ricard, F. Mathey, Organometallics 1996, 15, 3267; c) B.

Breit, Chem. Commun. 1996, 437; d) C. E. Garrett, G. C. Fu, J. Org.

Chem. 1997, 62, 4534; e) S. Qiao, G. C. Fu, J. Org. Chem. 1998, 63,

4168; f) B. Breit, J. Mol. Catal. A 1999, 143, 143.

[4] a) R. Appel, V. Winkhaus, F. Knoch, Chem. Ber. 1987, 120, 243; b) M.
Yoshifuji, K. Toyota, M. Murayama, H. Yoshimura, A. Okamoto, K.
Hirotsu, S. Nagase, Chem. Lett. 1990, 2195; c¢) K. Toyota, K. Tashiro,
M. Yoshifuji, S. Nagase, Bull. Chem. Soc. Jpn. 1992, 65, 2297.

[5] a) L. K. Johnson, C. M. Killian, M. Brookhart, J. Am. Chem. Soc.
1995, 117, 6414; b) C. M. Killian, D.J. Tempel, L. K. Johnson, M.
Brookhart, J. Am. Chem. Soc. 1996, 118,11664; c) C. M. Killian, L. K.
Johnson, M. Brookhart, Organometallics 1997, 16, 2005; d)S. A.
Svejda, M. Brookhart, Organometallics 1999, 18, 65; ¢) S. A. Svejda,
L. K. Johnson, M. Brookhart, J. Am. Chem. Soc. 1999, 121, 10634.

S

Angew. Chem. Int. Ed. 2000, 39, No. 24

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

[6] For review, see: a) S. D. Ittel, L. K. Johnson, M. Brookhart, Chem.
Rev. 2000, 100, 1169; b) G. J. P. Britovsek, V. C. Gibson, D. F. Wass,
Angew. Chem. 1999, 111, 448; Angew. Chem. Int. Ed. 1999, 38, 428.
Crystallographic data for 4: Cs,H,,P,Pt, M, =980.22, orthorhombic,
space group Pbcn (No.60), a=179602(2), b=18.3428(2), c=
1528512) A,  V=50355(1) A3, Z=4, Qwua=1293gcm3,
uMoy,)=28.71 cm!, T=296 K, R(F?) (R,(F?))=0.031 (0.042) for

3202 data with I>30(I). Crystallographic data (excluding structure

factors) for the structure reported in this paper have been deposited

with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-147540. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge

CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.

ac.uk).

K. Yang, R.J. Lachicotte, R. Eisenberg, Organometallics 1998, 17,

5102.

The formation of 5 in solution was supported by NMR spectroscopy.

The monomethyl structure of 5 was further confirmed by using its

acetonitrile adduct which was isolated. 'H NMR (300 MHz, CD,CL,):

0=1.39 (dd, Jp;=9.3, 3.3 Hz, 3H; PdMe), 1.44, 1.45, 1.59, 1.60, 1.60,

1.61 (each s, each 9H; rBu), 2.30 (s, 3H; MeCN), 6.78 (d, Jy;; = 7.8 Hz,

2H;0-Ph),6.84 (d,/Jyu =8.1 Hz,2H; 0-Ph), 6.97 (t, Jyy=8.1 Hz,2H;

m-Ph), 6.98 (t, Jyu="78 Hz, 2H; m-Ph), 724 (t, Jyu =78 Hz, 2H; p-

Ph), 7.57 (s, 4H; BAr), 7.61 (d, Jpy=2.7 Hz, 2H; PAr), 7.71 (d, Jpu =

4.2 Hz,2H; PAr), 7.73 (s, 8H; BAr); BC{'H} NMR (75 MHz, CD,Cl,):

0=3.4 (s, MeCN), 14.5 (dd, Jcp=94, 3 Hz, PdMe), 31.3, 31.5, 33.8,

33.8, 34.1, 34.1 (each s, CMe;), 35.8, 36.0, 38.7, 38.7, 39.8, 39.9 (each s,

CMe;), 122.7 (s, NCMe); *'P{'H} NMR (121 MHz, CD,Cl,): 6 =133.6,

159.9 (each d, Jpp=30Hz); elementary analysis calcd (%) for

Cy;HgBF,NP,Pd: C 58.68, H 4.87, N 0.79, found: C 58.25, H 4.75, N

0.73.

[10] It was found that the diimine complex [PdMe{Ar'N=C(Me)-
C(Me)=NATr}]*[BAr,]~ (Ar =2,6-(iPr),CsH;)P under the reaction
conditions of entry 3 in Table 1 immediately starts to decompose
giving metallic palladium and loses all catalytic activity within 15 min,
1.10 g of a sludgy, dark polymer was obtained using 10 umol of the
catalyst.
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chemistry.’l This transformation includes several reaction
patterns which are dependent on the olefinic substrates
employed. The most extensively investigated is the ring-
opening metathesis polymerization (ROMP) of cyclic olefins.
Ring-closing metathesis (RCM) of dienes or enynes has also
found a number of applications in organic synthesis. Very
recently, a highly efficient catalyst for inter- and intramolec-
ular cross-metathesis (CM) of acyclic olefins has been
developed.

While the intermolecular coupling between cyclic olefins
and acyclic olefins by a sequence of ring-opening/cross-
metathesis reactions (ROCM) should be another useful
variation of olefin metathesis, selective systems for this
tandem protocol are rare.’l A major problem is the con-
current self-metathesis of cyclic olefins, giving the ROMP
products. The polymer formation is particularly pronounced
when highly reactive cyclic olefins such as norbornene and
7-oxanorbornene are employed. Consequently, ROCM is
usually conducted in a dilute solution using an excess of
acyclic olefin,! and, on occasion, it is necessary to reduce the
reactivity of cyclic olefin by steric protection.” In contrast,
we found in this study that a highly selective ROCM of
norbornene (1) could be performed without such devices, by
using phenyl vinyl selenide 2¢ as an acyclic olefin and
selenocarbene ruthenium 4c¢ as a catalyst (Scheme 1).[°!

EPh
Ru cat. (2 mol%) __ __
% * ZEph
1 2 aE=0 c:E=Se 3
b:E=S d:E=Te
N
cl TCVS N
RU H cLT
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4b:E=S 4d:E=Te 5

Scheme 1. Catalytic ROCM of norbornene with vinyl chalcogenides.

A dichloromethane solution of 1 and 2¢ (each 0.25M) was
treated with a catalytic amount of 4¢ (2 mol%) at room
temperature for 2 h. GLC analysis revealed selective forma-
tion of the ROCM product 3¢ (E/Z=65/35), which was
isolated in 92 % yield by column chromatography. Complex
4c¢ was the sole ruthenium species observed by *'P{'H} NMR
spectroscopy throughout the reaction and recovered almost
quantitatively from the system.

The ROCM reaction could be conducted using
[Ru(=CHPh)ClL,(PCy;),] (6)? or [Ru(=C=CHBu)Cl-
(PCys,),] (7)Bin place of 4¢. The reaction with 6 (2 mol %),
which is the precursor of 4¢,°! proceeded at a comparable
rate, giving 3¢ (E/Z=064/36) in 89% yield. In this case,
treatment of 6 with 2 ¢ prior to mixing with 1 was essential for
the high product yield; otherwise a considerable amount of
poly(1) was formed. While complex 7 was less reactive than 4¢
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and 6, the ROCM product 3¢ was still obtained in good yield
(83%; E/IZ =62/38) at elevated temperature (60°C, 4 h).

The reactions of 1 with a series of phenyl vinyl chalcoge-
nides are summarized in Table 1. The vinyl selenide 2c¢
(entry 4) is much more effective in ROCM than the others.
Thus the reactions with vinyl ether 2a (entries 1 and 2) and
sulfide 2b (entry3) were accompanied by considerable
ROMP of 1.0 The reaction with telluride 2d was sufficiently
selective but incomplete because of decomposition of the
ruthenium catalyst (entry 5).

Table 1. Ruthenium-catalyzed ROCM of norbornene (1) with the vinyl
chalcogenides 2.

Entry®)  H,C=CHEPh  Catalyst Reaction  Yield of  E/ZII
time [h] 301 [%]

1 2a (E=0) 4a 1 0la) -

2 2a(E=O)l  da 5 17 15/85

3 2b (E=YS) 4b 6 63 63/37

4 2¢ (E=Se) dc 2 ) 65/35

5 2d(E=Te) 4d 18 34 (98)10  46/54

[a] Initial concentration: [1] =[2] = 0.25M, [catalyst] =5.0mm. Conditions:
in CH,Cl, at room temperature. [b] Isolated yield. [c] Determined by
'"H NMR spectroscopy. [d] See ref [9]. [e] 1.3M of 2a was used. [f] Con-
version in parentheses.

Although the ROCM of 1 was further examined with
several a-olefins, no selective systems were found out. For
example, the reaction with styrene or 1-hexene in the
presence of 6 (2 mol % ) at room temperature rapidly afforded
a quantitative yield of poly(1) which was isolated by
precipitation from MeOH. The reaction with allyltrimethylsi-
lane, which has been reported as a good cross-metathesis
reagent,’! also gave the polymer in 85% vyield. In addition,
several types of cross-metathesis products as well as a
homodimer of allyltrimethylsilane were formed (see the
GCMS chart in Supporting Information).

The catalytic ROCM system using vinyl selenide 2 ¢ could
be applied to several norbornene derivatives. The represen-
tative results are given in Table 2. 7-Oxanorbornene deriva-
tives (8 and 10) reacted at room temperature to give the
corresponding ROCM products (9 and 11, respectively) in
high yields (entries 1 and 2). The reactions of less reac-
tive endo-5,6-disubstituted norbornenes (12 and 14) were
successfully conducted at 40°C using catalyst 5 bearing
a 1,3-dimesityl-4,5-dihydroimidazol-2-ylidene ligand (see
Scheme 1).1]

The variation in the product-selectivity depending on the
sort of chalcogen atoms (Table 1) may be rationalized by the
catalytic mechanism depicted in Scheme 2, where the Fischer-
type carbene complex 4 is proposed as a key intermediate.
Although Fischer-type complexes are considered to have little
reactivity toward olefin metathesis,'”! complexes 4a-4d
based on the Grubbs’ catalyst 6 were so reactive as to readily
catalyze the ROMP of norbornene (1) and exo-5,6-bis(me-
thoxycarbonyl)-7-oxanorbornene (8) at room temperature.['!]
Process (a) giving the alkylidene intermediate A (n=1) is the
common initiation step for both ROCM and ROMP, which
subsequently invoke processes (b) and (c), respectively.
Therefore, it is possible that A further reacts with norbornene
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Table 2. Ruthenium-catalyzed ROCM of norbornene derivatives with 2¢.

Entryl Substrate Product Yield®! E/Z[9
[%]
(0] SePh
@cone = o /=
1 COMe 99 84/16
8 MeO,C  CO,Me
9
(0] SePh
(0] — —
7 (0}
NMe
2 o) 82 72/28
10 (O Nl e]
Me
11
SePh
Y — —
3 CO,Me 96 55/45
CO,Me
MeO,C CO,;Me
12
13
SePh
g — —
4 OTBDMS 91 58/42
OTBDMS TBDMSO OTBDMS
14 15

[a] All reactions were run in CH,Cl, for 20-48 h. Initial concentration:
[substrate] = [2¢] =0.25M, [catalyst] =5.0 mm. Catalyst: 4c¢ (entries 1, 2), 5§
(entries 3, 4). Reaction temperature: room temperature (entries 1, 2), 40°C
(entries 3, 4). [b] Isolated yield. [c] Determined by 'H NMR spectroscopy.

TBDMS = SiMe,/Bu.
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Scheme 2. Proposed mechanism for catalytic ROCM reactions, a), b), and

c) are explained in the text.

derivatives according to process (c¢) to form the ROMP
products. However, when vinyl chalcogenide 2 is sufficiently
more reactive than the norbornene derivatives, intermediate
A selectively undergoes process (b) to afford the ROCM
products. Thus the catalytic reactions using phenyl vinyl
selenide 2 ¢ produces no notable amounts of polymers and the
ROCM products are obtained in high yields.
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There is another condition for the selective ROCM: the
cross-metathesis between A (n=1) with 2 must be a highly
regioselective process, regenerating 4 exclusively. Thus the
greater thermodynamic stability of the Fischer-type complex 4
compared with the corresponding Schrock-type analogue
[Ru(=CH,)CL,(PCys),] should provide this high regioselectiv-
ity, leading to the well-controlled ROCM reactions.!'
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