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is readily explained by a two-step process with formation of B2,6 
as the rate-determining step. d) The existence of an intermediate 
i s  the only rationalization for the nonstereospecific hydrogen 
transfer in the reaction of le. e) The lack of solvent effects on the 
rates of the formal ene and Diels-Alder reactions supports the 
proposed biradical and excludes a zwitterionic intermediate. 

In summary, a novel thermal C2-C6 cyclization of substitut- 
ed enyne allenes has been established for substrates in which an 
aryl group is affixed to the alkyne terminus. Apparently, aryl 
substitution raises the barrier for the Myers cycloaromatization 
and lowers the barrier for the biradical C2-C6 cyclization, ren- 
dering the latter one the exclusive pathway." 71 Further mecha- 
nistic work on this intriguing reaction and its synthetic applica- 
tions is currently in progess in our group. 
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Photoinduced Ring-Opening Metathesis 
Polymerization (PROMP) with Photochemically 
Generated Schrock-Type Catalysts 
Paul A. van der Schaaf,* Andreas Hafner, and Andreas 
Muhlebach 

Ring-opening metathesis polymerization (ROMP) is a ver- 
satile tool for the preparation of a wide variety of polymers.['] 
Since the postulated mechanism by Herisson and Chauvin in 
1970[21 that metal a lkyl idene~[~ '  are the active species in this type 
of reaction and the discovery by Schrock et al. in 1974 that these 
are generated by an r-H abstraction reaction between two alkyl 
s u b s t i t ~ e n t s , ' ~ ~  a tremendous amount of effort has been direct- 
ed, successfully, to the design of well-defined one-component 
ROMP initiators. To date, a broad range of initiators is known 
with a versatile range of applications. The best studied initiators 
are those based on early transition metals, in particular molyb- 
denum and tungsten complexes developed by Schrock et al.[sl 
These compounds are excellent initiators for a wide variety of 
monomers, but their main disadvantage is their lack of latency 
(thermal stability) in the presence of pure monomers. Although 
there are indications that alkyl complexes of early transition 
metals can be light-sensitive and even that irradiation can accel- 
erate a-H abstraction reactions,r61 no examples are known, be- 
sides our own work on Ru" complexes, using the principle of 
photoinduced ring-opening metathesis polymerization (PROMP) 
with well-defined, one-component metal complexes.['. * I  This is 
even more surprising when one considers that photoprocesses 
are known for almost all other polymerization reactions and 
employed in numerous commercial applications.[91 We report 
here the first results in the field of photoinduced ROMP 
(PROMP) reactions using simple alkyl tungsten complexes and 
light for the in situ generation of active ROMP initiators."'] 

Complexes 1 and 2 are easily prepared by standard 
transmetalation procedures (Scheme 1 ) .  Both 1 and 2 are mois- 

[W( = NPh)(CH,SiMe,), (OCMe(CF,),J,J 1 

[W( = NPh)(CH ,SiMe,),CI] 2 

1 I 

4 4 

2 1 

Scheme 1. Synthesis of the complexes 1 and 2: a) 2 equiv LiOCMe(CF,), in Et,O 
at 0 'C, b) NEt,Ci and Zn(CH,SiMe,), in CH,CI, at 0°C. c) NEt,Cf and 1.5 equiv 
Zn(CH,SiMe,), In CH,CI, at O'C. 
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ture-sensitive compounds; 1, as a crystalline material, can be 
handled in air for short periods. Both complexes are thermally 
very stable. Solutions in [DJtoluene can be heated at 80 "C for 
at least one day without decomposition products apparent by 
'H NMR spectroscopy. The 'H NMR data (see Experimental 
Procedure) suggest that in both complexes the alkyl groups are 
cis positioned. For direct proof of the stereochemistry an X-ray 
structural determination of 1 was carried out (Fig. I).["] 

Fig. 1. Molecubdr structure of 1 (hydrogen atoms are ommited for clarity). Selected 
bond lengths [A] and angles r]: W-Cl  2.11(1), W-C2 2.09(1), W-01 1.919(7). 
W - 0 2  1.982(6). W-N 1.753(7); W-Cl-Sit 121.7(7), W-C2-Si2 117.2(5). W-Ol-C3 
137 3(6). W-02-C4 161.5(7), W-N-C5 171.217). 

The crystal structure of 1 shows clearly that the two 
trimethylsilylmethyl groups have a cis relationship, as desired 
for an a-H abstraction reaction. To prove that Schrock-type 
initiators are formed during irradiation, solutions of 1 and 2 in 
C,D, were irradiated with UV light and 'H NMR spectra were 
recorded (Scheme 2). Unfortunately, only decomposition prod- 
ucts were observed. However, the in situ formation of an alkyli- 
dene metal complex could be proven indirectly by trapping reac- 
tions with an aldehyde.['21 

,CH,SiMe, hv 
'7(w ~CH,SiMe, -3. L w. ' C(H)SiMe, 

SiMe, 

Scheme 2. Schemetic representation of a photoinduced a-H abstraction reaction. 

Useful photoinitiators must fulfill several requirements. 
Firstly, they should, of course, be photoactive, and secondly, 
they should be latent, that is thermally stable, in the presence of 
the monomer and initiate the polymerization reaction only 
when activated with light. 

UV irradiation of 1 and 2 in the presence of norbornene or 
dicyclopentadiene (DCPD) yielded the ring-opening metathesis 
polymers quantitatively.'' 31 The photoactivity was demonstrat- 
ed as well by photo-DSC (DSC = differential scanning calori- 

metry) experiments and viscosity measurements during UV irra- 
diation of solutions of 1 or 2 in DCPD. The results of the 
photo-DSC experiments for solutions of 1 %  of 1 and 2 in 
DCPD are given in Figure 2. As soon as the light beam i s  switch 
on the polymerization is initiated. Whereas the polymerization 
reaction &ith 2 is complete after 30 seconds of irradiation, the 
polymerization reaction with 1 continues when the light is 
switched off after 3 minutes of irradiation. 
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Fig 2 Results of photo-DSC experments of 1 (top) and 2 (bottom) In DCPD 
W = hedt flow 

The latency of complexes 1 and 2 in DCPD was tested by 
using a viscosity apparatus. During these experiments the sam- 
ples could be either heated or irradiated with a UV lamp. The 
viscosity of the samples (1 YO initiator in DCPD containing 5 Yo 
octane) was determined every minute. The results of the experi- 
ments for 1 and 2 are given in Figure 3 .  Complex 1 slowly 
polymerizes DCPD at 60 "C in the dark (Fig. 3 top). After 2 h 
the DCPD starts to gel and after 3 h it is fully polymerized. 
When the same solution at room temperature is irradiated with 
a UV lamp, polymerization starts directly and within 15 min the 
reaction is complete. Surprisingly, complex 2 in DCPD is even 
more latent (Fig. 3 bottom). Again, irradiation Ieads to a fast 
DCPD polymerization. However, when the solution is heated to 
80 "C in the absence of light, no polymerization takes place. 
Moreover, this solution can be stored for days at room temper- 
ature without an increase of viscosity, and, even more impor- 
tantly, without loss of photoactivity. 

To our knowledge, these are the first examples of photo-in- 
duced ROMP reactions with well-defined early transition metal 
complexes. With these experiments we showed that simple alkyl 
tungsten complexes can act as one-component photo-ROMP 
initiators, and that their photoactivity as well as latency is very 
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Fig. 3. Plots of real-time viscosimetric measurements of 1 (top) and 2 (bottom) in 
DCPD. showing the latency of the initiators in the dark. V = viscosi 
units) Top: l$l- 60 C. in the dark; e: 30 C, UV irradiation. Bottom: 
the dark: e: 30 C. UV irradiation. 

high. In further studies on these and related complexes we are 
examining their reactivity with other cyclic olefins as well as the 
kinetics and quantum yields of these reactions. Applications of 
this new photopolymerization principle are also being studied. 

Experimental Procedure 
1-  Agreensolution of[W(=NPh)CI,-OEt,](ll.58 g.23.59mmol)in Et2O(50mLj  
at -78 C was treated with a solution of [LiOCMe(CF,),] (8.87 g. 47.18 mmol) in 
Et,O (50 mL). The brownish reaction mixture was warmed to room temperature. 
stirred for 30 min, and centrifuged. The orange solution was decanted from a white 
precipitate (LiCI). Volatiles were removed in vacuo leaving a red solid. The crude 
product was extracted with hexane (2 x 80 mL). The hexane fractions were com- 
bined and dried in vacuo leaving [W(=NPh){OCMe(CF,),)zC12] as a red powder; 
yield 16.54 g (90%). To a solution of [W(=NPh){OCMe(CF3j,},Cl2] (16.54g, 
21 15 mmol) in CH,CI, (50 mL) was added NEt,CI (4.00 g, 24.14mmolj as a solid. 
After 10 min the resulting dark red suspension was cooled to O T  and a solution of 
Zn(CH,SiMe,), (5.08 g. 21.24 mmol) in CH,CI, (20 mLj was added within 5 min. 
Upon addition the color of the reaction mixture turned yellowjorange and a precip- 
itate formed. The reaction mixture was then warmed to room temperature and 
stirred for an additional hour. Volatiles were evaporated in vacuo leaving a light-yel- 
low solid. which was extracted with hexane (80 and SO mL). The combined hexane 
fractions were concentrated to ca. 70 mL and stored at -30 -C. The pure product 
was obtained. in two crops. as yellow crystalline needles; yield 12.57 g (73.2%). C. 
H. N analysis: found C 32.61, H 3.89. N 1.79%:calcd C 32.56, H 4.10. N 1.73%; 
' H N M R  (300 MHz. C,D,): 6 =7.22 (d. 2H, o-H, NPh). 7.10(t, 2H,  rn-H, NPh), 
6.76 ( t .  1 H. p-H NPh),  2.57 (d, 2H,  'J(Hn.H,) =7.5 Hz, 'J(W.H) = 5.1 Hz. 
CIf*H-Si). 2.28 (d. 2H.  'J(H,,Hhj =7.5 Hz. *J(W,H) = 5.0 Hz, CH,H,Si), 1.87 and 
1.37 (2s. 6H. 2 xOCMe), 0.09 (s, 18. SiMe,). 
2: A green solution of [W(=NPh)CI,-OEt,] (8.98 g, 18.29 mmol) in CH,CI, 
(60 mL) was treated with powdered NEt,CI (3.20 g, 19.31 mmol) and stirred for 
30min The resulting green suspension was cooled to 0°C. and a solution of 
[Zn(CH,SiMe,)J (6.58 g, 27.44 mmolj in CH,CI, (25 mL) was added dropwise 
within 15 min. Upon addition the color of the reaction mixture changed immediate- 
ly to light brown. The reaction mixture was then stirred for an additional hour The 
volatiles were removed in vacuo leaving a sticky light-brown solid. The crude 
product was extracted with pentane (2 x 60 mL). The combined pentane fractions 
were concentrated to ca. 50 mL and stored at -30°C. The pure product was ob- 
tained ds off-white crystals in 85% yield. C.H,N analysis. found C 37.91. H 6.80. 

(d, 2H. PH. NPh). 7.09 (t, 2H.  in-H, NPh), 6.89 (1, 1 H. p-H. NPhj. 2.17 (s, 6H. 
'J(W.H) = 4.3 Hz. CH2Si). 0 20 (s. 27H. SiMe,). 

N 2.40%; cdkd C 31.79, H 6.70. N 2.45%; ' H N M R  (250 MHz, C,D,): b =7.43 

Photo-DSC experiments were carried out at room temperature using a Perkin- 
Elmer DSC-7 equipped with a Perkin-Elmer DPA-7 light unit. The light source was 
a 200W Hg/Xe Lamp with 2.5 mWcm-* power. Samples of 1 YO I or 2 in DCPD 
containing 5 %  octane were transferred in a sapphire cell under a flow of argon. 
Viscosity measurements were performed with a real-time viscosit? appdratus of our 
own construction. Samples of 1 O h  1 or 2 in DCPD containing 5 %  octane were 
heated o r  irrxdiated in a Pyrex or quartz test tube under a flow of argon while the 
viscosity was measured every minute. Irradiation was carried out using a ZOOW Hg 
lamp. 
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