
Polvmer Chemists Are  ah a ROMP 
Conducting polymers, block polymers, "living" polymers-a 
new class of catalysts does it all,  with extraordinary precision 

LYING THERE ON A GLASS SLIDE inside a 
nitrogen-filled glove box, the little pool of 
foul-smelling liquid looks like a splash of 
yellow oil. But i t  won't look that b a y  for 
long. California Institute of Technology 
graduate student Eric Ginsburg reaches into 
the gloves up to his elbows, scoops up some 
yellowish powder on a spatula, and sprinkles 
the liquid with just a few tiny grains. Within 
minutes the liquid begins to change color: 
orange, red, purple, blue, black. ~y and by 
Ginsburg takes a razor blade and peels up 
the residue, now a thin, silvery black film. 
What he's made is polyacetylene, a much 
studied conductive polymer whose potential 
applications in areas ranging from light- 
weight batteries to antistatic coatings has 
been stymied for decades by the fact that it is 
hard, brittle, insoluble-and downright 
nasty to make. 

Until now, that is. The technique that 
Ginsburg has just demonstrated, and that he 
is trying to perfect with fellow student 
christopher  orm man, could make produc- 
tion of the stuff relatively easy. Indeed, says 
Ginsburg, "if you do it right, you can make 
the polymer soluble"-which means that the 

intractable can now be put into solution and 
cast into any form that a user may need. 

Here in the laboratory of Ginsburg and 
Gorman's major Caltech chemist 
Robert Grubbs, such tricks are becoming 
almost routine. And the key is that yellow 
powder, one of a whole new class of "transi- 
tion-metal alkylidene" catalysts that are be- 
ing hotly pursued in a friendly rivalry be- 
tween Grubbs and Richard Schrock of the 
Massachusetts Institute of Technology. 

Not only are these catalysts uniquely suit- 
ed to the production of polyacetylene and 
other conductive polymers, but they offer 
unprecedented control over some of the 
most important polymerization reactions 
now used in industry. Moreover, the chemi- 
cal companies are sitting up and taking 
notice. "It's a fascinating science, and one 
that we're watching very closely," says 
George Parshall, director of chemical re- 
search at the Du Pont Experimental Station. 

The catalysts themselves actually date 
back to the 1970s, when the first ones were 
discovered by MIT's Schrock. "It's now 
thought that they all work the same way," he 
says. The reaction is much like a square 

same polyacetylene that had once seemed so I dance in which two couples come together 
and exchange pahers .  
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One "couple"-the cata- 
lyst-consists of an or- 
ganic group connected 
by a double bond to a 
transition metal such as 
tungsten, molybdenum, 
or rhenium. A pair of 
carbon atoms in the tar- 

square dance, the swirl of 
molecular motion occa- 
sionally brings these two 

. . 

get molecule, which are 
also connected by double 
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1 M = u = R  1 MyC=C=Cd= . R 

atomic couples in con- 
May I cut in, please? The ROMP reaction starts with the tact-whereupon they alignment of two double bonds (A ) :  one in the catalyst molecule reshufie their 
connecting a transition metal atom M with an organicgroup R, and one 
closing a molecular ring in the target compound. In the course of the bonds and effect the ex- 

reaction the bonds reshufle and momentarily form a sauare (B i ,  then change. The metal 

0. 

bond, forms the second 
couple. And just as hap- 
pens in the swirl of the 

break and reshufle againtoform apair of& double 6onds ( ~ j :  As  a Can "OW go with its 
result, the opened ring is inserted into the catalyst next to the metal atom new Partner to dance the 
(D) . The process then repeats, with the chain of opened rings growing same exchange step 
longer and longer (E) .  again. 

E. 

Although the mechanism for Schrock's 
catalysis has long been understood, its appli- 
cation to polymerization was only discov- 
ered in 1984 by Grubbs and his students as 
they were studying a somewhat different 
titanium catalyst. They found that when the 
double-bonded carbon atoms of the target 
are part of a molecular ring, then the net 
effect of exchanging partners is to break 
open the ring and insert it into the catalyst 
molecule right next to the metal atom (see 
diagram). The next ring to come along is 
likewise opened and inserted, and so on. 
The result is a polymerized chain of opened 
rings gowing outward from the metal 
atom. Making use of the word "metathe- 
sis"-the chemical name for a transposition 
reaction--Grubbs coined the happy acro- 
nym ROMP, for Ring-Opening Metathesis 
Polymerization. 

The payoff, says Grubbs, is exquisite con- 
trol. By -equipping the catalys; molecule 
with side groups here and there, a chemist 
can tailor it to the target ring so precisely 
that it will speed up the polymerization by 
many orders of magnitude-and yet will not 
attack double bonds in the growing polymer 
chain, as sometimes happens with conven- . - 

tional catalysts. 
Equally important, says Grubbs, is that 

the ROMP reaction is a "living" polymeriza- 
tion. Unlike many standard polymkrization 
reactions, which cannot be restarted once 
they finish, the ROMP process keeps going 
until the catalyst runs out of new rings to 
open-and then starts up again as soon as 
more rings are available. 

This behavior promises some crucial ad- 
vantages. As Du Pont's Parshall points out, 
for example, conventional polymerization 
methods tend to produce polymer chains 
with randomly varying lengths. But with 
living polymerization, he says, "all the mole- 
cules grow at the same rate, which means 
that they all have essentially the same chain 
length." Such uniformity is particularly im- 
portant for controlling viscosity in automo- 
bile finishes and other coatings. "You want " 
it to have enough viscosity to stick and not 
run when it hits," he says, "but you also 
want it to be fluid enough to level out and 
become smooth after it hits." 

In addition, says Parshall, having a living 
polymerization reaction makes it much easi- 
er to create what are called "block copoly- 
mers": polymers that consist of alternating 
strings of different monomers. Block co- 
polymers are widely used already, he says. 
Spandex, for example, gets its strength from 
"hard segments and its ability to stretch 
from "soft" segments. But once again, the 
ROMP catalysts could make the construc- 
tion of such polymers straightforward. The 
engineers would simply have to add one 
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ring com~ound to the reaction vessel and let I lene molecules. each with two carbons. " I 

the chain of broken rings grow to a certain 
length, then add a second compound and let 
the chain incorporate a string of the new 
monomers, and so on. 

Finally, there is perhaps the most intrigu- 
ing potential application of the ROMP cata- 
lysts, says Parshall: the synthesis of polyace- 
tylene and other conductive polymers. As it 
happens, ROMP is particularly well suited 
to making these compounds because it pro- 
duces a chain in which the opened ring 
fragments are joined by double bonds. And 
a polymer rich in double bonds seems to be 
precisely what is needed for conductivity: 
when the bonds are spaced closely enough, 
an electron in one can easily jump to the 
next and thus carry a flow of current down 
the chain. 

In Ginsburg and Gorman's work with 
polyacetylene, for example, the foul-smell- 
ing yellow liquid they start with is cycloocta- 
tetraene, or COT: essentially just four acety- 

linked into an Light-sided ring. When thk 
catalyst is added-in this case, one based on 
tungsten-the broken rings link up to di- 
rectly give the alternating string of double 
and single bonds characteristics of polyace- 
tylene. "When you make it this way," says 
Ginsburg, "it doesn't involve polymerizing 
acetylene gas," which is dangerously explo- 
sive and which requires a catalyst that is 
extremely sensitive to air and water. COT 
has a high boiling point and is not nearly as 
difficult or as dangerous to handle. 

"Also," Ginsburg says, "you can extend 
the chemistry [of the polyacetylene] by 
hanging substituent groups off the side of 
the COT." If these side groups are chosen 
carefully, they will force the resulting chains 
to mist a bit. "That means they're floppy 
and don't stack together quite as well," says 
Ginsburg, "and you do lose a bit of conduc- 
tivity-but now the stuff is soluble." 

M. MITCHELL WALDROP 

C'Hairy Enzymes" Stay in the Blood 
For the first 3 years of her life. Laura Boren 
was in the hoipital almost afl the time. A 
genetic defect kept her body from making 
the enzyme adenosine deaminase (ADA), 
which in turn stymied the development of 
her immune system. Vulnerable to almost 
any type of infection, the little girl from 
Kentucky could look forward to little but a 
short life of almost constant illness. 

That has changed now, thanks to a drug 
called PEG-ADA. a modified e m m e  that 
remains active in the blood much longer 
than normal enzymes. In the past 3 years, 
Laura has steadily gained weight and has 
been free of infection for long periods. 
Almost 8, she can even attend school. Last 
month the U.S. Food and Drug Administra- 
tion approved the drug for treating the one 
child in every million who suffers from 
severe combined immunodeficiency disease 
(SCID) caused by ADA deficiency. More- 
over, the method that makes the drug effec- 
tive against ADA-SCID may have a broad 
range-of other applications; from treating 
some leukemias and lymphomas to making 
artificial blood. 

Children with ADA-deficient SCID now 
have few treatment o~t ions .  Bone marrow 
transplants cure the disease, but less than 
20% of the victims have compatible donors. 
And even when such donors are found. the 
transplants fail more often than they succeed 
because of infection or graft-versus-host dis- 
ease. The National Institutes of Health are 
now considering a proposal to do gene 
therapy on ADA-SCID kids (Science, 16  
March, p. 1287), but the success of that 

untested technique is not assured. And ef- 
forts to inject ADA-which can be obtained 
from calf intestines--directly into the blood- 
stream have failed because the liver filters 
ADA molecules out of the blood within 
minutes, preventing the enzyme from re- 
storing the immune system. 

This is exactly where the strategy taken 
with the new drug, developed by Enzon Inc. 
of South Plainfield, New Jersey, comes in. 

PEG-treated enzymes 
are nearly invisible to the 
immune system. 

To disguise the enzyme from the liver, doz- 
ens of long polyethylene glycol (PEG) mole- 
cules are attached to each ADA, says Abra- 
ham Abuchowski, Enzon's president and a 
developer of the PEG technique. "It's a 
hairy enzyme when it's done," he says. 

The modified enzyme, PEG-ADA, stays 
in the blood for 1 to 2 weeks. Surprisingly, 
the addition of PEG to the enzyme does not 
kill its activity. The activity is reduced by 
about 40%, Abuchowski says, but that is 
more than made up for by its increased life- 
span in the bloodstream. 

The PEG-ADA treatments strengthen a 
child's immune system considerably, but 
they are not a complete cure, notes immu- 
nologist Michael Blaese of the NIH, who is 
part of the team that wants to try gene 

therapy on ADA-SCID. Some immune re- 
sponses, such as the production of antibod- 
ies, show little improvement, he says, but 
overall "it's a wonderful advance." 

Researchers have tried enzyme masking in 
the past using other molecules, but PEG has 
been the most successful, Abuchowski says. 
One reason is that it has a s im~le  linear 
structure that is constantly in motion. This 
makes it virtually invisible to various recep- 
tors in the body, which respond to specific 
three-dimensional structures. That's why it's 
not recognized and taken out of action by 
the liver. for exam~le. And PEG bv itself is 
inert, so injecting it into the body is safe. 

One disadvantage of PEG-ADA is that it 
is very expensive-a year's treatment costs 
about $60,000. This is unlikely to go down 
much because the market is so small-ADA- 
deficient SCID is diagnosed in only about 
40 children worldwide each year. 

Enzyme masking with PEG has one other 
characteristic that makes little difference in 
treating ADA-deficient patients but could 
be a major advantage Gith other diseases. 
The "hairy enzymes" are nearly invisible to 
the immune system, again because PEG 
hides the sites that normally trigger immune . - -  

responses, and this may open up a number 
of enzyme treatments. For instance, the 
enzyme L-asparaginase has been used since 
the early 1970s to treat acute lymphoblastic 
leukemia. But the treatment with the en- 
zyme, which does not occur naturally in 
humans, runs a risk of triggering potentially 
fatal allergic reactions. PEG-L-asparaginase 
is now in clinical trials. Besides avoiding the 
immune response, PEG-L-asparaginase, 
with a half-life of 2 weeks, stays in the . , 
bloodstream much longer than unmodified 
L-asparaginase, which has a half-life of only 
abo& 18 hours. PEG-L-asparaginase has 
also induced remissions in patients with 
non-Hodgkin's lymphoma, Abuchowski 
says . 

Perhaps the most promising use of PEG is 
in making artificial blood. The protein he- 
moglobin is the part of blood that carries 
oxygen. But hemoglobin molecules that are 
not encased in red blood cells are quickly 
removed from the blood by the body. Given 
PEG technology, the solution is obvious. 
'We have a PEG hemoglobin that works 
exceedingly well right now," Abuchowski 
says. It staps in the Glood system for about 3 
days and could be used as a temporary 
replacement for blood. PEG-hemoglobin 
stays good for up to a year at 4"C, and unlike 
whole blood, PEG-hemoglobin can be 
warmed up to body temperature in a few 
seconds in a microwave oven. These auali- 
ties should make it valuable for emergency 
uses, for the military, and for ambulances 
and emergency rooms. w ROBERT POOL 
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