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Organometallics : A Friend of Total Synthesis 

Organometallics
Total 

Synthesis
e.g.  Barry Trost



Organometallics : A Friend of Polymer Synthesis

Organometallics
e.g. Bob Grubbs

Polymer Synthesis



Organometallics : Still Blue Ocean Area 

Total 
Synthesis Organometallics Polymer Synthesis

In theory, every organometallic reaction can branch out into polymerization 



Organometallics : Still Blue Ocean Area 

Hydrolytic kinetic resolution
E. Jacobson Science 1997, 277, 936 J. Coates J. Am. Chem. Soc 2008, 130, 17658

Enantioselective Polymerization of Epoxides: 
the first person who borrows Jacobson’s catalyst for the polymerization

Enantioselective Polymerization of Epoxides:
Catalyst which Jacobson should have used for the polymerization 10 years ago
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Polymer is a mixture

Polymer is not a pure substance. It is a mixture

Organic reaction

Polymerization

Single pure product

mixture

mixture

Molecular Weight Distribution

 Average Molecular Weight

- Mn, Mw, PDI (=Mw/Mn)

Irresponsible polymer chemist



Polymer molecular weight

Number Average Molecular Weight, Mn

Weight Average Molecular Weight, Mw

PDI = Mw/Mn > 1 (Mw > Mn)

SEC trace

The smaller PDI means the NARROWER distribution of polymer

PDI=1 PDI  is smaller (>1)  PDI  is larger (>1) 

Danny’s Credit Grade Credit*Gr
ade

PhysOrg 3 4.0 (A) 12

Calculus 2 3.0 (B) 6

History 1 2.0 (C) 2

Mn (4.0+3.0+2.0)
/3

=3

Mw (12+6+2)/6 =3.666



Polymer Growing Mechanism

Step-growth polymerization Chain-growth polymerization

Nylon 6,6 Anionic polymerization



Step-Growth Polymerization

- Connecting one-by-one
- More OrgChem-like polymerization 

(Any Coupling rxns)



More about step-growth plz

Wallace Carothers

- Father of polymerizations
- Worked at Dupont
- Inventor of Nylon
- Killed himself when 41

DP = 
1

1−𝑝
, PDI = 1+p

p = monomer conversion
DP = Degree of polymerization
(DP=5 of polymer has 5 monomer in it)

2 major Issues of step-growth polymerization

1) Higher monomer conversion
90% → DP=10       95% → DP=20       99% → DP=100

2) Stoichiometric equivalence of functional groups

AA
AA
AA
AA

BB
BB
BB
BB
BB
BB

BBAABB
BBAABB
BBAA
BBAA

Chain-termination

=> lower converion

AB-type monomer is conceptually good



Chain-Growth Polymerization

(c.f. chain reaction)

Initiation : Initiator + M → P1*     (ki)
Propagation : P1* + M → Px*        (kp) 
Termination : Px* → Px (kt)
Side rxn : Px* → X
Chain Transfer : Px* → Py*             (ktr)

Always needs the initiator.
Initiators don’t have to be catalysts

Step-growth Chain-growth



More about chain-growth plz

Initiation : Initiator + M → P1*     (ki)
Propagation : P1* + M → Px*        (kp) 
Termination : Px* → Px (kt)
Side rxn : Px* → X
Chain Transfer : Px* → Py*             (ktr)DP

conversion

MW vs P

Issue of the chain-growth polymerization

To manipulate ki, kp, kt, ktr

=> For living polymerization

What is living polymerization ??



What is living polymerization

I. Special (or Ideal) class of chain-growth polymerization where

1. Narrow PDI ( <1.2)

2. Molecular weight (Mn) is well-controlled by   

[Monomer]/[Initiator] or conversion

3. After all consumption of monomer, 

further addition of monomer results in continue polymerization

→ Block copolymers can be synthesized.

(AAAAAAAAABBBBBBBBBBBCCCCCCCCCCCC)

II. To achieve living polymerization

1. kp >> kt

2. ki/kp high enough

3. absence of side reactions such as chain transfer reaction



What is living polymerization

ki/kp >  high enough
Kp/kt>  very high
Kp/ktr> very high

Fast Initiation (ki/kp)
Fast propagation (kp/kt), 
but not too fast (ki/kp)

Ideally no termination
Little termination (kp>>kt)

We can control MW of polymers



What is living Controlled polymerization

ki/kp >  high enough
Kp/kt>  very high
Kp/ktr> very high

We can control MW of polymers

Living = no termination (too ideal)
Controlled polymerization is preferred.

Anionic polymerization is thought of as only polymerization that can be real living.
Anionic polymerization can be living polymerization in the absence of moisture

PDIs of Successful anionic polymerizations (normally <1.05)



Step-growth vs Chain-growth

“ can you make a nice polymer with MW=5000 ?”

Step-growth guy says, 

“ okay, the MW of my monomer is 500, 
so what I am supposed to do is just stop the polymerization at the moment when conversion is 90%. 

 Practically impossible.

Chain-growth guy says,

“ okay, the MW of my monomer is 500,
So what I am supposed to do is just use my initiator with the ratio of monomer/initiator=10 “

DP = 
1

1−𝑝
, PDI = 1+p

Chain-growth polymerization can control the molecular weight of the polymer
 Prediction.
 Reproducibility

Those who use chain-growth polymerization predict they will have Mn=5000,
while those who use step-growth polymerization pray for that.

Predict or Pray?



Anionic polymerization : Super Geek Chemistry

Powerful but not synthesist-friendly polymerization



Example of the controlled polymerization

Controlled RADICAL polymerization (CRP)

- Atom-transfer radical polymerization (ATRP)
- Reversible Addition-Fragmentation Chain Transfer (RAFT)
- Nitroxide-mediated radical polymerization (NMP)

ATRP RAFT NMP

Matyjaszewski
(Carnegie Mellon)

Sawamoto
(Kyoto U, Japan)

Rizzardo
(CSIRO, Australia)

Hawker
(UCSB)

Controllability => Polymeric Architecture => Huge impact on the material field



Example of the controlled polymerization

Atom-transfer radical polymerization (ATRP) – maintains low concentration of active radical

Matyjaszewki JACS 1995, 117, 5614

Nowadays, generally PDI < 1.2 



Example of the controlled polymerization

Atom-transfer radical polymerization (ATRP) – maintains low concentration of active radical

Matyjaszewski, Chem. Rev., 2001, 101, 2921

Initiator – R-X
Catalyst – Cu(I)



Example of the controlled polymerization

Atom-transfer radical polymerization (ATRP) – maintains low concentration of active radical

Matyjaszewski, Chem. Rev., 2001, 101, 2921

1. Relatively easy to functionalize polymer end-group.

2. Easily combined with other polymerization methods



Example of the controlled polymerization

Metathesis polymerization

Conceptually 

ROMP : chain-growth polymerization
- Catalyst is at the chain end 

after ring opening

ADMET : step-growth polymerization
- Catalyst is gone after cross metathesis



Example of the controlled polymerization

Relatively recent Metathesis cyclopolymerization

Intramolecular enyne metathesis

Schrock, J. Am. Chem. Soc. 1994, 116, 2827
Buchmeiser, Macromolecules 2002, 35, 9029
Buchmeiser, ACIEE 2003, 42, 5965
Tae-Lim Choi, J. Am. Chem. Soc. 2011, 133, 11904

Diyne metathesis cyclopolymerization



Example of the controlled polymerization

Metathesis cyclopolymerization

Buchmeiser, ACIEE 2003, 42, 5965

ki/kp >  high enough
Kp/kt>  very high
Kp/ktr> very high

We can control MW of polymers
Slow initiation => ki/kp isn’t high

=> broad MW distribution
=> PDI is large (>1.3)  



Example of the controlled polymerization

Metathesis cyclopolymerization

Grubbs 1G Grubbs 2G Grubbs 3GHoveyda-Grubbs 2G

Slower initiator
with good thermal stability

Slow initiator Fast initiator

Widely used 
only in polymer fields



Example of the controlled polymerization

Metathesis cyclopolymerization

Buchmeiser, ACIEE 2003, 42, 5965Tae-Lim Choi, J. Am. Chem. Soc. 2011, 133, 11904

Fast initiation

Polymer with narrow MW distribution



Step-growth polymerization

Advantage of the step-growth polymerization

- a tool to produce alternating copolymers (ABABABABABABABABABABABABAB)

Good for structural diversity

Currently, 
Most of the conducting polymers in organic electronics
Are produced in the step-growth manner.

Stille
Kumada
Suzuki



Step-growth polymerization for organic electronics?

Low bandgap conducting polymers = DA repeating unit 
(D – electron-rich aromatic ring

A – electron-poor aromatic ring)

Alternating copolymers are made in Step-growth manners.
Reproducibility is one of the high priorities in Organic electronics.

Unpredictable polymerization is currently being used for organic electronics.

Possible to Change Step-growth polymerization into chain-growth polymerization ?



Catalyst transfer ??

Stille
Kumada

Suzuki

ROMP
Typical Radical polymerization
Anionic polymerization

Intrinsically chain-growth(Intrinsically) Step-growth

What if ?



Apple vs Samsung

King of Innovation King of Renovation



GRIM method

McCullough J. Chem. Soc., Chem. Commun. 1992, 70
McCullough Adv. Mater. 1999, 3, 250
Yokozawa Macromolecules, 2004, 37, 1169
Yokozawa JACS, 2005 ,127, 17542

Grignard metathesis polymerization

Chain-growth polymerization kinetics

Catalyst Transfer

Reductive elimination 
followed by intramolecular oxidative addition

Electron density of arene may work as a directing group



GRIM method

Bielawski Macromolecules, 2012 ,45, 2321Grignard metathesis polymerization

AB-Alternating copolymer



Pd Catalyst Transfer

Qiao-Sheng Hu, JACS, 2005 ,127, 10006In 2005, 



Pd Catalyst Transfer

Qiao-Sheng Hu, JACS, 2005 ,127, 10006In 2005, 



Pd Catalyst Transfer

Yokozawa, JACS, 2007 ,129, 7236In 2007, 
“Now my turn. Thank you for your nice study, Dr. Hu”

- Yokozawa

Well-defined initiator, 
already reported by Hartwig in 2004

In situ gererated ill-defined initiator

Chain-growth kinetics



Pd Catalyst Transfer

Bielawski, JACS, 2013 ,135, 4984In 2013, 
“Now my turn. Thank you for your idea, Dr. Yokozawa”

- Bielawski

Chain-growth kinetics

Why not Stille??

Initiation step is transmetallation step,
which is RDS of C-C coupling.

ki/kp should be not high



DA-alternating copolymer

Coming soon,  
Chain-growth polymerization kinetics

Electron-poor arene ring also have directing ability?



Conclusion

Keep your eyes on polymerizations

Now, Polymer Chemists are kind of responsible.












