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We will start momentarily at 2pm ET

Recordings will be available to ACS members after two weeks
http://acswebinars.org

Contact ACS Webinars ® at acswebinars@acs.org



Have Questions? ACS

V Chemistry for Life®

Type them into comments box!

Contact ACS Webinars ® at acswebinars@acs.org
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Have you discovered the missing element?

www.acs.org/2joinACS

Find the many benefits of ACS membership!
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Benefits of ACS Membership

C E; EN Chemical & Engineering News (C&EN)
The preeminent weekly news source.

CHEMICAL & ENGINEERING NMEWS

NEW! Free Access to ACS Presentations on Demand®
ACS Member only access to over 1,000 presentation
recordings from recent ACS meetings and select events.

NEW! ACS Career Navigator
Your source for leadership development, professional
education, career services, and much more.

www.acs.org/2joinACS “



Like us on Facebook! ACS

@ Chemistry for Life”

facebook.com/acswebinars



How has ACS Webinars® ACS
benefited you? R eyt

“Informing me, supporting me,
and inspiring me!”

r
San of the Weelt
Kenneth Green,
Environmental Control Technician lll,

State of Delaware’s Department of Natural
Resources and Environmental Control

Be a featured fan on an upcoming webinar! Write to us @ acswebinars@acs.orq °



mailto:acswebinars@acs.org

ACS
@ Chemistry for Li

acswebinars@acs.org




Hun for a brain snack? A
gry V Chefn:is.tsr}rforlife‘

“ACS Webinets  are 2
minute segments that bring
you valuable insight from

some of our most popular
full length ACS Webinars®”

8

See all the ACS Webinets at youtube.com/acswebinars



@ CAlmfﬂ:is.tSr}rfDrl ife”

Beginning in 2014 all recordings of ACS Webinars
will be available to current ACS members two
weeks after the Live broadcast date.

Live weekly ACS Webinars will continue to be
available to the general public.

Contact ACS Webinars ® at acswebinars@acs.org



Upcoming ACS Webinars’

Wwww.acs.org/acswebinars

@ CAlmfﬂ:is.tSr}rfDrl ife”

Thursday, June 26, 2014

Drug Discovery Series

“Tips for Filing IND and Starting your
Clinical Trials”

Dr. Lynn Gold, Camargo Pharmaceutical Services
Dr. John Morrison, Bristol-Myers Squibb

Thursday, July 10, 2014
Strategies for Applying to Grad School

Sam Pazicni, Assistant Professor of Chemistry,
University of New Hampshire

Patricia Simpson, Director of Academic Advising
and Career Services, University of lllinois Urbana
Champaign

Contact ACS Webinars ® at acswebinars@acs.org 10



' ies! ACS
Next in the ACS GCI Series! R cemyioe

Thursday, September 4, 2014

Contact ACS Webinars ® at acswebinars@acs.org "



Today’s program is co-produced with ACS
the ACS Green Chemistry Institute Y chemistryfor e

Advancing

Innovating
for Sustainabilit

12

http://www.acs.org/content/acs/en/greenchemistry.html



ACS

v Chemistry for Life®
Endangered Elements:
Critical Materials in the Supply Chain

Dr. Roderick Eggert
Critical Materials Institute,
Colorado School of Mines

e

Dr. David Constable
ACS Green Chemistry Institute

Dr. Paul Chirik
Princeton University

Dr. Avtar Matharu
Green Chemistry Centre of
Excellence, University of York

Recordings will be available to ACS members after two weeks
http://acswebinars.org
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Co-produced with ACS Green Chemistry Institute
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Endangered Elements in Catalysis

Paul J. Chirik
Department of Chemistry
Princeton University

June 19, 2014



The Importance of Catalysis

Catalysis enables our modern way of life...

Pharmaceuticals Environment Energy Household Items
...and is a key component of sustainable chemistry.

Are all catalytic processes as sustainable as possible?

What processes are the least sustainable? Why?

As chemists, we are always interested in
catalysts for new applications.



Dependence on Exotic Elements

In the last 5 years, the average American has relied on 80 elements for quality of life.

General Electric uses 72 of the first 82 elements in its product line.

Pharmaceuticals
Pd, Rh, Os, Ir

Household Iltems
Rh, Pt

Hybrid/Electric Cars
Nd, Tb, Dy, Pr

Alternative Energy
Ru, Nd, Tb, Dy, Pr

Refining
La, Pt

McGroarty, D. Wall Street Journal
1/31/13

Jaffe, R. 2011 APS-MRS Report



Concerns with Platinum

Sources
All Pt ever mined would fit in a box
that is 25 cubic feet!

* 1 ounce of Pt = 10 tons of ore, 1 mile down.
* 130 tons annually = 4.5 million tons of Earth.
®* 50% of mined Pt is “lost”.

* CO2 footprint at least 7000x of that for iron.

Not only expensive but volatile...

http://www.zerohedge.com/



Just How Valuable is Platinum?

“The Asteroid Mining Company”

See: http://www.bbc.co.uk/news/science-environment-21144769



Comparison of Pt-Catalyzed Reactions

Benzene Hydrogenation: Low Distribution Entropy

atms H2

Pt catalyst

High catalyst recovery
Silicone Release Coatings: High Distribution Entropy

H
SL 6020 Si O Si O SiO Si

m n
ppm [Pt]
neat

+

SL 6100 Si0O SiO Si

n

Little to no catalyst recovery.
Residual Pt accounts for 30-40% of the cost of the coating.

This is an application in need of base metals!



More About Platinum Catalyzed Hydrosilylation

OSiMes

FS e si
MesSiO ’ 50-100 ppm Pt
[MD'M] (Neat)
S Si
(0] Pt Pt (@]
(@] .
Si Si Si Si

“Karstedt’s Catalyst”

Byproducts of Hydrosilylation (10-30 %)
[Si]

From Decomposition to Ptblack

Issues for base metals: cost, selectivity and new reactivity.




Why not base metals? It’s all about electrons!

Precious Metals: 2e- chemistry (Oxidative Addition/Reductive Elimination)

Rh(1) Rh(Ill) Rh(V)

Base Metals: 1e- chemistry (Radicals, autoxidation)

Fe(0) Fe(l) Fe(ll) Fe(lll) Fe(IV) Fe(V) Fe(VI)

Fundamental Question:

How do we achieve 2e- chemistry from a 1e-transition metal platform?



How we go about this...

In Enzymes: 0
N N
N Fem N [] N Fev N
N N
S S
Cys Cys

Nature uses “redox active” ligands to achieve 2e- chemistry with base metals.

Green, M. Science 2010, 330, 933.

Chirik Laboratory:

+X Y

Ar N A

N
N I N i

Fe . Fe (PDI2-)Fe2+ (PDI1-)Fes+

pr N N -N2 e N

Fe(ll), ds -X Y Fe(lll), ds
iPr Pr

. : e » “P-450-like”
Metal-ligand cooperative oxidative addition.

Can we apply this concept to the synthesis of commercial silicones?

Darmon, Chirik, et al. JACS 2012, 134, 17125.



Iron Catalysts for Hydrosilylation

20 ppm
N Ar
N
or + R3Si-H N Fe N R3Si
N
Neat, 23 °C Exclusive Selectivity
Silicone Fluids:
Pros: * Base metal catalyst. Cons: e Air-sensitive, fragile catalysts.
* Unprecedented activity and selectivity. * Residual ligand is highly colored.

Tondreau, Atienza, Chirik, et al. Science 2012, 567.



Looking to Cobalt

[ essons from coordination chemistry: Co(lll), d® is substitutionally inert.

N 1l
Co

Si

In air!
Hydrosilylation!

OEt

N il
Co OEt

N Si
Si EtO OEt

+ Si ot
OFEt

ppm [Co], neat

Silicone Fluids:

Air Stable Co Catalyst



Catalysis for the Environment



Increased Selectivity For Green Chemistry

No silicone

1 wt% “Super Spreader”

Current Practice:

[Pt]
8 90 °C

@) O
8

+

Mixture that requires separation (via Rh catalysis)

O O
8

Exclusive!



The Consequences of Keeping the Electrons on the Metal

What happens when we confine 2 electron redox to the metal?

—_—

Y ,\Ij _ ">N __Ar PiPr2
° /CO\ - I
N CHs N—Co —CHs3
W
PiPr2
Redox-Active Classical Co(l), ds

Remote Hydroboration, hydrosilylation

Precious metal-like oxidative addition!

PiPr2 PiPr2
| 1 atm H2 | ‘,oH
N —Co CHs ? ot N —Co—H
- CH4
\ 7/ ’ \_ /.7
PiPr2 PiPrz2

Does this offer new opportunities in catalysis?

Semproni, Chirik Chem. Sci. 2014, 1956.



Base Metal Catalyzed C-H Functionalization

R1 R1
cat. [Ir] , H2
BPin + or
HBPin HBPin
or
Rz B2Pin2 R2
>3000 products
Tool for Med Chem:
Me Me Me
N [M]cat N [Pd]cat N
B2Pi
N y 2Pin2 N y BPin N y ]
N N
Complanadine A
Alzheimer's treatment n H
Me
Base Metal Breakthrough: 3mol%  ppr,
N N BPin
+ B2Pin2 N Co CHs
PiPr2
23 °C, neat
- HBPin

TONs up to 5000 at 0.02 mol’ [Co]. Obligacion, Chirik JACS 2014, 136, 4133.



Applications of Our Base Metal Library

Alkene Hydrogenation Hydrofunctionalization
5 mol% [M] + HB © cat. [Fe] B O
M =Fe, Co (¢}

Science 2013, 2, 1076.

J. Am. Chem. Soc. 2013, 135, 1316 J. Am. Chem. Soc. 2013, 135, 19107
J. Am. Chem. Soc. 2012, 134, 4561. Si: Science 2012, 335,
Cycloaddition C-H Functionalization Methods
5 mol% [Fe]
+
O cat [Co] O BPin
HBPIn
- H2
J. Am. Chem. Soc. 2013, 135, 4862.
J. Am. Chem. Soc. 2011, 133, 8858, J. Am. Chem. Soc. 2014, 136, ASAP.

This is only the beginning, we have much to learn and discover!



Base Metal Team

Max Friedfeld Jenny Obligacion Neil Palmer Dr. Margaret Scheuermann

Merck

Dr. Shane Krska
Dr. Matt Tudge
Michael Shevlin
Dr. Dave Hesk

L : Scott Semproni
Jordan Hoyt Pony Yu Dr. Tianning Diao Grant Margulieux

Iraklis Pappas

EPR Spectrocopy

Dr. Carsten Milsmann
Dr. Eckhard Bill
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Endangered Elements: Critical
materials in the supply chain

Dr. Avtar S. Matharu

Deputy Director
Green Chemistry Centre of Excellence
Chemistry Department
University of York, UK

avtar.matharu@york.ac.uk

www.greenchemistry.net
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What am 1? In this year...

http://www.nature.com/nature/journal/v494/n7438/images/494423a-i1.0.jpg

http://periodieksysteem.com/biografie/ f\e,\rlﬁllivwmn.d —rreé:g nchemis try net
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What am 1? In this year...

Audience poll

The year 1n question and the element discovered 1s?

1853 and indium
1901 and tungsten
1863 and indium
1799 and indium
1763 and dysprosium

Al o e

www.greenchemistry.net
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Discovered in 1863

http://periodictable.com/Elements/049/

http://periodieksysteem.com/biografie/ferdinand-reich I a m I N D I UM

www.greenchemistry.net
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Where from?...

www.greenchemistry.net
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Indium - who cares?

Levels of our dependency

www.greenchemistry.net
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Value or Price?

www.greenchemistry.net



THE UNIVERSITYW
Indium - who cares?

Levels of our dependency

www.greenchemistry.net
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Not just ITO

LED backlights replacing CCFL

www.greenchemistry.net
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European Perspective

The European Critical Raw Materials review, May 2014

>
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www.greenchemistry.net
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European Perspective
Levels of inter-dependency

www.greenchemistry.net



2012 Minerals Yearbook

U.S. Department of the Interior
U.S. Geological Survey

By Amy C. Tolcin, 2014

Indium - where from?
Global snapshot: 795 t

THE UNIVERSITYW

www.greenchemistry.net



Indium - where from? ™" VT

A 2012 snap-shot in to USA

SIS

2012 Minerals Yearbook

U.S. Department of the Interior
U.S. Geological Survey

By Amy C. Tolcin, 2014

www.greenchemistry.net
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Audience poll

Which country is the # ONE exporter of indium in to the U.S?

China

S. Korea
Japan
Canada

www.greenchemistry.net



Indium - where from?™™ V"V 2%

A 2012 snap-shot

Surprised?
No 4 18,7000 17,5000
26,7000 15,3000 8

kg kg 7

=F

25% decrease from the 146 t imported in 2011

2012 Minerals Yearbook

U.S. Department of the Interior
U.S. Geological Survey

By Amy C. Tolcin, 2014

www.greenchemistry.net
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Substitutability Index

—‘
INCREASING DIFFICULTY Yy
Il

0 1

www.greenchemistry.net
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Recovery/Re-use/Recycle

Recovery at source
70% or better

Recovery at EOL
Research stages

www.greenchemistry.net



THE UNIVERSITYW

Recovery/Re-use/Recycle

AIM: Capture metals in plants via phytoremediation and utilise this
trapped metal insitu for catalysis, focusing on the platinum group metals.

Nanoparticle
Waste formation

(mine tailings)

Green chemistry
applications

>
Metal uptake
by plants

A. J. Hunt, C. W. N. Anderson, N. Bruce, A. Mufioz Garcia, T. E. Graedel, M. Hodson, J. A. Meech, N. T. Nassar, H. L. Parker, E. L. Rylott, K. Sotiriou, Q. Zhang
and J. H. Clark, Phytoextraction as a tool for green chemistry, Green Process Synth., 2014, 3, 3-22 .
www.greenchemistry.net
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Summary - How

Endangered?

UKERC%20Materials%20Handbook_Indium%20(1).pdf www.greenchemistry.net
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Summary

Substitution is challenging but represents significant
scope for innovation

Recycling and extraction is limited: uneconomic but
may be commercially viable in the long-term

Need for national and international collaboration
Who dare estimate ‘global reserves’?

Stock-piling - some do, some don’t, some did

www.greenchemistry.net
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Summary

Substitution

Recycling and extraction is limited:

Need for national and international collaboration
Who dare estimate ‘global reserves’?

Stock-piling - some do, some don’t, some did

www.greenchemistry.net
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ACS Webinars” does not endorse any products or
services. The views expressed in this presentation
are those of the presenter and do not necessarily

reflect the views or policies of the American
Chemical Society.

Contact ACS Webinars ® at acswebinars@acs.org 82



' ies! ACS
Next in the ACS GCI Series! R cemyioe

Thursday, September 4, 2014

Contact ACS Webinars ® at acswebinars@acs.org 8



ACS
@ Chemistry for Li

acswebinars@acs.org

84



