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Type them into questions box!

“Why am I muted?”
Don’t worry. Everyone is muted 
except the presenter and host. 
Thank you and enjoy the show. 

Have Questions?

Contact ACS Webinars ® at acswebinars@acs.org 1

Contact ACS Webinars ® at acswebinars@acs.org

@AmericanChemicalSociety

@AmerChemSociety

https://www.linkedin.com/company/americ

an-chemical-society

@AmerChemSociety
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Check out the Archive!
An ACS member exclusive benefit

https://www.acs.org/content/acs/en/acs-webinars/videos.html

Hundreds of presentations from the best and brightest minds that chemistry has to offer are available 
to you on-demand. The Archive is divided into 6 different sections to help you more easily find what 
you are searching. 
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Learn from the best and brightest minds in chemistry! Hundreds of 
webinars on diverse topics presented by experts in the chemical sciences 
and enterprise.

Edited Recordings are an exclusive ACS member benefit and are made 
available once the recording has been edited and posted.

Live Broadcasts of ACS Webinars  continue to be available to the general 
public on  Tuesdays, Wednesdays, and Thursdays from 2-3pm ET!

A collection of the best recordings from the ACS Webinars Archive will be 
broadcast on Mondays and Fridays from 2-3pm ET!

®

www.acs.org/acswebinars 3

https://www.acs.org/content/acs/en/acs-webinars/videos.html
http://www.acs.org/acswebinars
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ACS Green Chemistry Institute

Engaging you to reimagine chemistry and engineering for a sustainable future! 

We believe sustainable and green chemistry innovation holds the key to 
solving most environmental and human health issues facing our world today.

• Advancing Science

• Advocating for Education

• Accelerating Industry

ACS GCI convenes companies in the chemical industries to advance the 
implementation of sustainable and green chemistry and engineering.

https://www.acs.org/gciroundtables.html gciroundtables@acs.org
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15 YEARS of Advancing GC&E 
in Pharma and Beyond

80+ Publications resulting 

from funded research, 

1700+ unique daughter 

citations

 Bridging the gap between 

academics & industry

 Enabling better decisions about 

chemical selection process design

 A leading voice for GC&E 

 Inspiring and educating the next 

generation

 Recognizing excellence in GC&E49 Roundtable 

authored papers 

since 2007

The Peter J. Dunn Award for 

Green Chemistry & Engineering 

Impact in the Pharma

Established in 2016 

https://www.acsgcipr.org

https://www.acs.org/gciroundtables.html
mailto:gciroundtables@acs.org
https://www.acsgcipr.org/
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www.acs.org/acswebinars

Free ACS Webinars Every Week!
Upcoming Broadcasts
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7T H I S    A C S   W E B I N A R   W I L L B E G I N   S H O R T L Y . . .

http://www.acs.org/acswebinars
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This ACS Webinar is co-produced with ACS Green Chemistry Institute and the ACS GCI Pharmaceutical Roundtable.

www.acs.org/acswebinars

Beyond Organic Solvents: Synthesis of a 5-HT4 Receptor Agonist in Water

Presentation slides are available now! Edited recording will be made available as soon as possible.

John Tucker
Executive Director, Chemical Development, 

CMC, Neurocrine Biosciences

Dan Bailey
Process Chemist, 

Takeda Pharmaceuticals
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ACS GCIPR Membership 2020
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Join Our ACS GCI PR Mission

Contact: gcipr@acs.org ; and/or Isamir Martinez, i_martinez@acs.org

To catalyze the implementation of GC&E  in the global pharmaceutical industry. 

https://www.acsgcipr.org

http://www.acs.org/acswebinars
mailto:gciroundtables@acs.org
mailto:i_martinez@acs.org
https://www.acsgcipr.org/
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ACS GCI Pharmaceutical Roundtable

Award Recognition Today

• Academic awards are proliferate and significantly focused upon novelty 
and publication
– Holistic (process) strategies are often shunned in favor of specific methodology

– Green Chemistry has yet to fully penetrate academia

– Process development is not a discipline taught in academia, but is learned on-
the-job through mentorship and experience

• Companies may be less likely to share new information (such as 
advances in chemistry) as the business model does not support 
publication as a final deliverable
– There is a risk to any disclosure i.e. IP or trade secrets

• Academics drive most public acknowledgement of science
– Subsequently, there are few opportunities for recognition of green process 

chemistry https://www.acs.org/content/acs/en/awards.html

J. Tucker 10

ACS GCI Pharmaceutical Roundtable

Why a Process Green Chemistry Award?

• A phalerist is someone who studies awards
– Dr. Jana Gallus holds a Ph.D. in Economics from the University of Zurich, is an 

assistant Professor at the UCLA Anderson School of Management and she’s a 
phalerist of some renown

• Consider reading her paper entitled “Awards, Honors and Ribbons: Between Fame and 
Shame.”

• There are various reasons why people give awards
– One reason is that you want to establish a legacy.

• Alfred Nobel; why did he create or establish Nobel prizes?

– Another reason is to shape a field and influence the direction that a field takes.
• The Academy Awards created an award to establish what is considered as high quality in a 

subjective medium to then influence the production of movies in the future as the award is 
valuable enough to be something that people seek to achieve, to attain.

• The GCIPR and Peter J. Dunn Award seeks to transform the way Green 
Process Chemistry is viewed, exemplified, measured and acknowledged…for 
the inspiration of future science

J. Tucker 11

https://www.acs.org/content/acs/en/awards.html
https://www.bsfrey.ch/articles/D_261_2015.pdf
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ACS GCI Pharmaceutical Roundtable 12

 Established in 2016 to recognize outstanding industrial development or 
implementation of novel green chemistry and/or engineering in the 
pharmaceutical industry that demonstrates compelling environmental, 
safety, cost, and/or efficiency improvements over current technologies at 
significant scale 

 Award consists of a plaque and an invited lecture at the Annual Green 
Chemistry & Engineering Conference.  ACS GCIPR will reimburse travel 
expenses up to $2,500. 

 Call for Nominations: Until Dec 31st

J. Tucker

Peter J. Dunn Award for Green Chemistry and 

Engineering Impact in the Pharmaceutical Industry

12

ACS GCI Pharmaceutical Roundtable

2020 Peter J. Dunn Award
for Green Chemistry & Engineering Impact 
in the Pharmaceutical Industry

2021 Nominations open Fall 2020: www.acsgcipr.org

Congratulations Dan Bailey!

C&EN Announcement ACS Green Chemistry Nexus Blog Announcement

Dr. Paul Richardson, Pfizer, Co-chair
Dr. Frank Roschangar, BI, Co-chair
Dr. Isamir Martinez, ACS GCI

J. Tucker 13

https://cen.acs.org/people/awards/Daniel-Bailey-wins-Peter-J/98/i20
https://communities.acs.org/community/science/sustainability/green-chemistry-nexus-blog/blog/2020/03/26/the-recipient-of-the-2020-peter-j-dunn-award-for-green-chemistry-engineering-impact-in-the-pharmaceutical-industry
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Beyond Organic Solvents

Dan Bailey

September 17, 2020

Takeda, Process Chemistry Development

Synthesis of a 5-HT4 Receptor Agonist in Water

ACS Webinar

The Solvent Problem

Materials used to 
manufacture API, by mass, 

industry-wide (2008)

Other

5% Reactants

7%

Water

32%
Solvents

56%

Org. Process Res. Dev. 2011, 154, 
912-917

15
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Many commonly used 
solvents are hazardous

The Solvent Problem
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Flammable

Many commonly used 
solvents are hazardous

The Solvent Problem

17



9/16/2020

10

Flammable

Environmental 
Pollutants

Many commonly used 
solvents are hazardous

The Solvent Problem
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Flammable

Environmental 
Pollutants

Many commonly used 
solvents are hazardous

Non-Renewable

The Solvent Problem

19
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The Solvent Problem

“
“ The best solvent is no solvent, but if a solvent is needed, then 

water has much to offer: it is non-toxic, non-inflammable, 
abundantly available and inexpensive.”

Roger A. Sheldon, The E Factor 25 Years On Green Chem. 2017, 19, 18

20 https://pubs.rsc.org/en/content/articlelanding/2017/gc/c6gc02157c

• Routinely

• Occasionally

• Rarely

• Once or twice in my career

• Never

How often have you run organic reactions in water?

https://pubs.rsc.org/en/content/articlelanding/2017/gc/c6gc02157c
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Aqueous Micelles as “Nano-Reactors”

Surfactant Molecule

Hydrophilic Section

Lipophilic Section

22

Aqueous Micelles as “Nano-Reactors”

H2O

H2O
H2O

H2O

H2O

H2O

H2O

H2OH2O

H2O

23
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Aqueous Micelles as “Nano-Reactors”

H2O

H2O
H2O

H2O

H2O

Reactants, Reagents,
Catalysts

Products

24

Organic Synthesis in Micellar Media

• Vitamin E derived surfactant, benign by design

• Developed by the Lipshutz Group at UCSB

• A general surfactant for organic synthesis in water

TPGS-750-M

J. Org. Chem. 2011, 76, 11, 4379-4391
25
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API Manufacturing in Micellar Media

Use of organic co-solvents in micellar media enables scale-up

No Co-solvent 10% THF (v/v) 15% THF (v/v)

Org. Process Res. Dev. 2017, 21, 218-221
26

Implementing Micellar Media at Takeda

• Adapt one chemistry step of an API process to aqueous 
media.

• Adapt a multi-step API synthesis to aqueous media.

• Conduct an API manufacturing process entirely in water, 
including isolations.

Goals:

27
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Implementing Micellar Media at Takeda

• Adapt one chemistry step of an API process to aqueous 
media.

• Adapt a multi-step API synthesis to aqueous media.

• Conduct an API manufacturing process entirely in water, 
including isolations.

Goals:

29
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Implementing Micellar Media at Takeda

• Low complexity molecule

• Opportunity to improve enabling route

• Chemistry seemed likely to work in water

• Basic centers in API and intermediates may provide pH-
dependent solubility handle in water

5-HT4 Receptor Agonist for Post-Operative GI Dysfunction

30

TAK-954 Enabling Route

31
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TAK-954 Enabling Route

Overall Yield = 35%

32

TAK-954 Enabling Route

Cumulative Process Mass Intensity PMI =
mass of all material inputs (kg)

mass of API out (kg)
= 𝟑𝟓𝟎

33
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TAK-954 Enabling Route

5 Separate Organic Solvents Used

34

TAK-954 Enabling Route

35
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TAK-954 Enabling Route

Opportunity to implement a more efficient route

36

New Route Proposal

37
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Step 1: Benzimidazole Cyclization

• Free aldehyde exclusively gives bis addition

– Optimized amount of NaHSO3 to ensure full conversion to bisulfite 
adduct

Suppression of Bis-Addition Impurities

(3 equiv)

38

Step 1: Benzimidazole Cyclization

• Free aldehyde exclusively gives bis addition

– Optimized amount of NaHSO3 to ensure full conversion to bisulfite 
adduct

• Diamine not fully soluble at pH 7

– Adjusted pH >12 to fully dissolve diamine

(3 equiv)

NaOH

Suppression of Bis-Addition Impurities

39
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Step 1: Benzimidazole Cyclization

• Free aldehyde exclusively gives bis addition

– Optimized amount of NaHSO3 to ensure full conversion to bisulfite 
adduct

• Diamine not fully soluble at pH 7

– Adjusted pH >12 to fully dissolve diamine

• Bisulfite adduct added in a single portion

– Controlled addition of bisulfite adduct to maintain excess of diamine

(3 equiv)

NaOH

3 h
addition

Suppression of Bis-Addition Impurities

40

Step 1: Benzimidazole Cyclization

(3 equiv)

NaOH

3 h
addition

80% Yield
PMI = 24.5

Direct Isolation Implemented

41
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Step 2: Amidation

Activating Agent Screen

42

Step 2: Amidation

Activating Agent Screen

Org. Lett. 2018, 20, 4218-422243
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Step 2: Amidation

• Reaction is nearly instantaneous upon addition of TCFH

• Product Oiling and Reactor Fouling

– Added THF co-solvent

– Added TCFH in 3 portions

– Removed surfactant

NMI (3.5 equiv)
2 wt% TPGS-750-M/H2O

rt, 10 m

THF (15 v%)

(1.5 equiv)

44

Step 2: Amidation

• Reaction is nearly instantaneous upon addition of TCFH

• Product Oiling and Reactor Fouling

– Added THF co-solvent

– Added TCFH in 3 portions

– Removed surfactant

NMI (3.5 equiv)
2 wt% TPGS-750-M/H2O

rt, 10 m

THF (15 v%)

(3 x 0.5 equiv)

45
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Step 2: Amidation

• Reaction is nearly instantaneous upon addition of TCFH

• Product Oiling and Reactor Fouling

– Added THF co-solvent

– Added TCFH in 3 portions

– Removed surfactant

NMI (3.5 equiv)
H2O

rt, 10 m

THF (15 v%)

(3 x 0.5 equiv)
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Step 2: Amidation

NMI (3.5 equiv)
H2O

rt, 10 m

THF (15 v%)

(3 x 0.5 equiv)

91% Yield
PMI = 9.2

47
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Step 3: Boc-Deprotection

• Starting material & product are soluble at low pH

• Adjusting to pH >12 via slow addition of aq. NaOH leads to 
precipitation of product 5

Direct Isolation Implemented

88% Yield
PMI = 24.0

48

Steps 1 – 3 

• Aldehyde is an oil

• Selective oxidation of primary aliphatic 
alcohol

• Reductive amination conditions in water

Anticipated Challenges

49
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Step 1A – 3A Telescoped Process

7

K2CO3 (1.0 eq)

• 6 reacts cleanly and rapidly with ClCOOMe to give 
carbamate 7 in quantitative conversion

• Carbamate is an oil (not isolated)

50

Step 1A – 3A Telescoped Process

7

K2CO3 (1.0 eq)

8

TEMPO (10 mol%)
NaOCl, NaHCO3, NaBr

H2O
5 ° C → rt, 30 m

51
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Step 1A – 3A Telescoped Process

7

K2CO3 (1.0 eq)

8

PhI(OAc)2

TEMPOL (cat.)

TPGS-750-M/H2O
THF (15 v%)
50 °C, 24 h

52

Step 1A – 3A Telescoped Process

7

K2CO3 (1.0 eq)

8

PhI(OAc)2

TEMPOL (cat.)

TPGS-750-M/H2O
THF (15 v%)
50 °C, 24 h

• Full conversion to aldehyde 8 in 24 h at 50 °C.

• No over-oxidation observed

• Surfactant and co-solvent needed to solubilize PhI(OAc)2

53
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Step 1A – 3A Telescoped Process

7

K2CO3 (1.0 eq)

8

PhI(OAc)2

TEMPOL (cat.)

TPGS-750-M/H2O
THF (15 v%)
50 °C, 24 h

• Aldehyde-Bisulfite Adduct
– Allows for isolation as a crystalline solid

– Known to be more stable than free aldehydes 
(J. Org. Chem. 2013, 78, 1655−1659)

• Challenges in Isolating Aldehyde-Bisulfite Adduct 9
– Adduct 9 is highly water soluble

– EtOH antisolvent required for crystallization

– Residual Na2S2O5 + Acetate Salts co-precipitate with adduct 9

54

Step 1A – 3A Telescoped Process

7

K2CO3 (1.0 eq)

8

PhI(OAc)2

TEMPOL (cat.)

TPGS-750-M/H2O
THF (15 v%)
50 °C, 24 h

50% Yield
70-80% w/w assay

PMI = 27.1

55
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Step 4: Reductive Amination

2 wt% TPGS-750-M/H2O
MeOH (20 v%)

60 °C

• α-picoline-BH3: water-stable reductant 
(Tetrahedron 2004, 60, 7899-7906)

• Surfactant/Co-solvent needed for workable reaction 
mixture & full conversion

• Conversion of bisulfite adduct to free aldehyde required?

56

Step 4: Reductive Amination

2 wt% TPGS-750-M/H2O
MeOH (20 v%)

60 °C

H2O

Convert adduct 9 to free aldehyde 8 prior to 
reductive amination

– pH adjustment to 10 w/ NaOH required 
for full conversion to free aldehyde

– 1.5 equiv α-pic-BH3, and 1.5 equiv 8
required for full conversion in reductive 
amination

– No reduction of aldehyde 8 observed

NaOH (pH 10)

57
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Step 4: Reductive Amination

2 wt% TPGS-750-M/H2O
MeOH (20 v%)

60 °C

• Direct use of adduct 9 in reductive amination in the 
presence of exogenous base.
(J. Org. Chem. 2013, 78, 1655-1659)

NaOAc (3 equiv)

58

Step 4: Reductive Amination

2 wt% TPGS-750-M/H2O
MeOH (20 v%)

60 °C

• Direct use of adduct 9 in reductive amination in the 
presence of exogenous base.
(J. Org. Chem. 2013, 78, 1655-1659)

• Direct use of adduct 9 in reductive amination with NO
base.

59
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Step 4: Reductive Amination

2 wt% TPGS-750-M/H2O
MeOH (20 v%)

60 °C

• Direct use of adduct 9 in reductive amination in the 
presence of exogenous base.
(J. Org. Chem. 2013, 78, 1655-1659)

• Direct use of adduct 9 in reductive amination with NO
base.

60

Step 4: Reductive Amination – Isolation

2 wt% TPGS-750-M/H2O
MeOH (20 v%)

60 °C

91% Yield
PMI = 21.7 

61
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TAK-954: New Route in Water

62

TAK-954: New Route in Water

Overall Yield
Enabling Route: 35%

Water Route: 56%

63
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TAK-954: New Route in Water

Cumulative PMI
Enabling Route: 350

Water Route: 79

64

TAK-954: New Route in Water

Cumulative PMI Solvent
Enabling Route: 223

Water Route: 14

65
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TAK-954: New Route in Water

Cumulative PMI Water
Enabling Route: 106

Water Route: 55

66

TAK-954: New Route in Water

API Purity
Enabling Route: 99.8 %AUC

Water Route: 99.8 %AUC

67
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Lessons Learned

• When operating in water, pH can provide a solubility 
handle, allowing for direct isolations

• In some cases, water can function as a solvent without 
any additives

• More chemistry works in water than you might expect

• Swapping an organic solvent for water is no substitute for 
good process design

68
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15 YEARS of Advancing GC&E 
in Pharma and Beyond

80+ Publications resulting 

from funded research, 

1700+ unique daughter 

citations

 Bridging the gap between 

academics & industry

 Enabling better decisions about 

chemical selection process design

 A leading voice for GC&E 

 Inspiring and educating the next 

generation

 Recognizing excellence in GC&E49 Roundtable 

authored papers 

since 2007

The Peter J. Dunn Award for 

Green Chemistry & Engineering 

Impact in the Pharma

Established in 2016 

https://www.acsgcipr.org
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www.acs.org/acswebinars

Free ACS Webinars Every Week!
Upcoming Broadcasts
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This ACS Webinar is co-produced with ACS Green Chemistry Institute and the ACS GCI Pharmaceutical Roundtable.

www.acs.org/acswebinars

Beyond Organic Solvents: Synthesis of a 5-HT4 Receptor Agonist in Water

Presentation slides are available now! Edited recording will be made available as soon as possible.

John Tucker
Executive Director, Chemical Development, 

CMC, Neurocrine Biosciences

Dan Bailey
Process Chemist, 

Takeda Pharmaceuticals
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74

Learn from the best and brightest minds in chemistry! Hundreds of 
webinars on diverse topics presented by experts in the chemical sciences 
and enterprise.

Edited Recordings are an exclusive ACS member benefit and are made 
available once the recording has been edited and posted.

Live Broadcasts of ACS Webinars  continue to be available to the general 
public on  Tuesdays, Wednesdays, and Thursdays from 2-3pm ET!

A collection of the best recordings from the ACS Webinars Archive will be 
broadcast on Mondays and Fridays from 2-3pm ET!

®

www.acs.org/acswebinars
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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 

http://www.acs.org/acswebinars
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www.acs.org/acswebinars

Free ACS Webinars Every Week!
Upcoming Broadcasts
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