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Presentation Outline

* Deriving acrylates from CO,: How and why

M
// + CO, w \‘/“\
OH

* Assessing viability of chemical catalysis
approach.

 Method for enhanced throughput catalyst
screening

* Perspectives for the future.




Benefit to the Program

« This project pinpoints the critical catalyst
features necessary to promote carbon dioxide
conversion to acrylate, validate the chemical
catalysis approach, and develop an enhanced
screening method Identification of active
molybdenum catalysts targets. This
methodology will contribute to the goal ensuring
99 percent storage permanence by fixing CO, in
stable products for indirect storage.



Project Overview:
Goals and Objectives

 |dentify features for activation of molybdenum in
CO, and ethylene coupling to acrylates.

— Probe mechanism of zerovalent molybdenum

complexes to determine the factors that control the
reaction rate. (Complete)

« Validate reductive acrylate elimination

— Use active species to assay the potential for reductive
acrylate extrusion. (Complete)

« Develop and utilize an enhanced screening

method for activity Identification Iin acrylate
formation.
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Guiding Motivations

Present & Future of Acrylate Synthesis
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Guiding Motivations

Present & Future of Acrylate Synthesis

(0]
Proposed: _Z  +co, M] \\\/L
OH

Current:
BI2(MOO4)3 V 0] MOZ
/ + 02
+1/2 o2
370 °C acrolein 270°C

» Currently produce ~5 M tons of acrylic acid/yr (SAP largest single use)
« Using CO, as carbon source with same net carbon requirements of the current

process would equate to 3-8 M tons of CO, (up to 1 billion gal of gasoline)

« Economic Value and Industrial Investment: Propylene (~70 ct/Ib); Ethylene(~ 55ct/b)

6
Reference: The Chemical Economics Handbook & EPA Gas Equivalence Calculator



am% Which Metals Could Work?

BROWN

Prior Art-Molybdenum (NETL-Project)

P..,. |'“‘\P co, $O%\ P
N T H=
L 7 \%o’ S

P = PMes, PMe,Ph,
P(OMe)s, P(OEt),

Carmona, E.; et al. J. Am. Chem. Soc. 1985, 107, 5529.
Galindo, A.; Pastor, A.; Pérez, P.J.; Carmona, E. Organometallics 1993, 12, 4443.
Collazo, C.; Conejo, M.; Pastor, A.; Galindo, G. Inorg. Chim. Acta 1998, 272, 125.

Prior Art-Nickel

P P
CO,, C,H
N] + P 22 \Ni\ ________ > >Ni—| 5
p/ (0] P
(0]
OH

Hoberg, H.; Schaefer, D. J. Organomet. Chem. 1983, 251, C51.
Limbach, M. et al Chem. Eur. J. 2012, 18, 14017; Limbach, M. U.S. Patent Application 13/040,043 Sep. 8 ,2011

Jin, D.; Bernskoetter, W. H. et al. Organometallics. 2013, 2152.
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BROWN
Catalysis Needs
M, 0\\0\\ « Molybdenum is quite capable of
zZ ° reactions 1, 2 & 3 individually
o leaon® | Reaction (1)  Little is known about what makes
Reductive c-C

J~ molybdenum the “rare” success
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Acrylate Loss ~ Coupling

Elimination . . . .
M intensive fine chemistry assay
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H Reaction (2) ,
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First New CO,-Ethylene Acrylate in Decades

N> 0" 0
Ph ™ Ph _
(P!::_’ “\Pph2 C2H4 (P:,/'-\ /::;Pphz
"Mo"_ —_— ‘Mo’
P™ "~ P "'
Ph, | PPhs  co, Phy | PPhs
N, 2N, H

Bernskoetter, W.H.; Tyler, B. T. Organometallics 2011, 30, 520.



BROWN Action

7
N

—— Mo P,, \ / PPh,

Mo
P-"" ~
N, Ph, | " PPhs

H

= /-PPh, k(C2H,)/k(CzD,) =1.2(2) PPh,
AS*=1(6) eu; AH* = 24(3) kcal/mol

Y <\

(Triphos)Mo~__ o O ——Mo(Triphos)

(Triphos)Mo—H / \

N, H O)‘\/

IH NMR: 6 0.25, m, C,H,
CO; B-hydride
31P NMR: § 64.7, d, 6.1Hz 2N, elimination
95.3,t, 6.1Hz O
| Nc=o0 RDS. e ©
13C NMR: § 193.6, dt, 15, 28Hz (TF'P"OSWO\ oo | (Triphos)Mo
/ formation

IR(KBF) Ve = 1700 cm-L 10

Bernskoetter, W.H.; Tyler, B. T. Organometallics 2011, 30, 520.



Mechanism of
Action

Computational Modeling

Free Energies of Reaction Species
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@z Viability of Elimination

Direct Elimination

0
M]
/ + COZ —— \/U\
\\ OH

Overall thermodynamically
feasible in solvent/slurry.

H,C=CH,

CO,, -2 N,

H2C:CH2

Co,

Oxidation state = 2

by
o \ / PP,

P"" | "pph,

Oxidation state = 0
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Viabllity of Elimination

Direct Elimination ...but pKa ~30-35
7
N
Ph
(Pu/.:- _:SPth H,C=CH,
P"MO"PPh - > \ / PPh,
Ph, | 3 CO,, - 2N, P""" °N
N, | PPh,
H,C=CH, '
CO, ;'I
M] i 4
/ + COZ _— \\\/U\ Ph/'_‘\
P.., «PPh,
OH g '_’MO.\
Ph, PPh,
Overall thermodynamically o
feasible in solvent/slurry. N

pKa ~13



Viabllity of Elimination

Indirect Elimination-Base

o f (L) )
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Viabllity of Elimination

Indirect Elimination-Base

N Qe SRrC's

/ - - Ph/
Na }_\ Li-base |::”‘r \ / \PPh,
~6 AN

th | PPh, o 6

H
Ligand Induced Elimination /j
£
0" Yo O

| 0
L P,,.,.—h""Mo"‘\pphz — F"‘2F"/'\l/lo\co + \)‘L
Ilg ~~ s OH

* Presence of carbon monoxide actually enables this process, not inhibit it

« Metal-carbonyls are frequently activated by photolysis for catalysis

15
* Probably the best lead for molybdenum induced acrylate formation



Need for Rate Enhancement

BROWN

Enhanced Activity Screening Method

l ) 3 NaEt;BH 0" o o” o

“Pph2 — > /\ “PPh Ph/\'_/\
—M w2 P, PPh, * \/
(P | \Cl 2) CzH4 + COZ (PV ( / ‘., .“\\ 2 (PII . \\Pphz
P

Mo
PPhs p= ~~ p=— \
Cl r|| Ph, | ~PPhs B | PPh,
H

 Formate, propionate, and acrylate produced from single reaction

Zhang, Y., Bernskoetter et al Organometallics 2013, 32, 3969.
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Need for Rate Enhancement

BROWN

Enhanced Activity Screening Method

H 7
A )y
) 3 NaEt,BH

, \F’Ph —_— \ \/
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Ph, | | PPh; Ehz |\PPh3 th I\PPhs
H

Cl H
 Formate, propionate, and acrylate produced from single reaction

Cl
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Ph, I
Cl
-1/2 H,
2 eq NaBEtz;H e
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( ‘Pph AN
B | \PPhg \ \ : "

H
Zhang, Y., Bernskoetter et al Organometallics 2013, 32, 3969.
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BROWN

Enhanced Activity Screening Method

H /
A )y
) 3 NaEt;BH
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 Formate, propionate, and acrylate produced from single reaction
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Zhang, Y., Bernskoetter et al Organometallics 2013, 32, 3969.
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BROWN

Enhanced Activity Screening Method
H 7
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Zhang, Y., Bernskoetter et al Organometallics 2013, 32, 3969.



Need for Rate Enhancement

BROWN

Activity Results—8 New Active Catalyst Targets

Ligand Observation Rate
[b|s(d|phenylphosph|no)ethyl— Clear acrylate production detected 59 %105 51
phenylphosphine]

[bis(dianisolephosphino)ethyl- Clear acrylate production detected: 2.54x105s1

phenylphosphine]

[bis(di-m-xylyl-phosphino)ethyl- Clear acrylate production detected 4.15x 10%5s?

phenylphosphine]

[bis(di-p-fluorophenyl-phosphino)ethyl- Clear acrylate production detected: 32 % 105 51

phenylphosphine]

[bis(di-p-trifluoroemethyl-phenyl- Clear acrylate production detected: 4.05x 104 s?

phosphino)ethyl-phenylphosphine]

[bis(dipyrrolephosphino)ethyl- No acrylate formation detected

phenylphosphine]

1,1,1- No acrylate formation detected

Tris(diphenylphosphinomethyl)ethane

Methyl substited 1,4,7-Triazacyclononane No acrylate formation detected

[bis(di-tertbutyl-phosphino)ethyl- Preliminary data suggest acrylate formation, additional 8D

phenylphosphine] characterization on-going

[bis(dicyclohexylphosphino)ethyl- Preliminary data suggest acrylate formation, additional 8D

phenylphosphine] characterization on-going

N,N'-(2,4,6-Trimethyl)-oimidazolium Preliminary data suggest acrylate formation, additional 8D
characterization on-going

N,N'-(2,6-Diisopropylphenyl-imidazolium Preliminary data suggest acrylate formation, additional 78D
characterization on-going

N-Methyl-triazacyclononane No acrylate formation detected

1,3-Bis(di-tert- No acrylate formation detected

butylphosphinomethyl)benzene

N,N'-Dimethyl-imidazolium No acrylate formation detected




Accomplishments to Date

BROWN

» Discovery of rare metal complex for of CO, and ethylene
coupling to acrylates.

e |dentified the tridentate structural features that best
enable CO, utilization.

» Developed a basic profile for CO, reduction pathway.

e Discovery of base and ligand induced reductive
elimination pathways for acrylate removal

« Established an enhanced throughput screening method
using sodium triethylborohydride for assessment of
acrylate formation activity in molybdenum

21
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Future Plans

* |dentify activation methods for CO or other
ligand induced reductive elimination method.

 Complete screening of metal ligand pairs to
optimize acrylate formation rate.

(Mo Targets Outside Current NETL Project)
* Heterogenize Mo catalyst as Nanoparticles
» Alternate Product Scope
- Formic acid, propionic acid
- Cyclic anhydrides 2
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Organization Chart

Principle Inwedigaor

Wesley Beandoeter

Bernskoetter Lebaatory C. S. Draper Labaatay

Brown Lhiversity

EYuanyuan Zhang Emdrew Dheen (Lead Scentit)
Dong Jng

Bran Hanna

This program is run under the auspices of Wesley Bernskoetter, Assistant
Professor of Chemistry at Brown University as the principle investigator. Dr.
Bernskoetter and his graduate students are part of the chemistry department,
and as such, have access to the facilities of Brown and its chemistry
department. In addition to the Brown, the project team has access to
computational chemistry support and additional chemical and engineering
support, as required, through its collaboration with Draper Laboratory. 24



Gantt Chart

WBS | TaskName ‘ Sart €550 Oioner Nowmber  |Decemter | Jamiary Feuary  |March [Apil May Jure July August Seflember _|Octd
B/M|E[B[M[E|B[M[E[B|M|[E[B[M]/E[B/M|/E|[B[M|/E|B|/M[E|[B|M|/E|B[M]/E | B|M|E|B|[M|E B ]
1) Task 1 - Program Management and Planing Mon 10/1/12 =]
2 |11 Finalze PMP Wed 10/31/12 @ 1031
[ 3 |12 Internal Kickoff Fri 101212 & 10n2
[ a4 |13 External Kickoff Wed 10/31/12 & 1031
5 |14 RiskM anitcring |AW PMP Mon 101112 S S S
6 |15 Quarterly Technical Reviews Mon 12/31/12 e &
16 Internal Program Review and Task Reassignment Mon 93013 & 9
17 Program Closeout M esfing Mon 93013 § 93
[ 13 |2 Task 2 - Prepare Melybden um Target Complexes Mon 101112 ol
21 Prepare and ¢ haracterize fridentate Mo Complexes Mon 101112
[ 15 |22 Repart/presentation oftridentate C omplexes Thu 102512 “ 'E. 1021
[ 16 |23 Computatioral anaysis of current Motargets Mon 10/112 ﬁ
|17 |24 Prepare and ¢ haracterize tetradentate Mo complees Mon 10/29/12 %
[ 18 |25 Repart/Pres entation on tetradentate complexes Frii/1813 17
3 Task 3- Analysis of Acrylate formation Fri1/1813
[ 21 a1 Couple Mo Complexes to COZ and C2H4 Fri 111813 17
32 Measure Kinefics and derive M echarism Fri 2113 21
33 Perform Computational valuation of reaction mechanisms Fri1/18H13 1417
| 24 |34 Repart/ Presentation of M echanistic Valuaions Fri22n3 7 b B
| 26 |4 Task4 - Factors for Acrylic Himination Fri11813
27 |41 Conauctdirect Acnylic Elimination Reactions Fri 111813 17
B |42 ConductMicroscopic Reversability Assays Fri 21513 Ed
29 |43 Computaional Analysis of Elimirafion reactions Fri1/1813 417
|30 |44 Repart/ Presentation of Acrylic Elimination Thu32813 2529 40
kT
2 |5 Task 5 - Desing, Preparation, and Assessment of Optimal Catalyst  Thu 44/13 =
33 |51 Plan Synhesis of Optimal Catalyst Thu 44/13 2430
[ |52 Execute synthetic plan Thu 5213 E3)
| 26 |aa Gonduct thermodyramic and Kinetic assessments Thu523n3 15 cays
[3% |54 RepartPresent on opimal Catalyst Frigt3na kS 919
7
3% |6 Task & - Alternative Reductive Preparation of Tridentate Mo Friaii3 [~
T30 |61 Computatioral Analisis ofReducing Agents Frigia 24 >
40 |62 Syntresize Targets wih Alterrative Reducing Agerts Fri 31513 10 days =
N |63 Generate Mo Complexes and and perform acrylate formation Fri %2913 10 days »e :
42
a7 Task7- Screening Aproach to CO2-EthyleneCoupling Activity Fr7/®N3 =]
[aa |71 Computatioral Modlling of the Thermodyramic s of Reduc fion and acryl Fri 7/2613 1841
45 |72 Didentifyand Develop Experimertal Techniques toidentifyacrylate Forn Fri 7/2613 4
(46 (|13 Conduct Batch tests Fri8/2313 5
(a7 |74 Prepare/Report on Mo recuction Frign3 F3 ® 928
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