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ABSTRACT

Due to growing awareness of environmental impacts and the economidityotdt
petroleum, there has been a drastic increase in research tdwamusss-derived, sustainable
alternatives to petroleum-based processes and products. Notably, coynctoatticals for
production of commercial products are exclusively manufactured usidgtée&s derived from
crude oil refining and currently account for over one third of the worldwidastrial energy
demand. As the market demand for petrochemicals are only foktagiow, development and
advancement of renewable chemical processes is timely. Li¢guosal biomass presents as a
promising alternative source for these aromatic monomers due tdivlese structure and
inherently high oxygen content withits components: lignin, cellulose, and hemicellulose.
However, significant research is needed in order to realize ¢heflignocellulosic biomass as a
platform for such chemical products and to push these renewable ah@mucesses toward
industrial and commercial relevance.

This work focuses on the catalytic conversionsciH,cismuconic acid ¢is,cis2,4-
hexadienedioic acid), a polyunsaturatee dicarboxylic acid that can be microbiologically
produced from lignocellulosic biomastreams.The stateof catalysis foDiels-Alder reactions
involved in upgrading schemes of muconic a@d other biomass-derived products to dnop-
and functional alternative commodity monomers is reviewed and evalumiémlyed by
concentrated studies into the iodine-catalyzed isomerizatiors,afsdimethyl muconate to the
Diels-Alder active isomettrans,transdimethyl muconate. Finally, an investigation into the use of
atomic layer deposition to enhance the leaching resistance and tlstaimfty of supported
platinum group metal catalysts during condensed phase hydrogenation of nagiona adipic

acid is presented.



TABLE OF CONTENTS

A B S T R A C T . et e e e e e e en e e e iii !

LIST OF FIGURES . ... e e e ixl.......

LIST OF TABLES . ... oo e ee e an e nmanen e Xiv!

ACKNOW LE D GEMENT . .ot XViiil..

CHAPTER 1: INTRODUCTION. . et e ...
Y, o (1 V7= L 1o ] o TR u......
1.2 Background and SCOPE Of TNESIS .....uuiiiiiiiiiii e 2L.....
1.3 RESEAICH ODJECHVES . ... ittt et e e e e aaas Bl......
1.4 SHUCTUIE OF TSI .. e e e e e e e a........
L D RO I BN C S . . e e e e e e e VL

CHAPTER 2HETEROGENEOUS DIELSALDER CATALYSIS FOR BIOMASSDERIVED

AROMATIC COMPOUNDS ... a.....
2.0 ADSITACL ... ettt et o
P2 1411 o o 18 [ox (o] AT PP PUPP PP 10.......
2.3 Diels-Alder CatalySIS.........ooouuuiiiii e 14.....
2.3.1 MECNANISTIC OVEIVIEM.......iiiiiiiiii ettt 14....
2.3.2 Role of acid catalysts for Diels-Alder reactions.............ccoeeevvieiiiiiiiiieiiiieeiins 19.
2.3.3 Cooperative acid CatalySIS........coouuiiiiiii e 21....
2.3.4 Tandem Diels-Alder and aromatization reactions...............ccceevvvinieeeeeininnnnnn. 23
2.3.5 ZEOIIES ...t 26.......
2.3.6 Heteropolyacids/polyoxometalates..............oeieiiiiiiiiinieiiiie e 28...

iv



2.3.7 Insight from computational Chemistry...........ccoooeiiiiiiiii e 31..

2.3.8INn Silico catalySt AESIGN.......ccouuiiiiii e 33....
2.4 Direct replacement arOmMALICS. ... ...oveuuueieii et e et e et e et e e e e eaa e e eaanaaaees 39....
2.4 L TOIUBNE......eeee ettt e e et e e e e e 37.......
2.4, 2PaAra-XYIBNE ... aea 41......
243 EYIDENZENE... ..o 43......
2. 4.4 BENZOIC ACIH. ...ttt 49......
2.4.5 Phthalic annydride..........oiiiiiiiie e eees 41n.....
2.4.6 TerephthaliC @CId........cooouuiiiiii e 49.....
2.4.7 Considerations with biomass feedStoCKS.............uuviiriiiiiiiiiicii e 52..
2.5 FUNCHIONAl ltEINALIVES ... .ot 53.....
2.6 CONCIUSION. ...ttt e ettt e e et ettt e e e e e e e e e e eennes S7.......
A A ol ([0 [=To (o T=T 0 o= o (S PP 57.....
2.8 DISBAUMEN....ceeeet ettt e et e et e a8.......
2.9 RETEIBINCES . ...ttt et 588.......
CHAPTER 3: IODINECATALYZED ISOMERIZATION OF DIMETHYL MUCONATE.....74
L ADSITACE ... eeeee et 4.
T2 11 o o 18 [ox (o] NPT PUPP PP PPPPPI 9.
BB RESUIES. .. 9.
3.3.1 Computational @NalYSES..........uiiiiiiiiiiii e 79....



3.3.2 Isomer energetics and reaction NEtWOIK............ccuiiiiiiiii i 79..

3.3.3 Free energy barrier analySIS.........oooiiuuiiiiiiieei e 83....
3.3.4 Experimental INVeSHIgatiONS. ..........oiiiiiiiii e 89....
3.3.5 BASEIINE MEACHIVILY. ... .ceeuiieeiii et e et e e e eees 89.....
3.3.6 lodine aging and recyClability..............oi i of...
3.3.7 Catalyzed isomerization equIiliDrium...........ooooeiiiiii e 93l..
3.3.8 SOIVENE EffECTS ... . 9......
3.3.9 Apparent aCtivation ENEIGY ... .....uiiiiuuuieeiiiiee et e et e et e et eeai e e ean e eeeans 94....
3.4 DISCUSSION ...ttt ettt ettt ettt e ettt e ettt b e e et e e e b e e e et e e e e e e e e e e s a7.......
3.4.1 lodine-catalyzed iSOMErZatiQN..........ccoeuuiiiiiiiiee e on...
3.4.2 Competing pathways for homogeneous iodine catalysis.............ccoocceievennnnn 99
3.4.3 Solvent selection and process relevance...........ccooovveiieiiiiieceiineecieeeeeenn 100
3.5 CONCIUSIONS. ...ttt e e et e et e e e 102.....
3.6 Materials and Methods. ...........oooiiiiiii e 103...
3.6.1 Computational MethOdS. ..........oiiiiii e 103..
3.6.2 ChEMICALS.......uiiee e 104....
3.6.3 Isomerization time-seriesS eXPeriMeNntS........ooouui it 103
3.6.4 ISOMET ANAIYSIS. ... iiiiiiei e e e e e eaans 104....
3.7 ASSOCIAtEA CONTEIML. ....ceiieiiti et e et e e e e e e e e e 108....
3.8 ACKNOWIEAGEIMENTS ...ttt e e et e e e eaa e e eaans 108...

Vi



3.0 DS C A . . 108.....

B.L0 REIBIEOBS. ... e e e e e e 109.....

CHAPTER 4: LOW-CYCLE ATOMIC LAYER DEPOSITION FOR ENANCED Pd/TiQ

ST A B T Y e e 1159...
N o {1 = o APPSR 115.....
S (o] 11 T or=T g (ol =PSRN l114....
Ve I 01 (o To [1 Tox £ [ ] PPN 117
A4 RESUITS. ... et et e et et e e eae 119.....
4.4.1 Low-cycle ALD for leaching stability in acidic media...............cccooveeeiinneennnn. 119
4.4.2 Thermal stability of 5-cycle ALD catalysSL...........coooeuuiiiiiiiniiiiiecii e 123
4.4.3 Characterization of 5-cycle ALD catalysSt...........oooouuiiiiiiiiniiiiiiiceii e 123
4.4.4 Techno-economic analysis for biobased adipic.acid.............cccooeveviiieeeennnnn. 127
R B o 0 1] o] o PP 129.....
G @ T 111 o] I PP 131.....
4.7 Materials and MethOUS.........oiiiiiii e 131...
4.8 ASSOCIAtEA CONTEIL.....uutiiiiti ettt e et e et e e e et e e e eaa e eees 133....
4.9 ACKNOWIEAGEMENTS ... ittt e et et eeeann s 133...
O B [Tl =] = PPN 134.....
R = (T =] (o= J PPN 135.....
CHAPTER 5: SUMMARY, CONCLUSIONS, AND FUTURE WORK..........ccoviviiiiinne 139
5.1 Summary and CONCIUSIONS..........iiiiiiiiei e 138..

vii



5.1.1 Diels-Alder cycloadditions for cyclic monomer production.................cc.uunee. 138

5.1.2 Homogeneous iodine catalysis of muconate isomerizatian.......................... 139
5.1.3 Atomic layer deposition for enhanced catalyst durability...................cccoeee. 140
5.2 FULUIE WOTK ...ttt et e et e et e e e aa e e eaan s 141....

APPENDIX A: SUPPLEMENTAL INFORMATION FOR HETEROGENEOUS DIELS
ALDER CATALYSIS FOR BIOMASSDERIVED AROMATIC

COMPOUNDS ...t e e e e e e e e e e e eeeanes 144..
APPENDIX B: SUPPLEMENTAL INFORMATION FOR IODINECATALYZED
ISOMERIZATION OF DIMETHYL MUCONATE.........cocviviiiiiiieeeee 1483
APPENDIX C: SUPPLEMENTAL INFORMATION FOR LOWCYCLE ATOMIC LAYER
DEPOSITION FOR ENHANCED Pd/TI&STABILITY ..o 153
C.1 Detailed methods for catalyst synthesis, characterizatmohtesting........................ 153
(O B ] (=] =T (ol PP 178.....
APPENDIX D:PERMISSIONS FOR USE OF PUBLICATIONS........cooiiiiiieiiiieeeeiie, 178
D2 R O g F= T (= PP 178.....
D.1.1 Copyright ClEAIANCE. .. ..c.uu e 178...
D.1.2 Email correspondence from coauthQrS..........oooovviiiiiiiiiiiiii e 179
D2 O g T T (=] e PP 180.....
D.2.1 Copyright ClEAIANCE. ........u e 184...
D.2.2 Email correspondence from COauthOrS...........oviviiiiiiiiiiieie e 187
D.3 Chapter 4 ... et eaans 188.....
D.3.1 Email correspondence from coauthQrS..........cooovviiiiiiiiiiiiiiic e 188

viii



LIST OF FIGURES

Figure 1.1: Overview of muconic acid production from lignocellulosic bisraad subsequent
catalytic upgrading to value-added chemicals.............ccooooiiiiiiiiiin e, 2...

Figure 2.1: Lignocellulosic biomass conversion via Diels-Alder cyclomadito produce
direct replacement and functional alternative aromatic monomers................. 13

Figure 2.2:Diels-Alder cycloaddition of common addends illustrating the formatiorwof t
new! -bonds in the cycloadduct (A). Subsequent dehydrative or dehydrogenative
aromatization of two exemplary cycloadducts (B).........ccooveeviiiiiiiiiiiiiiinieeinnnnn. 15

Figure 2.3: Representatit#¥OMO-LUMO interactions of both normal (left) and inverse (right)
electron-demand Diels-Alder cycloadditions............c.coveveiiiiiiiiiiniiii e 16.

Figure 2.4Potential regiochemical and stereochemical outcomes of Didks-AYcloaddition
between methyl furan and propylene. Subsequent dehydrative aromatization
removes stereochemistry but preserves regiochemistry...........c.cccceeveieiinnnes 17

Figure 2.5: Suprafacial interaction of Diels-Alder addends via édfland exo (B) modes of
MOIECUIAr APPIOACKH. ... .cc e 18....

Figure 2.6:Comparison of uncatalyzed (A, B) and Lewis-acid catalyzed (@aD¥ition state
HOMO orbitals for the NED Diels-Alder reaction of ethylene @&phexadiea
(A, C) and the IED Diels-Alder reaction thins,transmuconic acid and ethylene
(B, D). Catalyst depicted IS CationIC Li........ccooveuuiiiiiiiiiiiiiiieeeei e 20..

Figure 2.7: lllustrative reaction of Br¢nsted and Lewis acid syrfergyroduction of acrolein
from glycerol. Reported yield >54% over Al/EHSM-5. (Ref 75)......cccceveiinninann.n. 22

Figure 2.8: Net yield of p-xylene in the tandem Diels-Alder and dehigdreeaction of 2,5-
dimethylfuran and ethylene catalyzed by a series of metal oxadebeir zeotypic
analogs. Net p-xylene yield after 24 h of reaction correlates syrauitl increasing
acid site density. p-Xylene yield reported on a total carbon yield.q&sf 45).....23

Figure 2.9: Demonstrative mechanisms for generation of aromatrcitydloadducts via
Br¢ nsted acid catalyzed dehydration (A) or PGM catalyzed dehydrogenatior2@

Figure 2.10: Structural depiction of heteroatom-substitutétSNI-5, a representative zde
catalyst, shown along the straight channel (A) and zig-zag channel.(B)......... 28

Figure 2.11: Structural depiction of silcotungstic acid, in its polyanion isoni),
viewed along a symmetry plane (B), crystallographic space-filliadah(C), and
the u-B3LYP/Def2-SVP calculated molecular electrostaticrg@kemapped to the
total electron density surface of isosurface value 0.1.(D)-..........ccccevvverennnnnn. 30



Figure 2.12:Common strategies for computational investigation of Diels-Aldactivity
through impacts on frontier orbitals due to addends or catalyst itibeRgA),
substituents or catalyst stabilization of the transition statetstes (B), and free
energy profiles for catalyst and addend association, transition and produc
10] 000 F= 11 [0 o TN (O PP 32.....

Figure 2.13lllustrative examples of production routes for common dienes fromassrar
biomass-derived starting materialS............coooiviiiiiiiii 38..

Figure 2.141llustrative examples of production routes for common dienophilestftomass-
derived starting MaterialS............ooiieuiiiiii e 39....

Figure 2.15Diels-Alder cycloaddition and subsequent dehydrative aromatization of biomass-
derived addends for production of toluene............cccocceviiiiiiiniinenen L 40N

Figure 2.16Diels-Alder cycloaddition and subsequent dehydrative aromatization of biomass-
derived addends for production@iylene.............cooiiiiiiiiiiiii e 42

Figure 2.17: Diels-Alder cycloaddition and subsequent dehydrogenative or dehydrative
aromatization of biomass-derived addends for production of ethylbenzene...45

Figure 2.18: Diels-Alder cycloaddition and subsequent dehydrative arotimatisbiomass-
derived addends for production of benzoic acid...............ccocoiiiiiiiiin, 41

Figure 2.19Diels-Alder cycloaddition and subsequent dehydrative aromatization of biomass-
derived addends for production of phthalic anhydride...................ccooiiieinnnnne. 48

Figure 2.20: Cycloaddition and subsequent dehydrogenative aromatization ofdsaemasd
addends in two representative routes of Diels-Alder based terephtmad
(100 [ Tod 1 0] o PSP 51......

Figure 2.21: Diels-Alder cycloaddition for the production of structurallygue aromatic
monomers derived frormans,tranSMuUCONIC aCid............ooeuuieiiiiiniiiiiiieeeieeeeans 54

Figure 2.22Price per kilogram as a function of glass transition temperdturcommodity
plastics, high temperature plastics, and resin and compositgaisié2*2........... 56!

Figure 3.1Guide to structural nomenclature used within this work (left). fReaaetwork for
the conversion of bio-deriveds,cismuconic acid to dimethyl terephthalate (right),
wherein cdMA is first esterified with methanol, followed by isomerizatitm
ttDMM, which involves six possible DMM conformers and, lastt{dpMM
undergoes Diels-Alder cycloaddition with ethylene and dehydrogenation to
(100 LB Tol S I 11 L PP PPPTRPPRRY 47 L S

Figure 3.2: Alkene isomerization a) with radical iodine, andrigatalyzed.......................... 78

Figure 3.3: Example of iodine regioselectivity through singtBne association with a) C2 or
C3 and a stepwise shift in halogen association position irctEtidM to



reachttDMM. Alternatively, b) doubl&odine association with C2/C3 or C4/C5 in
a nonproductive mode, or c) with C2/C4 or C3/C5 in a productive mode for
(of0] gTo=T g =To I £0] =11 (0] £ 13PN 81.....

Figure 3.4: Effective isomerization space of DMM isomers andniail reaction pathways:
(PathA) stepwise vid Icis: 2, 6, (9); (PatB) stepwise vid !trans: 1, 4, 8, 9; (Path
C) stepwise mixed: 1, 4, 5, 6, (9); (P&hdirect via! !cis: 3, (9); (Patlt) direct
VIa ! HEANS: L, 7, Qe 82.....

Figure 3.5Calculated Gibb's free energy reaction barriers in'tikedi* along the uncatalyzed
paths ofccDMM isomerization using the uM@0BX/Def2 TZVPP level of theory.
Reaction numbers shown correspond to those defined in Figure.3.4............. 85

Figure 3.6: Isomerization acDMM thermally catalyzed at 7& in light, in the absence of
light at 75;C with I, in light at 75C with 1 wt'% Pd/AbOz, and in light at 19C
LTV N al.......

Figure 3.7: Reaction profile of ccDMM isomerization wherein lealsic acid was added at

Figure 3.8: (A) Changes in the UV/Visible absorption spectrum of iadiselution over eight
days of aging; (B) initial rate of ccDMM consumption, normalizechttial iodine
loading, over eight days of iodine solution aging and after regeneratjatD{(@MV
yield from iodine reused for five successive isomerization reacgieriermed on
CONSECULIVE QA S et iiiiiie ittt e et e e et e e e et e et e e eaa e e eenans 93.....

Figure 3.9: Initial reaction profiles acDMM isomerization in methanol (A) and THF (B)..99

Figure 3.10: Apparent activation energy barriers in methanol andnécig for ccDMM to
ctDMM (left) andctDMM to ttDMM (Fght).......cooovuiiiiiii e a7.

Figure 4.1: Modes of irreversible catalyst deactivation during condesess processing of
bio-based acids and subsequent catalyst regeneration. a, Irrevacsiide site
leaching. b, Thermal sintering of active sites. c, Thermgbart restructuring....117

Figure 4.2: Low-cycle AOs ALD to improve leaching stability of Pd/TiJor muconic acid
hydrogenation to adipic acid. a, Reaction pathway for muconic acid hydrogenation
to adipic acid. b, uncoated Pd/LiCatalyst activity as-prepared. c, 5-cycle ALD-
coated catalyst muconic acid hydrogenation activity as-prepared................ 120

Figure 4.3: Partial conversion activity and leaching stabilitfhhefuncoated and 5-cycle ALD
Pd/TiO catalysts during continuous muconate hydrogenation. Shaded areas reflect
variance in conversion rate measurements from duplicate reactions........... 122

Figure 4.4: STEM-EDS elemental maps of the Pd{Tédalysts after thermal aging at 700;C.
a-b, Uncoated Pd/TiQlisplays sintering of Pd nanoparticles. c-e, The 5-cycle ALD
catalyst displays retention of highly dispersed Pd and uniform Al................ 124

Xi



Figure 4.5: Characterization of 5-cycle@® ALD on Pd/TiQ. ag, APT analysis of the ADs
ALD coating pore penetration. T¥pores were back-filled with Pt prior to sample
lift-out. h, DF-STEM image showing highly dispersed Pd nanoparticl&s:-i,
STEM image showing the amorphous@d ALD coating.............ccccoeeveeeeeenenn. 124

Figure 4.6: Process impacts of ALD catalysts for &sg@neration adipic acid biorefinery. a,
Simplified block flow diagram for the biobased adipic acid processiel. b,
Impact of catalyst lifetime on bio-adipic acid MSP. ¢, Precamsitivity analysis
for a one-year catalyst lifetime baseline scenario...............coocoiiiiiiiiie 128

Figure A.1: Cover art for the article OHeterogen&oeis-Alder catalysis for biomass-derived
aromatic compounds,O published as an inside cov€&rémn Chenvolume 19,
1T [ K P 144....

Figure B.1: Dihedrals representative of strain in backbone of Dstivhers. The dihedral
angle inccDMM (52j) indicates that this isomer is particularly unfavorable....149

Figure B.2 Enthalpy evaluations of the expanded isomerization space. Values slethe ar
change in enthalpy for indicated isomer transformations, reportealimiot®.....1446

Figure B.3 Isomerization in methanol at 4 jC (A), 23 iC (B), and 50 jC (Rgaction
conditions: 200 mgcDMM, 10 mg b, 10 mL methanol, stirring 350 rpm. Molar
isomer distribution determined B NMR.............ocoiiiiiiiiiiiiiieceee e, 147

Figure B.4:Differential scanning calorimetry (DSC) trace indicating highitpu>98.0 +
0.5%) of recoveredtDMM after iodine-catalyzed isomerization c€EDMM at
room temperature in methanol and exposed to ambient light ¢({€fNIM was
recovered via crystallization in methanol at room temperature knadidin (right).

Figure B.5: (A)*H NMR spectrum of recoveredDMM (>98.0 + 0.5% purity by DSC)
showing tracectDMM. See Figure C.8 for detailed peak assignment information.
(B) UVl/visible spectrum of the same recovetddMM that was re-dissolved in
methanol after recovery, indicating the presence of trace iodineitrapur......... 149

Figure B.6: Isomerization atDMM (left) and ctDMM (right) in the presence of iodine.
Reaction conditions: 200 nggDM, 10 mg b, 10 mL methanol, 23 jC, stirring 350
rpm. Molar isomer distribution determined By NMR...............ccoooiviiiinnnennn. 150

Figure B.7: Final product distribution of isomerization in specifietvents. Reaction
conditions: 200 mgcDMM, 10 mg b, 10 mL indicated solvent, 23 jC, stirring 350
rpm, 2-12 hours. Molar isomer distribution determinedtb\NMR...................... 150

Figure B.8:'H NMR spectra and peak assignments for DMM iSOMEIS................ceeeeennn. 151
Figure B.9: Cover art for the article Olodine-catalyzed isaatén of dimethyl muconatO

published as a cover feature f@nemSusChenrolume 11, issue 11.................. 152

Xii



Figure C.1: Bulk price of TMA ALD precursor estimated frorb-kcale quantities (<500 Q)
and price% (blue markers) that are scaled to bulk values (orange markarg)aus
log-log linear regression modelTMA precursor costs were based on the price of
25 wt% TMA in hexane from Alfa-Aesar with increasing volumehvain assumed
solution density of neat hexane. TMA precursor bulk quantities at théotOnre-
scale are based on ALD coating at the scale of 100 kilotonnetatyfstaer year
with a 50% ALD precursor utilization rate.............ccooeeeeiiiiieiiiineieeeeees 162

Figure C.2: Uncoated Pd catalyst activity screening for batcloreaciconate hydrogenation.
Conditions: 15 mg catalyst, 20 mL 1 wt% muconic acid in ethanol, 24;Ga4
Ho, StITiNg @t 1600 IPIM..cceeiiiie et eeeaans 162..

Figure C.3: Hot filtration test during batch reactor muconate hydraganaith 1% Pd/TiQ
(left) compared to the standard reaction profile for 1% R Tight). The lack of
activity after removal of the catalyst indicates that leacheeds ot significantly
active. Reaction conditions: 15 mg catalyst, 20 mL 1 wt% muconddmeithanol,
24;iC, 24 bar H, stirring at 1600 rpm. For the hot filtration reaction, thialyat
was removed from the system via filtration after 2.5 min a€tien. After catalyst
removal, the reaction was returned to the previously listed conditammarf
AddItIoNAl 32.5 MIN...niiit e 163...

Figure C.4:Increasing Al content of ALD-coated 0.5 wt% Pd/7i@ith Al,Oz ALD cycle

number. One A3 ALD cycle consists of one half-cycle of trimethylaluminum
(TMA) and one half-cycle of bD. The non-linearity of the trend in Al content with
ALD cycles may be due to the unique sub-monolayer nucleation regimésOaf A
on the Pd/Ti@surface vs. the post-monolayer surface growth gDAISimilarly,
variability in the coating uniformity on the exterior surface coragdo within the
pore network of the catalyst may also be a contributing factor toaihidinear Al
(o0] 01 (T o ] g (o = L= TSP UPPPTRN 164...

Figure C.5: Catalyst activity and leaching screening for batdtoemuconate hydrogenation
using AbOs ALD-coated catalysts with 0, 1, 5, or 10 cyclesAlALD applied.
While reaction rate experiences a decline with increasing nyohber, adipic acid
selectivity is completely retained for all coated catalystgted in this study.
Conditions: 15 mg catalyst, 20 mL 1 wt% muconic acid in ethanol, 24;0a24
Ho, Stirring at 1600 IPM.....uun e e e e e e aaans 164..

Figure C.6: Differential scanning calorimetry (DSC) of adipiclaecovered from complete
conversion trickle bed flow reaction with 5-cycle ALD catalyst\diSV of 1.05
hl. Determined adipic acid purity: 99.06 MOI%o............ceeeeeeiiiiiiiiieeeeeeeiiiieee. 164

Figure C.7XRD of uncoated 0.5% Pd/Tigand 5-cycle ALD 0.5% Pd/Tighefore and after
thermal aging at 700;C. Uncoated materials displayed significant morptalogi
changes in Ti@and Pd crystallites upon thermal treatment, while the 5-cyc2 AL
catalyst did not show any significant morphologic changes before orAdffer
coating, sintering, or catalyst testing. Diffraction from Ti® consistent with the

Xiii



anatase phase and no rutile phase was observed. Pd peaks appear tbely f
thermally treated uncoated catalyst and are highlighted in the.data............. 168

Figure C.8: a-f, STEM images and illustrating the smallrfgf Pd particles (a-c) and thin,
amorphous AlOs coating on the 5-cycle ALD catalyst fd-g-j, STEM images and
STEM-EDS maps depicting the severe agglomeration of Pd particles on the
uncoated catalyst after 700;C thermal treatment (g, h) and theioetef small,
dispersed Pd particles on the 5-cycle ALD catalyst after 70@g@nial treatment

Figure C.9: Batch reactor muconate hydrogenation activity comparisonsdmefresh and
thermally-treated uncoated 0.5 wt% Pd/T&nd 5-cycle ALD Pd/Ti@ Significant
rate reductions in were observed for the thermally-treated unccatedyst,
indicative of the drastic morphological changes induced during thereagihtent.
Retained activity of the thermally-treated 5-cycle ALD catargygests that the
minimized morphological changes induced during thermal treatment diffewit a
the catalytic ability of the coated catalyst. Conditions: 1%atglyst, 20 mL 1 wt%
muconic acid in ethanol, 24{C, 24 bag, Htirring at 1600 rpm..............cccceeeeeen. 170

Figure C.10: a,b SEM image (a) and SEM-EDS map (b) of the B-&y}dD catalyst depicting
uniform Al distribution on the micron scale. ¢, Cross-sectiaralysis using
focused ion beam (FIB) lift outs and STEM imaging of the 5-cycle Ahalyst
indicating the predominance of Pd within the pores of the $i@port............... 170

Figure C.11: CO DRIFTS spectra showing influence of the ALD rgatin mode of CO
adsorption. The uncoated material displays a dominance of support-bound,
carbonate-like CO binding (1350-1650 ‘¢mSimilar results have been reported
for other reducible oxide-supported noble metal catalysts (e.g.ORtHi/CeQ,
Pd/CeQ). On these materials, hydrogen spillover from the noble metakcdace
the support to form oxygen vacancies and bridging hydroxyl groups, which may
coordinate with CO to yield surface-bound formate structt¥f&sUpon ALD
coating, the dominant interaction mode shifts to that of Pd-bound CO ¢h924
and 2081 cm), likely due to the coverage of the reducible Ti€hrface with
irreducible AbOs, reducing possible sites of CO interaction on the support...171!

Figure C.12: Metallic vs. support-bound CO comparisons for 0, 1, 3ntD20-cycle ALD
catalysts. Metallic vs. support-bound CO was determined by coraparfisthe CO
DRIFTS peak areas corresponding to support-bound CO (1350-1650alative
to the peak areas associated with bridging and linear metatbhottd CO (1924
cnrtand 2081 cm). The shift from dominance of support-bound CO to metallic-
bound CO indicates that &bz ALD at the 1-cycle and 5-cycle levels causes a
significant reduction in accessibility of the support by CO. Howelveyond 5
cycles, no significant change in CO interaction is observed, suggdhkft the
ALD coatings may transition from a sub-monolayer coating to uniformr laye
coverage near the 5-cycle level for the catalyst matemalsgnthesis conditions
USEA N thIS STUAY....cceeiiiei e 171...

Xiv



LIST OF TABLES

Table 2.1: HOMO and LUMO energy coefficients for all dienes andogikiles discussed
within this review. Calculated using B3¢P/6-311+G(d,p), ultrafine DFT grid,
and tight SCF convergence. All characterized as positive dafniiena structures
by vibrational analySes.. ..o 18....

Table 3.1: Computed enthalpy of DMM isomers relative to ccDMM ingthe phase, THF,
ethanol, and methanol............o o 82....

Table 3.2:DFT!calculated free energy barriers and experimentally determinechtaar
energies for the iodiheatalyzed isomerization ccDMM to ctDMM and ctDMM
to ttDMM. [a] Freeenergy barrier. [b] Experimentally-determined activation
LT 0[] 0 )PP PP 8a.......

Table 3.3: Association enthalpies for the interaction of one or twoeoalioms to the four
carbon positions on each DMM isomer. Values calculated as themntienge
of the iodo-DMM species relative to the unbound DMM speciass,”-ccDMM

Table 4.1: Material properties of thermally aged uncoated aypdl&-&LD Pd/TiQ catalysts.
Aging conditions: 700;C under 200 sccm air for 4h followed by 200;C under 200
SCCM B TOr AN.... e 124...

Table B.1: Relative iodine-bound isomer stabilities (kcal thah gas phase and solvent
dielectric constants for tetrahydrofuran (THF) and ethanol (EtQH)............... 147

Table C.1: Preliminary estimate for ALD coated catalyst. CO8IA precursor costs are based
on a log-log linear regression model (see Figure C.1). Pd metaliprizased on
the 5-year spot price averatferecursor utilization rates, manufacturing costs, and
a coating gross margin of 30% are assumed due to the pre-commédtolofighe
ST {001 T TP UPT PP 161.....

Table C.2: Uncoated 1 wt% Pd catalyst leaching and TON during bactorenuconate
hydrogenation. While Pd leaching is the lowest with AC-supported Hibpiays
the lowest extent of muconate hydrogenation. Conversely, Pdgigplays the
highest extent of muconate hydrogenation although Pd leaches at > 5 ppi@. Pd/T
was selected for ALD coating to minimize the observed Pdhiegavhile retaining
the inherently high rate of conversion for muconate hydrogenation. Pd leaasng
guantified by ICP-MS and reported in parts per weight of acid prodaotvered
from batch reactions. Initial Pd-normalized muconic acid converstamya)
reported as mmol muconic acid converted per mmol Pd per second an2b m
reaction. Conversion is normalized to total Pd loaded in theoreeather than
accessible Pd active sites to avoid convolution of CO amthéimisorption uptake
due to the Ti@support. Batch reaction conditions: 15 mg catalyst, 20 mL 1 wt%
muconic acid in ethanol, 24{C, 24 bas,H h, stirring at 1600 rpm................... 163

XV



Table C.4Basic catalyst material properties and screening performanéé&0s; ALD -coated
0.5 wt% Pd/TiQ. The lack of significant changes to the pores while the surface
area appears to experience a decline may be indicative of coatergrties on the
exterior surface as compared to within the pores. Reduced CO uplgiedy a
result of partial active site coverage by@d, decreasing accessibility. Initial Pd-
normalized productivity of adipic acid (Prog reported as mmol adipic acid
produced per mmol Pd at 2.5 min of reaction. Productivity is nornaaiztotal Pd
loaded in the reactor rather than accessible Pd active sités clugvolution of CO
and H chemisorption values by uptake due to the;B@pport. For these reactions,
activity is reported in productivity of adipic acid rather ticanversion of muconic
acid due to complete conversion of muconic acid in <2.5 min acrasstalysts. . 165

Table C.5:Pd leaching from uncoated 0.5 wt% Pd/TiQuring stirred batch muconate
hydrogenation reactions under standard batch reaction conditions (Entry 1) and
conditions modified to be more reflective of the conditions used duringcionis
flow reactions (Entries 2-4). Under these conditions, Pd least@sgobserved to
decrease similarly to the reductions observed in the continuousdémtians due
to dominant exposure to adipic acid over muconic aicidsitu catalyst pre-
reduction, and elevated reaction temperature. Standard battiomezonditions:

15 mg 0.5 wt% Pd/Tie) 20 mL 1 wt% muconic acid in ethanol, 24iC, 24 bar H
1 h, stirring at 1600 rpm. Modifications to standard conditions anetasl below. 165

Table C.6: Pd and Al leaching during TOS muconic acid hydrogenattbrbvaycle AbOs on

0.5 wt% Pd/TiQ with variable WHSV. Reaction conditions: 150 mg catalyst,
mobile phase 8 gt muconic acid in ethanol with®g L* succinic acid internal
standard, 500 psi#123;C, 100 sccm flowing &l variable mobile phase flow rate
(0.16 mL min' B 0.48 mL/min). Prereduced at 150;C for 2 h under 500 psi H
flowing at 100 sccm. Leaching values obtained through ICP-MS analysmsesf t
point samples. *Adipic acid yield of ~100% is based on the detection oheo ot
compounds in the product stream as determined by HPLC arfalysis............. 167

Table C.7: Pd leaching during TOS muconic acid hydrogenation with uncoateut%.5
Pd/TiQ.. Reaction conditions: 150 mg catalyst, mobile phase 8 miiconic acid
in ethanol with 0.8 g £ succinic acid internal standard, 500 psi 28iC, 100 sccm
flowing Hz, 0.32 mL mint (WHSV = 1.05 H). Prereduced at 150;C for 2 h under
500 psi H flowing at 100 sccm. Leaching values obtained through ICP-MS asalysi
of time-point samples. *Adipic acid yield of ~100% is based on the detectina of
other compounds in the product stream as determined by HPLC aRalysis...167

Table C.8: Basic material properties of the 5-cycle ALRlyat before and after >100 h TOS
under complete conversion conditions. Surface area, pore volume, and pore
diameter were determined by physisorption; CO uptake was determined by CO
chemisorption; carbonaceous fouling was determined by thermogravimetric
ANAIY SIS ...t e et a et aaeb e eea 164....

XVi



Table C.9: Financial assumptions and design basis for TEA of generation adipic acid
DIOTEIINEIY e e 172....

Table C.10: Process conditions for the catalytic hydrogenation raéactor A" generation
adipiC aCid DIOrEIINEIY.. . e 173..

Table C.11: Summary of rates, capital expenses (CAPEX) andiaogezgpenses (OPEX) for
the catalytic hydrogenation reactor in al generation adipic acid refinery
operating under the following assumptions: glucose feedstock, WHSV bft1.0
muconic acid in ethanol over 0.5% Pd/?i@acked in a trickle bed reactor, bio-
adipic yield of 99%, catalyst cost of $130Kgpsed on the spot price of Pd, bulk
TiO2, and material preparation, and catalyst lifetime was asstortsel 0.5 years,
representative of harsh process conditions. kt = kilotonne........................... 174

Table C.12: Modeled ALD-coated catalyst scenarios for whichritreased catalyst cost
compared to the baseline scenarios can be justified through extentled$fand
minimum WHSVs. In order to consider the ALD scenario as jastifthe adipic
acid MSP and % MSP due to the cost of catalytic hydrogenation megtibalent
or reduced compared to a baseline scenamalicates that the scenario is justified
compared to the moderate severity baseline sceffariticates that the scenario is
justified compared to the high severity baseline scenario......................co..... 173

Xvii



ACKNOWLEDGEMENT
First and foremost, | would like to acknowledge my Ph. D. ads/i§r. Ryan Richards and

Dr. Derek Vardon, for their continued guidance and support throughout my gratiudies. | am
especially thankful to Derek for the many hours he spent outside of tymdalhours, including
numerous weekends, to discuss and support sgarehand to help me to develop and improve
my technical and professional skills. This thesis would not have besiblga$ | had not been
fortunate enough to find myself working for Derek as post-undergraduate. inte

| would also like to extend my gratitude to the members of my thesisnittee, Dr. Brian
Trewyn, Dr. Carolyn Koh, and Dr. Matthew Posewitz, my fellow groo@mkers and my
coworkers and collaborators at the National Renewable Energy Lalyofatotheir support
contributions to this workd am especially thankful to Dr. Nicholas Rorrer, Dr. Kelly ékgand
David Brandner, not only for their support in my research endeavoras lfiénds and mentors.
| am also incredibly grateful to the National Renewable Energy Ladygrior funding provided
throughout my Ph. D. via graduate research assistantship.

Above all, | would like to sincerely thank my husband, Marcus. IeitenOt for MarcusOs
endless support, understanding, patience, and rational perspeaitairlg would not have made

it to this point.

Xvili



CHAPTER 1:
INTRODUCTION
1.1 Motivation
As global energy demands increase and awareness of the environmgaels of
pervasive reliance on petroleum continue to grow, the development of teclkesdtmgienewable
chemicals and fuels is of rising importance. In 2013, is was texptrat the energy demand for
the petrochemical production industry could account for approximatétf@&0the total industrial
energy demand worldwide and was responsible for approximately 20% of gholoskrial
greenhouse gas emissions (GH&S§ince then, the energy demanded by the petrochemical
industry has only served to grow; it is forecasted that future oihddngrowth between 2018-
2023 will be dominated by petrochemicals, underscoring the necessitemfasitely-sourced
fine chemicalg. Owing to its high energy density, relative inexpensiveness, and widésprea
availability, lignocellulosic biomass has emerged as a promisingdaador renewably-sourced
carbon that does not interfere with food crops and can be valowzeenéwable chemical
alternatives to traditional petrochemic&lsThrough biological funneling of lignin
depolymerization products, many chemical intermediates to commodity psadurcbe targeted
(Figure 1.1). For example, engineekseudomonas putidzan effectively funnel lignin-derived
aromatics to selectively targeis,cismuconic acid (hereon referred to as OmuconateQ), a
polyunsaturated, C6 dicarboxylic adieiMuconate can subsequently be catalytically valorized to
several large-market commodity chemicals, including adipic aod terephthalates (e.qg.
terephthalic acid, terephthalic esters), two of the most cooiatlg important monomers for
production of nylons, plasticizers, lubricants, food and beverage packagihgpadyesters.

Additionally, muconate can be catalytically transformed to targettibmadly-differentiated



monomers, i.e. those that serve to replace commodity monomers Btruaturally different from
the current commercial standard. However, significant reseaccevelopment is still needed to
advance such technologies toward industrial relevance. As such,attkisnwvestigates catalytic

approaches to upgrading of biologically derived muconates for renewablecahapplications.
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Figure 1.1: Overview of muconic acid production from lignocellulosmmaiss and subsequent
catalytic upgrading to value-added chemicals.

1.2 Background and Scope of Thesis

In recent years, investigation into the use of biobased chemsca&ls,as muconate, as
addends in Diels-Alder cycloadditions has become a growing reseaecfoaproduction of drop-
in commodity aromatic monomers B those that are structurallyuactiohally identical to their
petroleum-derived analog. Diels-Alder cycloadditions are well-known, galvaethods for the

atom-efficient production of six-membered, cyclic compounds. Comatigrc Diels-Alder



reactions have been utilized for many applications, including pharaggcohgrochemicals,
flavors, and fragrances, though there have been far fewer repadhisirofise for production of
commodity aromatic monomers. Because of the rapid growth in el df biomass-derived
commodity chemicals, it follows that Diels-Alder chemistry todvaroduction of such aromatic
monomers from biomass has experienced recent growth. Of signifigamittance is the design
and implementation of catalytic materials for these reactmagdtin their success and feasibility
of market application. Often, the necessary catalysts compols@ acid catalysts such as
polyoxometalates/heteropolyacids or functionalized zeolites. Through dhte, rcommodity
aromatic monomers includirgara-xylene, ethyl benzene, and terephthalic acid/esters have been
produced from biobased or bio-accessible intermediates. In chaptef thiethesis, the state of
heterogeneously catalyzed Diels-Alder cycloadditions of biomass-denteunediates for the
production of aromatic monomers is reviewed, mechanistic consmiesdtr catalysis of Diels-
Alder reactions are assessed, and a survey is provided oft redeances in heterogeneous
catalysts for tandem Diels-Alder and aromatization reactkinally, insight is provided towards
the future of biomass-derived aromatic monomers and the cathlgstot.

In order for muconates to be utilized in Diels-Alder cycloadditiongard the production
of cyclic monomers, they must exist in tinans,transisomer. However, the isomer of muconate
that is produced frorR. putidaduring biological funneling of lignin depolymerization streams is
thecis,cisisomer. Therefore, isomerization to thens,transisomer via theis,transintermediate
is require prior to downstream upgrading via Diels-Alder cycloadditiéss such, a joint
experimental and computational investigation into the homogeneous iodine-@atalyz
isomerization ofcis,cisdimethyl muconate tdrans,transdimethyl muconate is presented in

chapter two of this thesis. Prior to this investigation, thetiegiditerature regarding dimethyl



muconate isomerization was limited to a singular patent report Umingpgeneous iodine-
catalysis. Because of this, a dearth of information existgdrding the isomerization reaction
mechanism, unique barriers due to the diene backbone of and termingl es¢ér functionality

of dimethyl muconate, the influence of solvent selection on isomenizegiaction kinetics and
yields, potential for catalyst recyclability, and downstreamrsejoa and recovery steps necessary
to yield high-puritytrans,transdimethyl muconate. A comprehensive evaluation into addressing
the gaps in knowledge of this subject have allowed for a deeper meichangerstanding of
homogeneous, halogen-catalyzed reactions and has illustrated #hanod in sustainable routes
to biobased chemicals.

Towards targeting a non-aromatic commodity monomer, the upgrading of mutonate
adipic acid has received far more attention in literature totdate muconate isomerization and
Diels-Alder cycloaddition. Literature reports have established platinum gnesigls as extremely
effective catalysts for the hydrogenation of muconic acid to adip¢*8tspecifically, supported
Pd catalysts have displayed exceptional activity and selectivity toh lzand continuous flow
hydrogenation of muconic acid. However, the condensed-phase, acidic m@aEssrganic
compounds presents a unique challenge to the long-term stability obdesteous catalysts.
Namely, when employing supported platinum group metal catalystshrpsoicesses, deactivation
of the catalyst by active site leaching, organic fouling, and theresiucturing can become
especially problematit?? The propensity towards these modes of deactivation can significantly
impact process economics when considering their use on artrialdsisale process in which
catalyst cost and associated down-time for replacement of &vdéed catalyst are especially
significant. In order to enhance the durability of supported metalystés against deactivation,

atomic layer deposition (ALD) has emerged as a means to lay dowectpretmetal oxide



coatings in an extremely controlled manner. In chapter three ahtsss, the use of low-cycle
ALD of Al>Os on Pd/TiQ catalysts is investigated for enhanced durability during the condensed
phase hydrogenation of muconic acid and thermal catalyst regeneratida pvékiious efforts in
literature have reported the use of ALD for catalyst stabilitgre is currently a lack of research
regarding the influence of low-cycle ALD coatings on catalytiovagt selectivity, and stability
under condensed phase processing conditions relevant to emerging biochemmdbiges, the
spatial distribution of low-cycl&LD coatings within complex catalyst support morphologies, and
the associated techno-economic tradeoffs between the higher mropesteof ALD catalyst
materials and their improvements in catalyst lifetime. To esklrthese knowledge gaps,
experimental investigations and techno-economic analysis are used tteprewi insight into the
ability of low-cycle ALD coatings to bolster catalyst staliland the implications of extended
catalyst lifetime on large-scale process economics. The findirthss work serve to advance the
current understanding of ALD coatings for tailored catalyst prasestihile progressing this
emergent biotechnology toward industrial relevance.
1.3 Research Objectives

In summary, the work presented in this thesis is a compilatiefiats toward developing,
investigating, and progressing catalytic techniques for upgrading of bibb@aseonic acid to
large-market, commodity chemicals. While lignocellulosic biomass promising platform for
myriad biomass-derived chemical alternatives to petrochemieaksanch into processing thereof
still has significant headway to be made for industrially relevandecommercial adaptation. To
that end, the objectives of this thesis are to (1) summarize endi@insight on the current state
of the art for catalysis of Diels-Alder cycloadditions with bisdé chemicals, such as muconates,

for the production of commodity cyclic monomers, (2) provide an in-deptistige¢ion into the



homogeneously-catalyzed isomerization of muconate, thereby expanding a fotalame
knowledge base which may be applied to other relevant chemical syat&@) demonstrate a
technique for increasing the industrial relevance of supported metdystamaterials and
processes through the use of low-cycle ALD coatings eDAbn Pd/TiQ catalysts to enhance
resistance to deactivation during the condensed phase hydrogenation of muicbriciaeny
intention that the specific findings presented in each chapter ah#ésis are applicable to similar
reaction systems and will help to address the challenges fatedfiantier of renewable chemical
processes.
1.4 Structure of Thesis
The work described in this thesis focuses on the catalytic upgradamgwiicals that may be
derived from lignocellulosic biomass to more valuable, industriallevesit commodity
compounds. Specifically, the organization of this thesis is as fellow
¥' Chapter 2 contains a manuscript published @Green Chemistry, entitled
OHeterogeneous Diels-Alder catalysis for biomass derived araoatppundsO with
co-authors Laura Berstis, Nicholas Rorrer, YuriynfRmLeshk—v, Gregg Beckham,
Ryan Richards, and Derek Vardon. This work provides a review of angepgves
on the current state tiferature regarding heterogeneous catalysis for targeting drop-
in and functional-alternative commodity aromatic monomers derivad fiiobased
intermediates, notably from biologically-derived muconic acid and risat&ves.
¥' Chapter 3 contains a manuscript publishedChemSusChementitled Olodine-
catalyzed isomerization of dimethyl muconateO with co-primary authoa|Bestis
and co-authors Shuting Zhang, Nicholas Rorrer, Haiming Hu, Ryan Riclznetsy

Beckham, Michael Crowley, and Derek Vardon. This chapter oftergoint



computational and experimental approach to understanding the mechanisniiegntrol
the homogeneous iodine-catalyzed isomerization of biologically-deroiegis
dimethyl muconate to the Diels-Alder active isonteans,transdimethyl muconate.

¥' Chapter 4 contains a manuscript submittedladure Catalysisentitled OLow-cycle
atomic layer depositionf &l .Os for enhanced Pd/Tistability during biobased adipic
acid productionO with co-authors Nicholas Cleveland, Xiangchen Huopdsrk,
Elizabeth Kautz, Arun Devaraj, Karthikeyan Ramasamy, Ryan RishKinga Unocic,
Gregg Beckham, Michael Griffin, Katherine Hurst, Eric T&teven Christensen, and
Derek Vardon. Within this chapter, the use of low-cycle atoayierd deposition (ALD)
of Al,Osis investigated as a means to enhance the stability agairshipand thermal
deactivation of Pd/Ti® for condensed-phase processing of biologically-derived
muconic acid to produce adipic acid. This chapter also provides tecbnoreic
analysis of the use of AD3 ALD-coated Pd/Ti@in an industrial scale adipic acid
biorefinery.

¥' Chapter 5 presents a final summary of the work containednvhis thesis, as well as
a discussion of the ongoing and future work related to catalytic upgrafdmgconic
acid, including use of muconic acid to produce unique, functionally diffatedti
cyclic monomers and tailored catalytic materials that aédmstend common impurities
present in biobased chemical intermediates.

As this thesis is a compilation of published work, each chaptessscited with an
introduction that is specific to the content of the publication
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CHAPTER 2
HETEROGENEOUS DIELALDER CATALYSIS FOR BIOMASSDERIVED

AROMATIC COMPOUNDS

This work was originally published in the jourateen Chemistrya publication of The Royal

Society of Chemistry, DOI: 10.1039/C7GCO00992E.

Amy E. Settlé33, Laura Bersti§ Nicholas A. Rorrek Yuriy Roman-Leshk—2vGregg T.

Beckham, Ryan M. Richards*5, and Derek R. Varddrt’

2.1 Abstract

In this tutorial review, we provide an overview of heterogeneous Bidksr catalysis for the
production of lignocellulosic biomass-derived aromatic compounds. Diels-Addetions afford
an extremely selective and efficient route for carbon-carbon aditbens to produce
intermediates that can readily undergo subsequent dehydration or dehydrogeeatioms for
aromatization. As a result, catalysis of Diels-Alder reast with biomass-derived dienes and
dienophiles has seen a growth of interest in recent years; howeveficant opportunities remain
to (i) tailor heterogeneous catalyst materials for tandensfikeler and aromatization reactions,

and (ii) utilize biomass-derived dienes and dienophiles to accescdientional and novel
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aromatic monomers. As such, this review discusses the medahaspects of Diels-Alder
reactions from both an experimental and computational perspectivesllasswhe synergy of
Br¢ nsted-Lewis acid catalysts to facilitate tandem DidtkeA and aromatization reactions.
Heterogeneous catalyst design strategies for Diels-Alderoaacre reviewed for two exemplary
solid acid catalysts, zeolites and polyoxometalates, and reckmtsefor targeting direct
replacement aromatic monomers from biomass are summariz&ty, lvee point out important
research directions for progressing Diels-Alder catalysisr¢etaovel, aromatic monomers with
chemical functionality that enables new properties compared to mondhsrare readily
accessible from petroleum.
2.2 Introduction

Growing awareness of environmental concerns and the economic voldtiltgtroleum
products has led to increased interest in the use of biomass-deustathable alternatives. Of
note, global consumption of commodity aromatic monomers surpasses 140 miéiric tons
annually, and the market sizes continue to grow at rates betweena2w@dally334°4 These
aromatic monomers include the hydrocarbons benzene, toluene, and xylenesnlyoreferred
to as BTX, as well as oxygenated derivatives thereof, includingleaeid, phthalic anhydride,
and terephthalic acid. These aromatic monomers have extensive aiahrapplications for
polymers, solvents, plasticizers, and adhesives. A prominent exampplgethylene terephthalate
(PET), which the most widely produced polyester, primarily usedhe synthesis of plastic
bottles and textile fibers on the scale of over three milliotric®ns annually in North America
alone! Consequently, there has been an increase in research effectediioward production of

biomass-derived aromatic compouritl.
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Multiple approaches have been investigated for the production of OdiptatementO
aromatic monomers (i.e., structurally-identical substitutepdétmoleum-derived monomers) from
biomass, including thermochemical, biological, and chemocatalytic egse)P?
Thermochemical conversion is typically applied to whole biomass atuaddignin fraction%'©
via fast pyrolysis, catalytic fast pyrolysis, or gasificatibuiring fast pyrolysis, biomass is heated
to temperatures typically within a range of 400-600;C at residemsss tgenerally <5 s in the
absence of oxygen to thermally degrade biomass and generate vapare t@idensed into a
complex organic phase referred to as bio“oiBio-oils can contain >300 compounds with
significant oxygen content (ca. 409)If targeting hydrocarbon aromatics, oxygen content must
be reduced via catalytic hydrotreating or cracking reacti&tsAlthough selectively targeting
aromatics can be challenging, ongoing efforts to commercialize bipgrading have been
recently reviewed?® Alternatively, catalytic fast pyrolysis involves integratirayatysts with the
feedstock during pyrolysis prior to condensation, which has the benefit olviregmreactive
intermediates in the vapor phase, simplifying unit operations andaisiog target aromatic
monomer yield4%1’Commercialization of catalytic fast pyrolysis for BTX prodanatis currently
being pursued at the pilot scafe? Lastly, biomass gasification occurs at higher temperatures
(>750iC) in the presence of air or steam to produce syngas @ and H) as the target
intermediate® Syngas can undergo subsequent catalytic transformations, such astsyngas-
alcohols followed by alcohdb-aromatics}, or Fischer-Tropsch synthesis followed by
hydrocracking’* with ongoing commercialization efforts recently reviewéd.

As an alternative to thermochemical processing, significanttefftave also focused on
selective, low-temperature deconstruction of lignocellulosic bion@adsacilitate downstream

biological and chemocatalytic processi¥g! The most commercially relevant efforts to date

11



involve ethanol production from lignocellulosic sugars. Currently, ma@nmercialization
efforts focus on catalytic dehydration of ethanol and oligomerizatiod ¥a®833** Longer chain
alcohols, such as isobutanol, can also be produced biologically from lighasie sugars>3®
The commercial potential of isobutanol dehydration and oligomerizatiptxylene is currently
being pursued?3’-28As a solely catalytic route, lignocellulosic sugars can undergo aqpbasse
reforming and hydrodeoxygenation to BTX that proceeds via hydrogenation, conagnsati
alkylation, and dehydration reactions. This technology is undergoing commextitediand has
the valuable capability to handle mixeg@d G lignocellulosic sugar streams$?4%! However,
with several of the aforementioned approaches, selectivity to singleatic monomers presents
a challenge because the product stream is a complex mixture af lkiyehc, and aromatic
intermediates.

To address the limitations of aromatic monomer selectivity ardbtfeek atom efficiency,
Diels-Alder cycloadditions have recently emerged as a prominent route tednaplass-derived
chemical intermediates. This is not only due to the immense mwhaecessible biomass-derived
Diels-Alder addends, particularly furans and furan derivatives, but alsaubecDiels-Alder
reactions offer a robust route for synthesis of cyclic productscdingling of a conjugated diene
andadienophile via Diels-Alder cycloaddition produces a six-memberedthigigexhibits 100%
atom economy. Following Diels-Alder addition, subsequent dehydration or dehydiogena
reactions can generate aromaticity, with both reactions capbéng promoted in tandem over
a single heterogeneous catali8t® Advancements in metabolic engineering and tailored
chemocatalysts are greatly expanding the number of biomass-derivedeitities that can be
used foDiels-Alder coupling reactions, which may allow for the production of dirgglacement

commodity aromatics, as well as new aromatic monomers withseéivahemical functionality B
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henceforth referred to as Ofunctional alternativeO monomers (BiglireThese functional
alternative monomers may allow for new market applications tinaiotdoe readily addressed by
petroleum due to the large number and variety of functional groups preentnative biomass,
which may alter thermal and mechanical properties of resultant palymaterial$4®*° While
Diels-Alder cycloadditions have historical precedence for applications irrmatalogy,
agrochemicals, flavors, and fragrané&their capacity for biomass upgrading is just now being

realized.
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Figure 2.1: Lignocellulosic biomass conversion via Diels-Alder cycla@idto produce direct
replacement and functional alternative aromatic monomers.
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To address the growing field of biomass-derived commodities, #vgew considers
heterogeneous catalysis of Bi&lder cycloadditions for producing both direct replacement and
functional alternative aromatic monomers from lignocellulosic biomdsghanistic details are
examined for controlling the rate and selectivity of Diels-Alckgrioadditions, with an emphas
on Br¢nsted-Lewis acid catalysis for tandem reactions and heterogdntmaetional catalyst
design. Recent efforts are then reviewed for the Diels-Alaelymtion of commodity hydrocarbon
and oxygenated aromatic monomers. lllustrative routes for diene arapdike production from
biomass are considered, as well as yields, catalytic matenl key considerations for converting
complex biomass streams into direct replacement aromatisfy,Lemportant future research
directions are identified for targeting new functional alternativenomers via Diels-Alder
chemistry.
2.3Diels-Alder catalysis
2.3.1 Mechanistic overview

Diels-Alder cycloadditions involve the atom efficient coupling of a diene anmbgigle (the
OaddendsO) in the preparation sixanembered ring (the Ocycloadduct8)shown in Figure
2.2.A Following the Diels-Alder addition, subsequent dehydration or dehydrogenatidionsa
can generate aromaticity in the product, as shown in Figure 2.2lBufjh, in many casebjels-
Alder reactions alone can be thermally driven to completion, thecapph of catalysts can
greatly enhance reactivity, reduce process severity, mitigatentedvaide reactions, and enable
tandem cycloaddition and aromatization reactions over a singlestataly

At the heart oDiels-Alder cycloadditions is the formation of twebonds between a diene
and dienophile at the expense of t#bonds. It has been hypothesized that these cycloadditions

may occur in a concerted one-step mechafisthor via a two-step reaction in which each new
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I -bond is formed in successive steps passing through transition thi@tesvolve a biradical
intermediate3 While the general consensus is that the concerted mechanism deptimate has
been literature to support the multi-step mechanism as well s§jie-corrected density functional
theory (DFT) calculations have shown that the difference in fieegg of the two-step reaction
pathway is a mere 2.3-7.7 kcal/mol higher than the concerted mecharnisgrarchetypal Diels-

Alder reaction between butadiene and ethyRéne.

A
New ! -bond
2 ! 5 1 /
= =1
—
E=l -0
4 4
New ! -bond
Addends Cycloadduct
B

e
~Q

Figure 2.2:Diels-Alder cycloaddition of common addends illustrating the formation of two new
I -bonds in the cycloadduct (A). Subsequent dehydrative or dehydrogenative aatboratktwo
exemplary cycloadducts (B).

In Diels-Alder reactions, new bond formation occurs through ictierzs between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular b(bltiMO) of the
addends (Figure.2). A normal electron demand (NED) reaction involves the intenaaf the
HOMO of the diene and the LUMO of the dienophile (Figu@ [2ft). Accordingly, the inverse

electron demand (IED) reaction involves the HOMO of the dienophéeacting with the LUMO
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of the diene (Figure.3, right). The type of electron demand that occurs during a reactiases!
largely upon diene and dienophile species and the presence of elgittrdrawing or electron
donating groups on either. For example, electron-withdrawing groups on the diensptih as
the carboxylate group of acrylic acid, will expedite NED reactioeatlre of the lowered LUMO
energy. Furthermore, catalysts can coordinate with either the dredienophile to influence the
HOMO-LUMO energy level gap. Reactions are consistently more favondiga the character of
diene and dienophile are opposite.(electon rich diene and electron poor dienophileyime

versg.

Normal Electron Demand Inverse Electron Demand
Electron rich diene Electron poor diene
Electron poor dienophile Electron rich dienophile

HOMO
Dienophile
LUMO

_ Diene
Diene LUMO
HOMO .
8% ; i Dienophile

Figure 2.3: RepresentatiOMO-LUMO interactions of both normal (left) and inverse (right)
electron-demand Diels-Alder cycloadditions.

The interactions between the HOMO and LUMO govern the mode oforadiwell as the
regiochemical outcomes, which can be critical when targeting gpetifictural isomers (e.g.,
xylene, see Figure 2.4). When asymmetrical addends (both diene and dereghdmployed in
Diels-Alder cycloadditions, two regioisomer cycloadducts can be produced dependthg on
orientation of addends during the reactidithe preferred orientation of interaction occurs when

the frontier orbitals of one addend that present the largest HOMQyetwefficient overlap with
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the frontier orbitals of the other addend that possess the latgk&d lenergy coefficient®>’ The
orbital coefficients are dependent on the electron-withdrawingecotreh-donating nature of the
substituents on each addend (see Table 2.1), and will drive theomeaatiprefer certain

regiochemical outcomes.

Cr+ —

Methyl Furan I Propylene

Voo

Stereochemical
Intermediates

m-Xylene 0-Xylene

@— —

Figure 2.4:Potential regiochemical and stereochemical outcomes of Diels-gladoaddition
between methyl furan and propylene. Subsequent dehydrative aromatization semove
stereochemistry but preserves regiochemistry.

Stereochemically, the relative positions of substituents onitla@dG positions of the diene
and on the €and G positions of the dienophile are generally retained in the product due to the
suprafacial nature of the addend interactions. In contrast, thy f@wed stereocenters of the
adduct are mediated by which of the two possible modes of suprafgmiabah takes placendo
or exo (Figure 2.5). Intuitively, one might assume tkab products are favored based on steric
hindrance ofendo interfacing. However, secondary orbital interactions that occur epdo
interfacing may result in stabilization of the transition stat Accordingly, endoproducts are

typically favored, a preference that is known as AlderO8%Tilmough modification of reaction
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conditions or introduction of a bulky, chiral catalyst, stereochempicaluct distribution can be
tuned to increase selectivity toward either stereoiséfiérHowever, for the production of
aromatic compounds, stereocontrol of the cycloaddition is unnecessary the Ibss of all

stereocenters within the cycloadduct during aromatization (Figure 2.4)

Table 2.1: HOMO and LUMO energy coefficients for all dienesdiadophiles discussed within
this review. Calculated using B3¢P/6-311+G(d,p), ultrafine DFT grid, and tight SCF
convergence. All characterized as positive definite minima sitegby vibrational analyses.

Diene HOMO (eV) | LUMO (eV)
Furan -6.531 -0.169
2-Methylfuran -6.168 0.039
2,5-Dimethylfuran -5.844 0.116
Butadiene -6.702 -1.198
Trans,transdimethyl muconate -7.623 -3.127
Isoprene -6.515 -1.091

Dienophile HOMO (eV) | LUMO (eV)
Ethylene -7.660 -0.295
Propylene -7.153 0.029
1-Butene -7.154 -0.085
Maleic anhydride -8.597 -3.591
Acrylic acid -8.068 -1.927

Figure 2.5: Suprafacial interaction of Diels-Alder addends via eAll@rid exo (B) modes of
molecular approach.
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2.3.2 Role of acid catalysts for Diels-Alder reactions

As critical as catalysts are to enhance Diels-Alder i@astit was not until the early 1940s
that catalyzed Diels-Alder reactions were reported B over adéeafter Diels and Alder first
published their work? Initially, homogeneous Br¢nsted acids (prottomors) were used to
catalyze these cycloadditiohfsHowever, it was shown in the early 1960s that homogeneous
Lewis acid salts (electron pair acceptors) act as extyesfiective catalysts that promote Diels-
Alder reactions, even in mild reaction conditiéfhiSince the first records of acid-catalyzed Diels-
Alder reactions, research into the use of Br¢ nsted acids, bewis, and tandem Br¢ nsteewis
acids for these reactions has flourished. Increased efforts dawsetl on heterogeneous catalysts
to improve recyclability and separations, and to enable continuous pnacé$swever, the ability
of homogeneous catalysts to exhibit high activity and extensive moletwadifiability has
elicited in-depth studies into the catalytic principles that goléets-Alder reactions.

The enhancement of Diels-Alder reactions by acid catalystsqaéntly described in terms of
frontier molecular orbital (FMO) theo®™®’ When an acid catalyst is present, it can drastically
decrease the HOMO-LUMO energy gap through coordination with sit@glofelectron density.

In NED reactions, this corresponds to coordination of the acid wittiédmephile (Figure 2.6.)C
withdrawing electron density, and reducing the LUM&dpnie The resulting decreased energy
separation between the HOMEge and the LUMQienophie €nhances the susceptibility to
nucleophilic attack by th#-electrons of the dierf&:°8 Likewise, in IED reactions, an acid catalyst
will coordinate with an area of high electron density on the diagar@2.6.C). This phenomenon
can be observed in the NED cycloaddition of dimethylfuran with etleyt®r which it was shown
that theEromo-Lumo is reduced from 182 kcahol? to 26 kcaimol* upon introduction of cationic

Li.%6 Several reports describe similar Diels-Alder reaction erdraent by addition of an acid
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catalyst®®’%In both NED and IED reactions, acid coordination enhances exjstiagization of
the molecule, increasing the associated orbital coefficienti@Ry6), thus increasing the strength

of orbital interaction between addends and promoting the re&étion.

Diels-Alder Transition State HOMO

Normal Electron Demand Inverse Electron Demand

A B

i

Uncatalyzed

Lewis Acid

"%JJ

Lewis Acid-catalyzed

& Lewis Acid

Figure 2.6:Comparison of uncatalyzed (A, B) and Lewis-acid catalyzed (Qydnsition state
HOMO orbitals for the NED Diels-Alder reaction of ethylene @mthexadiene (A, C) and the
IED Diels-Alder reaction oftrans,transmuconic acid and ethylene (B, D). Catalyst depicted is
cationic Li.

Because acid catalysts typically enhance the existing reaction gyaflevg., decrease the
energy gap between HOMehe and LUMQyienophile iIn NED reactions), it would follow that the
introduction of an acid catalyst also favors the enhancement ofiggjeciward the major regio-
and stereoisomer produétan terms of AlderOs rule, when small, non-sterically hindetelysts
are selected, this typically holds true andehdoproduct becomes even more strongly favored.
However, use of bulky, chiral catalysts or those with sizeictstr active sites can shift product
selection toward thexoisomer due to insurmountable steric hindrance guatointerfacing®!
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In literature, this has primarily been reported using homogenewuplexes. Moving forward,
application of the principles governing stereochemical control by homogematalgsts to
exemplary heterogeneous systems can potentially enhance the utildyalysts designed for
targeting stereospecific monomers via Diels-Alder chemistrgljsasissed below.
2.3.3 Cooperative acid catalysis

To date, the synergy of Br¢,nsted and Lewis acids for enhancechsalykis is accepted yet
not fundamentally understood, and remains a topic of déb&ti the 1980s, around the time
that this synergy was first observed, a suggested mechanism wasepréqothe interaction in
dealuminated zeolites. It was assumed that the interaction invelvadial electron transfer from
the O-H bond of the Br¢ nsted acid to the Lewis acid oxo-aluminumespédtivas hypothesized
that this interaction would increase the Br¢ nsted acid site dtreggeducing the strength of the
O-H bond, much like what is observed within superacdidsNMR of a system in which this is
occurring should illustrate a downfield chemical shift of the prethin the Br¢nsted acid site;
however, it was later determined that no such shift is observedaimdj that is not the true
method of interactio® A more recent mechanism was proposed wherein no direct inberacti
occurs between the Br¢ nsted and Lewis acid sites to invoke symeagisiity/*® Rather, it was
reported that the spatial proximity of intramolecular Br¢nsted awdd acid sites affects the
strength of the Br¢ nsted acid by delocalizing the surrounding electron demsdiy,increases the
length and, thus, decreases the strength of the Br¢ nsted acid O-HBboause of this interaction,
the spatial proximity of the Lewis acid site to the Br¢ nsted siteddhas been shown to have a
direct correlation with an increase in acid strength of teeciated Br¢ nsted acid sfte’®

In pursuit of exploiting the synergy between Br¢nsted and Lewis aeg] €itlesigner acidsO

can be synthesized for ideal catalytic behavior by affecting théystasaibstrate interactions,
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reaction mechanisms, and/or shape-selectivity of the catalystrsyBtgure 2.7}/ These effects
have been investigated for catalysis of Diels-Alder reactionsytiarh several types of combined
acids have been indicated, including: Br¢nsted acid assisted Ledss (BtA), Lewis acid
assisted Lewis acids (LLA), Lewis acid assisted Br¢ nstets #LBA), and Br¢ nsted acid assisted
Br¢nsted acids (BBA3! The variety in possible Br¢ nsted-Lewis acid site interactadiosvs for
further tailored catalysts based on the desired primary acidit4. datalysts are specifically of
interest for applications in targeted aromatics from biordassto precedence of Lewis-acids as
notably successful catalysts for Diels-Alder reactions. Theseivas illustrated in the Diels-Alder
reaction of naphthoquinone derivatives and varying dienes using a BLA tatalysh resulted

in both rate enhancement and increased stereoselectivity due toeshodifictant-catalyst

interfacing by the acid sités.
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Figure 2.7: lllustrative reaction of Br¢nsted and Lewis acid synengprbduction of acrolein
from glycerol. Reported yield >54% over AI/EHSM-5. (Ref 75)
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2.3.4 Tandem Diels-Alder and aromatization reactions

In order to target aromatic monomers, Diels-Alder cycloadditicetpuire subsequent
aromatization. This is typically accomplished via dehydration or dehydatiga reactions,
although reactions such as decarboxyld#8h can be used to impart aromaticity for certain
cycloadducts. In order to facilitate tandem Diels-Alder and aiaatein reactions,
multifunctional materials capable of catalyzing both reactionsbeaparticularly useful (Figure
2.8). Tandem reactions over a single catalyst have the potentiatrease yield and atom
efficiency while circumventing the need for separations of fonelly complex, reactive, or
harmful intermediate compounds. Additionally, one-pot reactions mditdecenhanced yields
relative to the multi-system alternatives due to lack of ismladind separations between reaction
steps. For example, the combined Diels-Alder dehydration of 2,6-ith ethylene fop-xylene
production has been reported at net yields of ¥0%hen performed in separate reaction systems,
the production op-xylene through a [@ls-Alder reaction scheme suffers from low net yields of
only 30-34% and significant byproduct formation due to the reactive oxanorbornene
intermediate®!

140 75

=
o
(]

Acid Site Density (umol g1)
& 3

p-Xylene Yield After 24 h (%)

Zr0, Sno, TiO, Zr-BEA Sn-BEA Ti-BEA
Figure 2.8: Net yield of p-xylene in the tandem Diels-Alder and dehligdraeaction of 2,5-
dimethylfuran and ethylene catalyzed by a series of metal oaidktheir zeotypic analogset
p-xylene yield after 24 h of reaction correlates strongly witheimging acid site density. p-Xylene
yield reported on a total carbon yield basis. (8f

23



Regarding dehydration, catalytic mechanisms for Br¢nsted acids, aewis, and metal
oxides that display Br¢ nsted and/or Lewis acid activity have beenkisbm literature. Br¢ nsted
acids are the most well documented catalyst for dehydrationaescéind they may initiate one
of several mechanistic pathways based on substrate functiohalihe case of bridging ethers,
such as those in oxanorbornene-type Diels-Alder cycloadducts produced upon addftion
furanic compounds, the reaction has been reported to proceed throughngoudtarotonation
of the oxygen and cleavage of one ether C-O bond (Figure 2.9A). Subsequeidly tansfer to
neutralize the resulting carbocation facilitates the formatiorored olefin bond within the
cycloadduct. A second proton abstraction to the cleaved ether oxygen datezsdigsociation
from the cycloadduct, cleaving the remaining ether C-O bond. Whesetioed bond is cleaved,
an additional olefin bond is formed by proton transfer within the,rresulting in complete
aromatization of the cycloaddu@t.Through a similar mechanism, Lewis acids may catalyze
oxanorbornene dehydrati8hA recent computational study investigated the Lewis acid cathlyze
dehydration mechanism for the productionpatylene by Diels-Alder cycloaddition of 2,5-
dimethylfuran (2,5-DMF) with ethylerf®. The major difference between the Br¢nsted acid
catalyzed mechanism and the Lewis acid catalyzed mechanismwbg@wved to be the mode of
initial C-O bond cleavage. Rather than directly protonating th€sCoridging oxygen as a
Br¢ nsted acid does, it was hypothesized that Lewis acid sitedraut electron density from the
bridging oxygen and facilitate a shift of one C-O bond, relocating tBebridge to €and G
of the six-membered ring. Subsequently, there are two proton tranas$eescribed for the
Br¢ nsted acid-catalyzed mechani&tithe second proton transfer allows final C-O bond cleavage,
releasing HO. Although less frequently reported, acidic metal oxide catabfsidehydration

reactions is also feasibte. The mechanism begins with coordination of oxygen to a metal site
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within the oxide, in the same manner as Lewis acid catalyzed d@gioydi~ollowing coordination,
the oxygen atoms adjacent to the metal site aid in the nec#éagapyoton transfers. Upon the
second proton transfer within the ring, water is released froma¥vearomatic ring.

In contrast to dehydration, the most commonly described dehydrogenation raswhani
involve platinum group metals (PGMs, Figure 2.9B), although transitidal medes and acidic
zeolites have also been reported for catalysis of dehydrogenatiolmmsaVithin metal oxide
frameworks, it has been suggested that alkane dehydrogenation begins tbardgiation of an
alkane carbon with a coordinatively unsaturated metaf&8enultaneously, a hydrogen atom is
transferred from the alkane carbon to an oxygen adjacent to thecmetal. A second hydrogen
transfer from the alkane to the metal center facilitatesdtion of the alkene, which then desorbs
from the catalyst surface. At this state, hydrogen atoms fhenalkane are coordinated to both
the metal center and an adjacent oxygen, which then associatively @ssan K molecule,
regenerating the active catalyst surface. The catalytic mechafidehydrogenation over PGM
surfaces is similar to that over metal oxides. On PGM sesfaihe coordination of an alkane
carbon to a metal site is followed by hydrogen transfer to a neighboetey site, rather than to
an oxygen as observed over metal oxides. Formation of the alkene dasfertrof a second
hydrogen to another adjacent metal site and desorption of the olefin prBeéscrption of
hydrogen from both metal sites regenerates the active surface melehsing molecular >H
Comparatively, the mechanism of dehydrogenation over Br¢nsted acidic hydroxyls gof
zeolites is significantly different than that of metal oxideP@Ms and has been proposed to
proceed through a carbocation-based mechafl8iiThe protonation of an alkane carbon by the
Br¢nsted acidic hydroxyl group initiates the reaction, forming a pmdedinated carbocation.

The carbocation proceeds to coordinate with the zeolitic oxygen, allohentptmation of an
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alkene bond within the substrate that drives the simultaneouseedéanolecular Hfrom the
penta-coordinated carbon. After alkene formation apdet¢ase, the olefin dissociates from the
catalyst surface, completing the reaction.

Due to the ability of several catalytic materials talitate dehydration and dehydrogenation,
multifunctional catalyst materials show promise to facilitatelem Diels-Alder and aromatization
reactions. Herein, the potential for zeolitic materials angg@metalates (POMSs) to address this

need is discussed, as they are two exemplary, tunable, solid &tjdisa
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Figure 2.9: Demonstrative mechanisms for generation of arorgati@ycloadducts via Br¢ nsted
acid catalyzed dehydration (A) or PGM catalyzed dehydrogenation (B).

2.3.5 Zeolites

Developing heterogeneous catalyst systems is of significant interpsbmote continuous
flow reactor operations for Diels-Alder chemistry and fad#iteost-effective industrial processes
for commodity aromatic productidh.Zeolites are crystalline, porous aluminosilicates that can
take on over 229 different structural configurations and countless madificathrough
heteroatom framework substitutions (Figure 2%0This allows for tuning of zeolite active

sites?3*®° with several studies demonstrating the enhancement of Diels-fddetions using
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synergistic Br¢ nsted-Lewis zeolitic catalysts. Examples indlnedr¢ nsted-Lewis acid zeolite-
catalyzed cycloaddition of 2,5-DMF with ethylene and subsequent dehydraimataration to
producep-xylene® Similarly, tandem Diels-Alder cycloadditions and dehydrations for t&ue
and benzoic acid production have been performed with dual-acid zeddikgststt’°2 In addition
to their ability to catalyze Diels-Alder reactions, zeolilegay promote relevant aromatization
reactions. The ability of H-Beta zeolite as a dehydrationysttavas described for the tandem
isomerization-dehydration of biomass-derived gamma-valerolactone (QuL)furfural®®
Additionally, the dehydration ability of zeolites for thesitu conversion of ethanol to ethylene
during Diels-Alder reactions with furans has been descritfed/hile less investigated, zeolites
can also catalyze dehydrogenation reactions. A recent publicatisinated the use of Cr/ZSM-5
for oxidative dehydrogenation of ethalléand a well-know 1993 study exemplified the ability of
ZSM-5 to dehydrogenate methane for benzene produttibtany literature reports of zeolite-
catalyzed dehydrogenation of partially saturated cyclic structure invaxelative
dehydrogenatiof(®%4though there are reports of non-oxidative dehydrogenation of such species
by modified zeolited2¥07

Because of the tunability of zeolites, most in-depth investigatbrigr¢ nsted-ewis acid
synergy to date have been conducted on this class of materials. Bracidtesites in zeolitic
materials are a result of bridging hydroxyl groups@&t-Al) and four-coordinate framework Al.

In contrast, Lewis acid sites are due to extra-framewowst@s$ or framework Al that is three-
coordinate. Partial dealumination of various zeolites (e.g., ¥]-BSBeta, MOR) results in partial
release of Al and an increased number of extra-framework &4, siicreasing the Lewis acidity
of the zeolite. However, the increased acidity of partiallyutealated zeolites is much larger than

would be expected if only due to increased Lewis acidity. Litezateports identify a synergy
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between the Br¢nsted acid sites and extra-framework Al Levwdssdes that is responsible for
the observed increased catalytic ability®’"%6|t has been repeatedly proposed that the spatial
proximities of the Br¢ nsted acid sites to the Lewis acid wit#sn zeolitic frameworks strongly
correlates with increased acidity. In the case of modifiedudeahted H-MOR and dealuminated
H-ZSM-5, ¥*C-NMR of absorbed acetone, a well-established probe moleculendasuring
Br¢ nsted acid strength, was used to illustrate that Br¢ nstedracidth significantly increased by
the presence of a proximal Lewis acid $fté& Based on the observed acid site interactions, two
modes of tandem reactivity have been proposed: Lewis-acid cataligdedMier and subsequent
Br¢ nsted acid-catalyzed aromatization, or dual Br¢nsted-Lesmdssite-catalyzed Diels-Alder
and aromatization reactions. To date, it has been hypothesizedhdhatotle of catalysis that

occurs is highly dependent on the specific catalytic system antbreacheme.

L A

pe=>

Figure 2.10: Structural depiction of heteroatom-substitutedSNI5, a representative zeolite
catalyst, shown along the straight channel (A) and zig-zag channel (B).

2.3.6 Heteropolyacids/polyoxometalates
Similar to zeolites, POMs are highly tunable, discrete mtdeaatalyst species that can be
modified to target catalytic activity for Diels-Alder and ardizetion reactions. POMs are
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composed of large metal-oxygen cluster species with a diverse caonelsiage and great
structural variety. Typically, POMs are formed around early ttiansmetals (e.g., W, Mo) in
their highest oxidation states (Figure 2.11). Under the classdic of POMs, heteropolyacids
(HPASs) are specifically those in which the counterion is a prdtmle POMs are based on metal-
oxygen frameworks, they present a well-defined molecular structtiverrthan a solid crystalline
expanse like zeolitic materials. Typically, POM molecules a@onta central heteroatom
surrounded by a transition metal-oxygen framework composed of polyhedralumtiks. zeolites,
POMSs do not have distinct pores. However, the lacunary POMs magar@d via removal or
modification of polyhedral units and catalysis may occur within thanasites similar to the
manner in which catalysis occurs in zeolitic pdf8s®

POMs are not only bifunctional, but may also be considered tetra-functional due to the
presence of oxygen atoms, protons, and metals, providing soft basigjhst&l acidity, Lewis
acidity, and redox capabilitié8® POMs can be considered OdesignableO as well, due to the
tunability of several aspects of the POM moleé¢ifl®ue to their solubility in polar solvents, most
POMs are not inherently heterogeneous catalysts. This excludessatimef POMs, such as
cesium salts, which are insoluble and can be employed as heterogeatysts without a
support!! Or, POMs can be effectively supported over several high sunfeaeraterialdl?

To date, POMs are primarily utilized catalytically in an unmedifBr¢ nsted acid-dominant
staté!3 (i.e., the native acid sites have not been altered to achigeted Br¢ nsted acid/Lewis
acid ratios for enhanced activity). Although minor Lewis acid cheratoes exist within POMs
in their native state, transition metal-substituted heteroatamsnapart greater Lewis acidity.
Based upon the known utility of Lewis acids for Diels-Alder cycloadias, it is expected that

increased Lewis acidity will promote these reactions furthbilewhe retained Br¢ nsted acidity
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will promote aromatization reactions. However, the use of P@iishave been modified in this
manner has not yet been studied extensivelyDiels-Alder purposes. Additionally, although
headway has been made in the elucidation of the mechanism of coopeasdiysis amongst

zeolitic species, no analogous explanation has been proposed for POMs to dat

@ oxygen @ silica
hydrogen

@ tungsten
Silicotungstic Polyanion [W,,SiO,]*

Figure 2.11Structural depiction of silcotungstic acid, in its polyanion isofAgrviewed along a
symmetry plane (B), crystallographic space-filling model (C), #wal u-B3LYP/Def2SVP
calculated molecular electrostatic potential mapped to the &bmhtron density surface of
isosurface value 0.1 (D).

Like zeolitic materials, research efforts have illustrabexdcapacity of POMs as catalysts for
Diels-Alder reactions, which is significant for the reactions wssed throughout this
reviewl12114115Eor example, it was recently illustrated that silicotungatiicl, a Keggin-type
HPA, effectively catalyzes thBiels-Alder cycloaddition oftrans,transdiethyl muconate with

ethylenet'* POMs have been also been utilized for aromatization reactimiswould be
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necessary following cycloaddition. The dehydration of bio-ethanol to eaylas completed in
high conversion and selectivity by montmorillonite-supported dodecatungstophosplihfit® ac
Additionally, metal organic framework (MOF) encapsulated phosphotureggticvas shown to
effectively catalyze the dehydration of fructose and glucose to 5-hydraxyinferfural (5-
HMF).1Y” Furthermore, POMs can be effective for dehydrogenation reactiomsygh they are
less frequently utilizedt? Their capacity for oxidative-dehydrogenation is well studied, while non-
oxidative dehydrogenations are reported less often. However, POMwoakseare capable of
possessing Lewis acidity, Br¢ nsted acidity, bridged metal-oxygenaigsan support platinum
group metals. Making use of this tunability has been successful for pngrttee dehydrogenation
of cyclohexanol by vanadium-substituted Wells-Dawson type PBMAs evidenced, the
modifiability of POMs allows for multifunctionality that may beliaed for tandenDiels-Alder
and aromatization reactions.
2.3.7 Insight from computational chemistry

The strengths of theoretical methods include the ability to eeadhasive characteristics such
as transition state structures, direct comparisons of concersgwtepwise mechanisms, and the
origins of stereoselectivity (Figure 2.12). Early computational appesasupported that bond
formation in the cycloaddition of butadiene and ethylene adopts a concexthdmsnt! whereas
a stepwise mechanism has been also implicated for diverse agdestf With numerous
exceptions arising, the discussion regarding mechanism has been fregexstted. In all of
these investigations, probable mechanisms are supported by electrantarst calculations
yielding the relative stabilities of the transition state geaestrand by evaluating energetic
differences of various electronic configurations. For example, a tedcemechanism of singlet

state reactants remains a singlet ground state throughout therrgathway, in contrast to a
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stepwise mechanism, which may involve a paired-electron transitade towards each bond
formation or may potentially feature a more stable biradicainrediate. Pairing the transition
state predictions to the free energies of the addends and cycloadduetlsas interaction energies
to bring together the reaction complex, a full reaction profilg beaconstructed to identify rate-
limiting steps and rationalize more effective addend pairstadysts. From this insight, reaction
parameter adjustments that will better stabilize the tiansstate of the rate-limiting step may be

clearly targeted.
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Figure 2.12Common strategies for computational investigation of Diels-Aldsetidty through
impacts on frontier orbitals due to addends or catalyst interad@gnsubstituents or catalyst
stabilization of the transition state structures (B), anel éreergy profiles for catalyst and addend
association, transition and product formation (C).

Efforts continue to develop more robust predictive computational mddelthe ever-
expanding diversity of cycloaddition addends and catalysts. While offexcg]lent correlations
for NED cycloadditions that lack heteroatoms, FMO theory waspnitrast, found to yield poor
predictions and correlations for cases of IED cycloadditions, aaictions where asymmetry of
the addends and orbital overlap play a greater role than the HOMGGELEM&rgy gap® The
frequency of such deviant cases stimulates the ongoing development ofithestedtegies to

best correlate observed reactivity to a particular, more coel@seonic property. To amend these
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theoretical discrepancies, new correlative approaches includingalealation of reactive
molecular orbital$?° and TS distortion energy models have been recently develtfééiFor
cases involving IED mechanisms or cycloalkenes, these models achiewed reliable
correlations to activation energies and experimental observationsM@rtheory alone.
2.3.8In silico catalyst design

In addition to calculating the reactivity of uncatalyzed Diels-Allintuctsjn silico screening
can efficiently compare a suite of catalysts, towards the tieduof time and costs of reaction
optimization. Computational prediction and design of small catalystkiding organocatalysts
and organometallic catalysts, has gained considerable momentum imeseasch communities,
particularly as modern advances in DFT and supercomputing resourcendided tractable to
model larger inorganic catalyst-reactant compléx®® Instead of exclusively relying on
synthetic experiments, calculations of the free energies andlerthitaugh various catalyzed
reaction steps has the potential to quickly and inexpensively determirtesulbstituents or
interactions are necessary for effective catalysis and provitlenah design guidelines.
Hypothesized modifications of addend or catalyst moieties may aklswrd®ned computationally
by comparing these variations in a resolved transition structure seasirgy template; this
effectively enables the screening of ligands and substituents to evoleecffective catalysts.

Among the accumulating successes in rational catalyst design,alsestedies have
demonstrated the power of computational prediction for cycloadditionsdrhputational design
of a rhodium catalyst, for example, was experimentally confirroédddilitate a multicomponent
[5+2+1] cycloaddition to a cyclooctenone prodtiétAlso successful were exemplary models of
oxazaborolidine catalysts, which clarified the strong experimert@bgrved stereospecificity

with a robust DFT mechanistic evaluation on five dienophfe¥?In a third example, a rhodium
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catalyst was computationally explored to reveal the basis oflaighselectivity of cycloaddition
with alkynes, and how an additional coordination of the alkyne with rhodiunaltivel to tte
catalyst interaction with alkenesNresults in a higher reactios'?4

Recent works have initiated models of Lewd catalged Diels-Alder reactions, in which
cations of Li, Na, K, Rb, and Cs served as the catalytic @ddslinating to either 2,5-DMF or
ethylene®® These computational works have greatly contributed towards the undergtarfdi
Lewis acidcatalyzed upgrading of biomass-derived 2,5-DMF. Furthermore, thedieshave
initiated a wave of new efforts to computationally evaluate andyctaactivity and properties of
zeolite catalysts specifically for cycloaddition chemistry.

Esteemed for high variability and tunability, zeolites have gainexhdb interest as
multipurpose catalytic scaffolds for a diverse spectrum of chémnaresformations, particularly
where interest lies in heterogeneous catalytic approaches lmemafficient industrial processes.
More recently, the utilization of zeolites for Diels-Aldertaigsis has been the target of
computational works with both free Lewis acid catfSras well as Lewis acids that are explicitly
confined within a zeolite framewofR!3! The latter works often apply quantum
mechanics/molecular mechanics (QM/MM) calculations to take actmount the surrounding
zeolite structure, and to examine the effects of steric @ntgtron the reaction when it occurs
within the zeolite pores. In these models, the confinement gféscivell as charge transfer were
found to play key roles in achieving enhanced efficacy of the cycloaddisowell as the
subsequent dehydration reaction. Other studies employing QM/MM stratagpgert these
findings of reduced activation energies for cycloadditions confined wdlkali-exchanged
zeolites'32133|nterestingly, when considering tandem Diels-Alder and dehydratiatiors, the

ratelimiting step was found to be dependent upon the acid site concamtwathin the zeolite,
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with the cycloaddition as the limiting step for low acid site catregion within the zeolité®
Further mechanistic insight suggests that the zeolite framewtarts ahe Lewis acid cationOs
capacity to withdraw electron density from 2,5-DMF, resulting nearly electronically-neutral
bidirectional electron flow, as opposed to either a NED or IE&hanisn?® Long-range
electrostatic interactions were, however, not considered inthedels, which would be important
to address in future works to achieve quantitative binding enthalpies.

Computational models have also recently advanced for another etiyactalleable catalytic
scaffold, polyoxometalates, which possess highly versatile acid aitdsredox chemistry
capabilitest®® POMs and their conjugate heteropolyacids may undergo single-site ratidifs
and isomerizations that alter their catalytic activity substiyitdemonstrating their adaptability,
which has rendered them useful to catalyzing an impressive rarmpemical transformations.
Again benefitting from advances in DFT calculations, the use of¢hearmodels to study POMs
has bloomed just since the turn of the centéhalthough the computational evaluation of POMs
is steadily gaining momentum, no computational works have been published tonddte
application of POM catalysts in cycloaddition chemistry to the bestioknowledge. However,
the path forward with POM adaptation looks promising, as with thetedcimeworks, to tailor
these highly tunable catalysts for heterogeneous Diels-Alder ré&activi
2.4 Direct replacement aromatics

The conversion of petroleum to aromatic monomers has been developedeosdes to
become highly efficient and cost-effective. Petroleum-derived hydvonasromatic monomers
(e.g., BTX) are recovered from crude oil refining, while oxygeshatematics (e.g., benzoic acid,
phthalic acid, terephthalic acid) are produced from the succeaddidon of oxygen to BX

fractions!®® In contrast, the production of hydrocarbon aromatic monomers from étlosic
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biomass requires extensive deoxygenation, as biomass has an inherentixylggh content
ranging from 30-40% by mas¥:13’ This allows for potentially higher atom efficiencies when
targeting oxygenated aromatics if oxygen can be retained during convérdRatent life cycle
assessments of biobased compounds have indicated that, with prajstodeeselection and
improved processing, the production of many compounds can require lessamieghibit cost
competitiveness when compared to the analogous petroleum-based proEessesample,
butanediol production has an estimated 83% greenhouse gas emission and 46f&nraduct
nonrenewable energy us&.Several of these routes, however, require improvement to be viable.
Largely, feedstock cost is the driving factor that impacts fmmatuct cost, making yield from
each unit process critical. For example, a techno-economic snafysans-3-hexenedioic acid
production from biomass illustrated that a 1% change in the ferimenygeld of the intermediate
compound, muconic acid, results in 1% a change in the overall npaitet*° In general, the
competitiveness of biomass-derived commodity aromatics via DidesrAthemistry will
ultimately be dictated by the efficient production of addends andghbsequent conversion to
cycloadducts.

Numerous routes have been investigated for the production of Diels-Addends from
biomass (see Figure 2.13 and Figure 2.14), including (1) chemoaapalytiessing, (2) biological
processing, and (3) hybrid processing. Chemocatalytic processing typatigiyyon homogeneous
or heterogeneous inorganic catalysts and has primarily focused on thedithprpiduction of
furans and their derivatives. Conversely, biological transformatiansugport a wide diversity
of products with incredibly varied functionalities. Lastly, linking cheahiand biological
transformations via hybrid processing has been shown to greatly audp@entrhber of Diels-

Alder addends accessible from biomass. lllustrative exampleseomethods for producing
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biomass-derived intermediates and commodity aromatic compounds by adhéss are provided
below.
2.4.1 Toluene

In 2015, global toluene consumption was estimated at over 23 millidncnbens, with
expected growth to 28 million metric tons by 2620The applications of toluene are diverse,
including use in paints, glues, printing ink, adhesives, cosmendsas an industrial solvent.
Traditionally, toluene is isolated from petroleum reformate usliggal-liquid extraction process.
This process first involves the simultaneous extraction of all @arcsn@esent in the mixture while
displacing non-aromatics. An extraction column is utilized for pnegcess, in which a selected
solvent is introduced at the top of the column and the mixture isedj@ato the middle of the
column. The non-aromatics leave at the upper end of the column asa\éet, now containing
the aromatics, is removed at the bottom of the column. Subsequiatibis by steam stripping of
distillation results in toluene yields of up to.9% 3>

Diels-Alder production of biobased toluen&hrough Diels-Alder cycloaddition and
dehydration, toluene can be produced renewably from 2-methylfuran (2-hFgtaylene, or
furan and propylene (Figure 2.15). In 2015, the global production of biateased furfural was
over 440,000 metric tonnes, with projected growth to nearly 550,000cnt@tries by 2028
For batch reactions of 2-MF with 30 bar ethylene over alkali-exgdwd Y zeolites in the presence
of a Lewis acid salt, yields up to 70% have been reported usingteonegemperature of 250;C
for 8-24h.%8 The same reaction performed between 200-275;C with 14 bar ethylegeBEA
zeolites without the presence of Lewis acids has been reporaedeatyield of only 46% due to
side production formatiotf? underscoring the importance of multifunctional catalyst systéhes.

tandem cycloaddition-dehydration of furan and propylene for toluene productiaisbalseen
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reported using zeolite catalysts, namely unmodified ZSM-5, with rephoktt yields of over 20%

under atmospheric pressure with harsh temperatures of 400-650;C in confiowesctions:*

While incorporation of Lewis acids in this reaction may incrgaskl due to mitigation of side

product formation, no reports of dual Br¢,nsted-Lewis acid systems henedported.
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Figure 2.13:lllustrative examples of production routes for common dienes to@mass or
biomass-derived starting materials.
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Dienophile Production
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Figure 2.14lllustrative examples of production routes for common dienophiles fromdss-
derived starting materials.

Chemocatalytic production of intermediat@snet yield of 98% 2-MF has been reported from
dehydration of pure xylose streams to furfural over H-zeolite ysttale.g., H mordentite),
followed by hydrogenation to 2-MF over a Cu/Fe catal{fsin separate systems, the production
of furfural and the hydrogenation of furfural to 2-MF have both lbeparted in very high yields;

up to 92% vyield of furfural from mixed lignocellulosic pentoses has bbeported using strong
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Br¢ nsted acid catalyst$> Hydrogenation of furfural to 2-MF, a process that has been knowa sinc
the 1940s, has been achieved at yields upwards of 90% using a varietglygticcenaterials
including copper chromite, bifunctional Ru/RuOx/C, and modified zedfité4’ Through an
alternative decarbonylation route, furfural can be converted to faraigh yield, such as in the

use of K-doped Pd/ADs catalyst to achieve yields of over 99%%.

Furan PropyleneE 2-MF + Ethylene
| g |

l -H,0

Cr

Toluene

Figure 2.15:Diels-Alder cycloaddition and subsequent dehydrative aromatization of biomass-
derived addends for production of toluene.

Hybrid production of intermediateBoth ethylene and propylene may be produced through a
hybrid chemical-microbiological production route that begins with a femtigatprocess. The
fermentation of lignocellulose hydrolyzate Byopionibacterium acidipropionicfor propionic
acid has been reported in literature with titers as high as g/1L3%%**followed by reduction to
1-propanol using palladium catalysts with yields of 36%Gubsequent dehydration of 1-propanol
to propylene over catalysts ranging from zinc aluminates to variodscatalysts have been
reported with yields of up to >99%¢ The production of ethylene involves a well-developed

method of bioethanol preparation via fermentation of biomass, followedehydration to
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ethylene. Current technologies can achieve bioethanol yields upwards ofi€@@%ticaf3153.154
Subsequent catalytic dehydration of bioethanol to yield ethylene ahsyaélup to 99% have been
reportedt®>® In addition, direct biological production of ethylene has been dedcribilmg an
ethylene-forming enzym#%:157
2.4.2Paraxylene

In 2015, the global consumption of mixed xylenexylene, m-xylene, andp-xylene) was
reported to be over 52 million metric tons with forecasted growtivéo 65 million metric tons in
20208 Of the reported global consumption of xylenes in 2015, nearly 37 millriaons was
attributed tgo-xylene, exclusively>® p-Xylene is primarily used as a raw material for terephthali
acid production via oxidation, and is subsequently polymerized with ethylernd tiyproduce
PET. The demand fgrxylene has increased as the commercial use of PET has suigeatilypr
in the bottling industry. Petroleum-derivpekylene is purified from petroleum reformate, which
is made up of approximately 20% mixed xylenes. In order to isplatdene, a first-stage
separation from non-aromatic species followed by isolation viaathigstion is utilized. The
mixed fraction that results from the initial stage of sepamatcontains all three xylene isomers as
well as ethylbenzen€? Due to similar boiling pointan-xylene andp-xylene (boiling points of
139.1;C and 138.3jC, respectively) are the most difficult components ahikiisre to isolate. A
fractional distillation for these two compounds would require over88érétical plates and is not
economically reasonable. Therefore, separation by freezindizedtas an alternative means of
separatiort®® The separation of all four components (xylene isomers and ethylbenmetihés i
mixture first involves removal ai-xylene and ethylbenzene by conventional fractional distillation
based upon these speciesO distinctly higher and lower boiling points (144.4]G6a2yC,

respectively). Than/p-xylene mixture is then cooled slowly to between -20;C and -7p;C.
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Xylene crystallizes first and is removed from the system. Througérias of re-melting and
freezing,p-xylene with up to 99.5% purity may be obtained. Tingylene fraction typically has
lower purity, is isomerized tp-xylene, and undergoes a second round of crystallization to isolate
as muclp-xylene as possible from the initial reformate fracfigm.

Diels-Alder production of biobased p-xylenehe cycloaddition of 2,5-DMF with ethylene
and subsequent dehydration is a well-develdpiets-Alder route ofp-xylene production (Figure
2.16). While separat@iels-Alder cycloaddition and dehydration reactions have been reported, the
Diels-Alder reaction typically suffers low selectivity due to reatyi of the intermediate leading
to non-target by-product formation. However, using Lewis acid-modzeadites for the tandem
Diels-Alder dehydration reaction circumvents isolation of the reactivenmgeiate, facilitating
higher yields. Several research groups have illustrated this, usinfied @A zeolites to achieve
p-xylene yields between 90-97%%>°" The highest net yield of 97% was achieved using

phosphorous-modified zeolite BEA in batch reactions at 250;C under 62 banethyl

0
(s 4

2,5-DMF + Ethylene

I
LT
l -H,0

1

p-Xylene

Figure 2.16:Diels-Alder cycloaddition and subsequent dehydrative aromatization of biomass-
derived addends for productionkylene.
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Chemocatalytic production of addendBhe production of 2,5-DMF from biomass first
requires the dehydration of biomass-derived €ibohydrates to 5-HMF, followed by
hydrogenolysis to 2,5-DMF. A net 2,5-DMF yield of 72% in a continuoasti@n system using
aqueous fructose as the starting material was recently rep®rtedhis reaction scheme, mineral
acids (e.g., HCI) catalyzed dehydration to 5-HMF and CuRu/Cystddhcilitated hydrogenolysis.
Furthermore, a recent report identified a method for producing 5-&tMFyield of 79% from raw
lignocellulosic biomass using a dilute NaOH pretreatment of thedssnfiollowed by conversion
to 5-HMF using a chromium chloride cataly&tLikewise, other reports have identified catalytic
methods of converting raw biomass to 5-HMF with similar yiét&$%4Isolated 5-HMF can then
be chemocatalytically converted to 2,5-DMF in desirable yieldhass with a PdAu/C, HCI
catalyst system to achieve 2,5-DMF yields of 99%.

Hybrid production of addend#s described previously, ethylene can be produced through a
hybrid pathway that first involves fermentation of biomass to proculanol, followed by
catalytic dehydrogenation of ethanol to ethylene.

2.4.3 Ethylbenzene

Nearly all ethylbenzene is utilized for production of the largeketacommodity monomer,
styrene. Because of this in-demand application, the global consumpgtnytifenzene was over
29 million metric tons in 2014, with anticipated growth to 32 ionllmetric tons by 20198
Styrene is used in a wide variety of polymeric materials, sscpodystyrene, acrylonitrile-
butadiene-styrene (ABS), and fiberglass reinforced plasti®®hile ethylbenzene can be directly
isolated from petroleum reformate in the same manner as toloeyst, ethylbenzene used
commercial is manufactured by the alkylation of benZéh&enzene can be isolated from

petroleum reformate or pyrolyzate using liquid-liquid extraction indgiebf up 99.9%.
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Subsequently, it is alkylated to ethylbenzene using either liquid phagatemn with Friedel-
Craftscatalysts, or gas-phase ethylation catalyzed by suppog@sldr aluminum silicate$3®

Diels-Alder production of biobased ethylbenzeighylbenzene can be produced through
Diels-Alder addition using a series of different dienes and dienopleish may be (1) 1,3-
butadiene only, through Diels-Alder dimerization and subsequent dehydroger{@)ioh3-
butadiene and 1-butene with subsequent dehydrogenation, or (3) furan and 1-bithene w
subsequent dehydration (Figure 2.17). Route (1) has been illustrated uspgraframework
nickel-phosphate for the production of ethylbenzene at low conversion witlB@¥eselectivity
in a continuous flow reactor at atmospheric pressure and an opéeatipgrature of 400;&8To
our knowledge, routes (2) and (3) have not been successfully reported peér-reviewed
literature.

Chemocatalytic production of addends described previously, furfural, a dehydrogenation
product from pentoses, can undergo decarbonylation to furan over K-dopedRdtAkeported
yields over 990.148 1-butene can be produced through the tandem dehydration/hydrogenation of
glucose to&valerolactone (GVL, 48% vyield) followed by decarboxylation, which haen
accomplished with yields >98%?217° 1,3-butadiene has been produced from ethanol over
bifunctional mixed metal oxides in a pathway that involves the converdiogthanol to
acetaldehyde to acetaldol to crotonaldehyde and 3-hydroxybutanol to 1,3-butadieageMgO-
SiOy, net 1,3-butadiene yields of 87% have been repdfted.

Hybrid production of addenddJsing engineered microorganisms, 1,3-butadiene can be
synthesized through fermentation to produce 1,4-BDO and 2,3-BDO, &ullby dehydration to
1,3-butadiene. A strain &scherichia colhas been reported to produce 1,4-BDO at titers of >125

g L7, rates >3.5 g £ hl, and with biomass-derived hydrolyzate sudé&td/3Similarly, Serratia
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marcescenandKlebsiella pneumoniabave been reported to achieve B[30O titers of over 150
g L at rates of up to 4.2 gLh! with glucose and sucrose feedstocks, respectivily®
1,3-butadiene may be produced from either 1,4-BDO or 2,3-BDO through fuiddsion,
although more extensive studies have been reported for 2,3-BDO dehydnratibmeports of up

to 88% 1,3-butadiene yield via dehydration ovei(zd’®
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Figure 2.17: Diels-Alder cycloaddition and subsequent dehydrogenative or dehydrative
aromatization of biomass-derived addends for production of ethylbenzene.

2.4.4 Benzoic acid

Benzoic acid, commonly used as a food preservative and a metaumlyesters and liquid
crystal polymers, is an oxygen-containing commodity aromatic compound. In 2@18lobal
consumption of benzoic acid was nearly 500,000 metric tons, with ateebgrowth to just under
600,000 metric tons by 2018 Commercial production of benzoic acid requires partial oxidation
of toluene after separation from the products of catalytic petrotewrming!’® As described

previously, this process first entails separation of high-purity tolfrenepetroleum reformate by
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liquid-liquid extraction. Following the isolation of toluene, a liquid-ghas oxidation to benzoic
acid takes place, typically with the assistance of a cobaltamiganese-based catali/st.

Diels-Alder production of biobased benzoic adib-derived furan can undergo &s-Alder
cycloaddition with bio-acrylic acid or methyl acrylate followed by dehtydnafor production of
benzoic acid or methyl benzoate (Figure 2.18). The Diels-Aldetioeanf furan with acrylic acid
catalyzed by Lewis acid-modified Beta zeolites was report&d %i cycloadduct yield with the
subsequent dehydrative aromatization reaching benzoic acid yields of 43%cathlzed by
methanesulfonic acid. In contrast, the Diels-Alder cycloadditionraff with methyl acrylate was
reported with a yield of only 25%, but the yield of the subsequent deloydveds 96% using the
same catalytic system as in the reaction of furan with acagid. Both reactions were performed
at low temperatures (25-60{C) and ambient pressure under a nitragespaeré’® In a
computational study of this system, the zeotypic Lewis acids \weversto decrease the activation
barrier for the Diels-Alder addition of furan with methyl aatg from over 18 kcal/mol tca. 2
kcal/mol 180

Chemocatalytic production of addendsor use in this reaction pathway, furan can be
produced from biomass through the decarbonylation of furfural, as desguibeiously. The
chemocatalytic route of acrylic acid production from lignocelluldsiomass first involves
conversion of cellulose to lactic acid, which was reported in yighd® 68% using a lead-based
catalyst!8! Lactic acid can undergo dehydration to acrylic acid over a based28M-5 catalyst
to achieve 75% vyield of acrylic acté® An alternative chemocatalytic route of acrylic acid
production involves the oxidation of glycerol. This pathway was recenthprted using
vanadium-substituted cesium salts of Keggin-type HPAs to achieykcaacid yields of up to

60%?183
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Hybrid production of addendg#\crylic acid can also be produced from the fermentation of
glucose to lactic acid yacillus subtilisin titers of up to 183 g/£84 Lactic acid is then dehydrated
to acrylic acid over ZSM-5 as described above. Similarly, acagid can be produced from the
dehydration of 3-hydropropionic acid, the latter which has been extensively gurguesing

engineered microorganisms with sugar feedstétks.

Benzoic Acid

Figure 2.18:Diels-Alder cycloaddition and subsequent dehydrative aromatization of biomass-
derived addends for production of benzoic acid.

2.4.5 Phthalic anhydride

The global consumption of phthalic anhydride, which has applications as anddiate in
the production of plasticizers, resins, and dyes, was estimabediearly 4 million metric tons in
2014 and is expected to grow to just under 4.5 million metric tons by 20T@aditionally,
phthalic anhydride is prepared by the catalytic oxidatiomaoflene or naphthalene. Over &no-
xylene has become the dominant source for phthalic anhydride production dyreater
availability and increased atom economy when compared to naphthaheme.are two general
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modes of commercialealeo-xylene oxidation to phthalic anhydride: gas-phase or liquid-phase
oxidation. However, the gas-phase oxidation witdd/based catalysts is the leading process and
can achieve selectivity of up to 78%. Post-oxidation distillation iesaltnearly 100% pure
phthalic anhydridé3®

Diels-Alder production of biobased phthalic anhydri@athalic anhydride has been produced
through the Diels-Alder cycloaddition of furan and maleic anhydride (€igLir9), with reported
cycloadduct yields of 96% after 4 h of reaction at room temperatun solvent free conditions,
followed by dehydration in methanesulfonic acid at 80;C for 4 h to acldé% net yield of

phthalic anhydridé?

Furan + Maleic Anhydride

o

o

0
l -H,0
0

(0]
Phthalic Anhydride

Figure 2.19:Diels-Alder cycloaddition and subsequent dehydrative aromatization of biomass-
derived addends for production of phthalic anhydride.

Chemocatalytic production of addendehe production of furan has been achieved from
furfural in high yields as described previously. Maleic anhydride candmbiped in 73% yield

from furfural through selective oxidation over vanadia-alumina casi§/sAdditionally, maleic
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anhydride can be prepared via oxidation of biomass-derived levulinic acidcasahgsts such as
vanadia-alumina. Levulinic acid can be produced through decomposition of ligiagie sugars
or bagasse, using mineral acid catalysts at reported yields roB@«e+>188
2.4.6 Terephthalic acid

Terephthalic acid (TPA) and dimethyl terephthalate (DMTPA) criefly utilized for the
production of polyethylene terephthalate (PET), which has experiencedrarget growth over
the past years due to the large demand in the bottling industry. Conthimgthbal consumption
of TPA and DMTPA in 2013 was over 50 million metric tons, and isegtef to grow to nearly
67 million metric tons by 2018° Industrially, TPA and DMTPA are produced by the Witten
process, which begins wifhxylene, extracted and isolated as described previqu3lylene then
undergoes a two-stage liquid-phase oxidation, leading to a recovery908&f the theoretical
yield.13°

Diels-Alder production of biobased terephthalic ad2f the existing routes for the production
of biomass-derived TPA/DMTPA using Diels-Alder reactions, oneerannolves Diels-Alder
addition and aromatization to prodyzeylene, followed by two-step oxidations to yield TPA. By
first synthesizingp-xylene from biomass, thus necessitating a subsequent oxidation, the
opportunity for an oxygen-retaining Diels-Alder process is lost. Inrashitthe Diels-Alder
reaction of bio-derivedrans,transdimethyl muconate or oxidized variants of 5-HMF with
ethylene to produce TPA/DMTPA utilizes oxygen retained in the add@tigsre 2.20Y3114
Recently, nearly 100% vyield of the cycloadduct from the Diels-Al@eldition of
trans,transdiethyl muconate and ethylene was reported using silicotungstatecaalyst under

reaction conditions of 200;jC, 30 bar ethylene, and reaction length df.!44@verall yields to
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diethyl terephthalate of 80% were reported after palladiumyzadl dehydrogenation of the
cycloadduct under 1 bar of nitrogen at 200;C for 6 h.

Similarly, the synthesis of TPA and DMTPA using partially oxidizadants of SHMF as
the diene for Diels-Alder addition with ethylene has been proposéterature?® The partial
oxidation product of FAMF, 5-(hydroxymethyl)furoic acid (HMFA), and the methyl ester
derivatives can be produced at near quantitative yield from 5-HMIBseguently, the reactions
with ethylene were performed in batch at 190jC and 37 bar using SreBelite catalyst.
Cycloadduct yield of 19% was reported for the Diels-Alder reactidh WMFA and ethylene.
Similarly, cycloadduct yield of 24% was reported for the addition ofntle¢hyl derivative of
HMFA and ethylene. While direct dehydration of these Diels-Afaleducts has not yet been
demonstrated, the resulting aromatic product is not terephthalioadimethyl terephthalate, but
rather a very similarly structured compound. A second, post-Blder oxidation prior to
dehydrative aromatization is necessary for targeting terephtlzadiester as the final product,
though this reaction scheme was not reported.

Another alternate route for terephthalic acid production involves Dies-Alder
cycloaddition of isoprene and acrylic acid, followed by dehydrogenative agimaton and
oxidation!®® The Diels-Alder reaction of isoprene with acrylic acid waereed at yields of up to
94% under solvent-free conditions using ki@t room temperature and 1 bar Ar after 24 h of
reaction. Subsequently, Pd/C catalyzed aromatization via distillafithe cycloadduct at 240;C
and 0.11 bar Ar afforded 77% yield@toluic acid. Finally, oxidation using Co(OAEMn(OAc)2
in acetic acid under 1 atmp@t 100;C afforded up to 94% yield of terephthalic acid.

Chemocatalytic production of addendstilizing oxidized variants of 5-HMF as the diene

allows for a strictly chemocatalytic route, in which 5-HMHirst oxidized to a series of products
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that undergo Diels-Alder reactions with ethylene and a second oxygenatipnothrction of
terephthalic acid or dimethyl terephthalate. Yields of up to 24% heee reported for the Diels-
Alder additions with subsequent dehydration of oxygenated variants of HVFethiglene using
SnBeta catalyst® Yields for the oxidation to TPA or DMTPA have not been reporfesl.
described forp-xylene production, 5-HMF may be directly produced from biomass using
chromium chloride-based catalysts. 5-HMF may then be partiallyzeddiver gold nanoparticles

(NPs) to produce HMFA and ester derivatives of HMFA in nearly dtadine yields!®?
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HO
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Terephthalic Acid

Figure 2.20: Cycloaddition and subsequent dehydrogenative aromatization @ssiderived
addends in two representative routes of Diels-Alder based teraplatial production.

Hybrid production of addend<is,cisMuconic acid can be produced through biological
transformation of lignocellulosic biomass components (both sugars anddignved aromatics)
in titers of over 44 g L1929 |n order to be functional in Diels-Alder cycloadditions,
isomerization tdrans,transmuconic acid is necessary, and can be completed in over 80% vyield

using a molecular iodine cataly$8t.After isomerizationtrans,transmuconic acid may be directly
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utilized in the Diels-Alder reaction with ethylene, or &ncbe esterified. The esterification to
trans,transdimethyl muconate has been reported in 92% vyield when catalyzed by satfigic
Similarly, the esterification ttrans,transdiethyl muconate has been reported at >92% yield using
sulfuric acid!4
2.4.7 Considerations with biomass feedstocks

As the catalytic routes for biomass valorization via DidideA reactions advance, the
challenge of utilizing complex lignocellulosic feedstocks will beeancreasingly important. The
production of Diels-Alder addends from biomass can introduce a vafietyallenges, including
the carryover of non-target organics and inorganic contaminants that fiesul biomass
feedstocks or during deconstruction and conversion steps. This introducesddemaot only
highly active and selective catalysts, but also for robust and statallyst material®® Further,
sufficient chemical purity is required for aromatic monomers usezbimmercial applications,
necessitating the integration of separation methods to reduce energgmenis, materials, and
cost. From a systems level perspective, early stage tedammmic and life cycle analysis can
help guide the integration of unit operations and prioritize DielstAldeites for further
development?®01 Often process economic gains and environmental impacts act iontevigh
one anotheff? highlighting the need for early stage systems modeling to informirsaisia
process design. To ultimately commercialize direct replaceBietd-Alder aromatic monomers,
companies will need to address the challenge of validating end-useasippb, acquiring
regulatory approval, establishing supply chain networks, and gaining consumeromdopti
However, growing interest from both consumers and companies for dexglmpbased products
with smaller environmental footprints can help provide market ingesifior overcoming these

barriers.
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2.5 Functional alternatives

In addition to producing direct replacement commodity aromatics @s{Bider chemistry,
the diversity of Diels-Alder addends that can be derived from biooféss the potential for
targeting novel aromatic monomers with unique structural, chenaigdl functional properties
(Figure 2.21)7293These unique monomer attributes can potentially lead to functicealatives
that exhibit unconventional properties for existing applications or thatlemew end-use
applications, in turn creating new market opportunities for biobasedatiosnthat would be
difficult to access with petroleum-derived monomers.

Biological and chemocatalytic approaches, or a combination thereof, asffencredible
number of new routes from lignocellulosic biomass to novel or unexplores-Blgdr addends.
Biologically, addends possessing diverse functionalities may be producesntial carbon
metabolism as well as through secondary metabolic pathways suattyaecfd, isoprenoid, and
polyketide synthesi®& While utilizing targeted metabolic diversity as a meansctess unique
Diels-Alder addends is a relatively unexplored area, the ability to fglerdiv addend candidates
will be accelerated by combining emerging metabolic pathway datdtfaséth efficient
computational tools that enable chemical operators to be mapped ngeteda mannet®
Extending this approach to include reaction networks that widen the scbgbrigd biological
and chemocatalytic approaches will undoubtedly expand the diversity ofAlielsproducts that
are accessible from lignocellulosic biomass building blocks.

With regards to polymer applications, Diels-Alder chemistry canseel to tailor monomer
composition by a variety of approaches that include: (i) altering #mebing of monomer pendant
functional groups, (ii) introducing monomer molecular asymmetry, anddiioring monomer

pendant group chemical speciation.

53



(0]

HO
R OH

O trans,trans-
Muconic Acid

+ + +
L o 4
Maleic 1-Butene o
Anhydride Acrylonitrile

OO0
o)

l-Hz l‘Hz
OO0

O
0 {:\{ OH (0] :( OH
HO o) HO 0]

I
o __o
' ~
i =z
O (@)
I

1
1
1
1
1
1
1
1
1
1
1
1
1
I l
1
1
1
:
1
8@4: o) ,;—{ OH
1
HO | HO o)
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1,3-Dioxo
1,3-Dihydroisobenzofuran 2-Ethyl- 2-Cyano-
4,7-Dicarboxylic Acid Terephthalic Acid Terephthalic Acid

Figure 2.21:Diels-Alder cycloaddition for the production of structurally unique aromatic
monomers derived frormans,transmuconic acid.

The synthesis of branched monomers via Diels-Alder chemisthyemable polymers that
exhibit strain hardening during extensional processing flows, as waihasiced biodegradability.
Strain hardening is known to occur during the processing of branched padyethyh blow
molding and ultimately enables the large scale production of plzegie2®® Rheological control
is paramount in processing polymer melts, and is necessary to emablevidespread
implementation of biobased materials. With regards to biodegragltahitbnsiderable amount of
research has been conducted to introduce branching in polylactic amdetmse accessibility and
promote hydrolysis of polyester bortd$Branched polyesters can be achieved by incorporating
multi-pendant group monomers during synthesis that possess three or rhoxglaaacid groups.

Such monomer functionality can be readily accessed from the Dd¢s-feaction of maleic
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anhydride and muconic act®, which results in two carboxylic acid pendant groups and two
additional carbonyl pendant groups (Figure 2.21, left).

While branching in the polymer backbone can influence the rheological proressl
biodegradability of polymers, asymmetrical monomer structures cahtatac amorphous
polymers that are well suited for resin and composite applicatRatently, isophthalic acid was
produced via the Diels-Alder reaction of 2-pyrone-4,6-dicarboxylic acdieks-Alder addend
derived from aromatic catabolic pathways, with ethylene.208 Isoph#iwadiés one of the primary
components in unsaturated polyesters because it disrupts the orderpofytner melt (when
compared to terephthalic acid) and promotes high solubility of unsatyralgesters in styrene.
Aromatic monomer asymmetry is readily accessible via Diell@Athemistry through use of
asymmetrical addends, as illustrated with the cycloadditionbaftére and muconic acid (Figure
2.21, middle). The extent of disruption can be further tailored thréluglselective choice of
addends (e.g., 1-butene or longer chain alkene)209,210 to enable a mgdeofamonomer
asymmetries while maintaining the rigidity provided by the main atmnstructural unit.

Lastly, control of monomer pendant group chemical functionality caneinfle multiple
polymer properties such as rigidity, crystallinity, chemicaltimess, fire resistance, conductivity,
gas permeability, and conductivity. Chemical functionality can be \asthievith heteroatom
pendant groups that contain fluorine, phosphorous, bromine, nitrogen, sulfur, axlethents of
interest. Often, due to their enhanced performance, functiodgagmers can command a much
higher price compared to less-functionalized commodity plastiqui@i2.22). Heteroatom
functionalities have known effects on polymer performance and Diels-Aldemistry offers a
highly regioselective manner for the incorporation of heteroatoms into kabasomatic

monomers in an effort to target particular performance attrib&sexample, the Diels-Alder
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cycloaddition of acrylonitrile with muconic acid can introduce a nigdadant group that may be
capable of increasing polymer rigidity and solvent barrier propéRigare 2.21, right). Although
the utility of such functional groups would need to be further explored, eocmth market
opportunities are likely if biobased Diels-Alder products can actpevi®rmance-differentiating

attributes in a cost-competitive fashion.
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Figure 2.22Price per kilogram as a function of glass transition tempersiucemmaodity plastics,
high temperature plastics, and resin and composite matétials.

While not exhaustive, the functional alternative monomers described haigtlight the wide
degree of chemical control and specificity available via DietdeAlreactions. In addition,
although not covered in this review, catalyzed Diels-Alder cheyniaffords cycloadduct
stereochemical control that may enable new chiral materials iandvative end-use

applicationsg’!® These can include advanced materials, specialty chemicaljlagél products,
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and human health products. Moving forward, advances in metabolic enginaednigilored
chemocatalysis will continue to generate new biobased Diels-Addienas and cycloadducts that
provide exciting opportunities for further research. Novel end-use apphis can be further
refined and ideally determiree priori through an improved understanding of structure-function
relationships gained via computational, high-throughput testing, and infcsragproaches.
2.6 Conclusion

As discussed in this reviewDielsAlder cycloadditions offer a promising route for the
production of both commercial direct replacement and functional aitezre@omatic monomers.
With ongoing investigations into the conversion of biomass into Diels-Alddends and the
design of multifunctional catalyst materials to enable tandenoagdition and aromatization
reactions, the production of biomass-derived aromatic monomersoniihue to become more
efficient. High-yielding Diels-Alder conversion routes are now titaomsng from model
compounds studies to complex lignocellulosic biomass to avoid competitioriood resources
and lower feedstock costs. Finally, the development of functionahaliee aromatic monomers
via Diels-Alder chemistry may afford new end-use application$ pinavide market-driven
incentives to advance biomass conversion technologies.
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CHAPTERS:

IODINE-CATALYZED ISOMERIZATION OF DIMETHYL MUCONATE

This work was originally published in the jourr@hemSusChena publication of ChemPubSoc

Europe, DOI: 10.1002/CSSC.201800606.

Amy E. Settlé*4 Laura Bersti&? Shuting Zhantj Nicholas A. Rorret Haiming Hd, Ryan M.

Richard$#®, Gregg T. BeckhafnMichael F. Crowle$®, and Derek R. Vardari?

3.1 Abstract

cis,cisMuconic acid is a platform biobased chemical that can be upgradeiiopein
commodity and novel monomers. Among the possible drop-in products, dimatgyhthalate
can be synthesized via esterification, isomerization, DidaletAl cycloaddition, and
dehydrogenation. The isomerization @$,cisdimethyl muconateccDMM) to the trans,trans
form (ttDMM) can be catalyzed by iodine; however, studies have yet to adgrése mechanism
and reaction barriers unique to DMM, and (ii) the influence of sb)y®tential for catalyst recycle,
and recovery of high-purittDMM. To address this gap, we apply a joint computational and
experimental approach to investigate iodine-catalyzed isomenzatiDMM. Density functional

theory calculations identified unique regiochemical considerations dueetartge number of
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halogen-diene coordination schemes. Both transition state theory andmexpe estimate
significant barrier reductions with photodissociated iodine. Solveattsah was critical for rapid
kinetics, likely due to solvent complexation with iodine. Under saentitions,itDMM vyields
of 95% were achieved in <1 h with methanol, followed by high purity recow&8%) with
crystallization. Lastly, post-reaction iodine can be recovered aydleel with minimal loss of
activity. Overall, these findings provide new insight into the meisina and conditions necessary
for DMM isomerization with iodine to advance the state-of-tlidearbiobased chemicals.
3.2 Introduction

The development of practical and cost-effective methods to progassdilulosic biomass is
of heightened priority to address increasing energy and material i@eglnicals from biomass
are an important component of the burgeoning bioecord8®ne such example isis,cis
muconic acid ¢cMA), a six-carbon, polyunsaturated dicarboxylic acid, which can be produced
biologically from both sugars and lignin-derived feedstdckin the final step of production,
ccMA is enzymatically produced from catechol via the catechol-1,2-dioxggéniarom here,
ccMA may be (i) used directly as a polymer precursor or isometzés trans,transform for
improved material propertié(ii) undergo selective reduction to 3-hexenedioic acid, (iii) undergo
complete chemo-catalytic reduction of the polyunsaturated backbone pic adid, or (iv)
undergo a series of transformations to produce the closely relatéarpl chemicals terephthalic
acid (TPA) and its methyl ester analog, dimethyl terephthald# 34822 Both TPA and DMT
are oxygenated aromatic compounds that retain the oxygen functionality imlcefA and have
substantial value within the polymer industry.

The conversion of bio-derived muconic acid to TPA and DMT offeremising route for the

production of polyethylene terephthala(PET)!>'* a commodity polymer with primary

75



applications in the manufacture of ubiquitous plastic prodddisdustrially, the monomeric
substituents of PET are ethylene glycol and either DMT, TPA, sthydroxy 2-ethyl)
terephthalate, although much less commonly. On the commercial 8fdlE and TPA are
synthesized from petroleum through successive oxidatigpamf-xylene!® In 2013, DMT and
TPA had a combined market size of over 50 million metric tonsgiwisi experiencing steady
growth and it is expected to reach or exceed 67 million metridnd(18'’ Although the current
market demand for DMT is notably smaller than that of TPA,TD&n easily be converted to
TPA for uses that require the diacid fothTPA is easier to produce from petroleum than DMT
due to the lack of a necessary esterification &dmwever, when using biobased feedstocks,
targeting the ester form of the monomer may be advantageous, asetidoeissv.

When starting fromccMA to produce bioBMT, ccMA must undergo: (i) esterification to
cis,cisdimethyl muconate ocDMM), (ii) isomerization to trans,transdimethyl muconate
(ttDMM), (iii) Diels-Alder cycloaddition with ethylene, and (iv) dehydrogenation (Figure'3.1).
In this upgrading strategy, the isomerization step presents aupaiticsignificant hurdle,
primarily due to substantial thermodynamic barriers when uncataly2ddtroduction of a
catalytically active species is necessary to promote isortieriza high yield and at a reasonable
rate. Experimentally, the isomerization of the diacd/A, and of the methyl esteccDMM, has
been investigated. The isomerizationaoMA to ttMA was recently studied using a solvent-
catalyzed systerf. Through solvent screeningtt®A yield of up to 55% was achieved in DMSO.
Similar yields were targeted in aqueous media through addititantffanum(lil) salts and pH
control. One major challenge observed when working with the acid fagtive reactivity of the

MA isomers toward sellactonization to muconolactone or a dilactone species.
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As an alternative pathway to MA isomerization, earlier warRatent literature described the
isomerization oftccDMM to cis,transdimethyl muconatecfDMM) andttDMM, reporting up to
97% yield ofttDMM using photocatalytic isomerization by iodiffdodine is an environmentally
friendly, non-toxic, and industrially applicable catalyst due to its tbowk price of $20-100 per
kg.?? Approximately 16% of global iodine production is utilized for industriatalygic
applications, including the production of acetic acid via the Monsanto ath@rocesse&™?®
Furthermore, studies have shown broad applicability of homogeneous iodirysisatamyriad
reaction schemes in recent yeHf% To our knowledge, however, there are no in-depth
investigations into iodine-catalyzddMM isomerization that address the reaction mechanism,
energetic barriers, reaction kinetics, solvent effects, afysttrecyclability.
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Figure 3.1Guide to structural nomenclature used within this work (left) cRR@anetwork for the
conversion of bio-derivedis,cismuconic acid to dimethyl terephthalate (right), wheoeMA is
first esterified with methanol, followed by isomerizationttdbMM, which involves six possible
DMM conformers and, lastittDMM undergoes Diels-Alder cycloaddition with ethylene and
dehydrogenation to produce DMT.

Likewise, there have been no computational investigations into thernzaton ofccDMM
to our knowledge. Several computational works have contributed to the andéngtof iodineOs

catlytic ability for single alkene isomerizatié#®! but for the case of catalyzing the isomerization
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of a conjugated diene, discussions continue in recent literature regg@eineral mechanistic
concepts’? 2% A baseline understanding of the mechanism behind iodine catalysis ef alikerhe

isomerization has been established, proposing that the reactiarilitatéd by interaction of a
radical iodine atom with one of the olefinic carbons, rehybridizingénieon from spto sg and

enabling free rotation about the formerly olefinic bond (Figure 3.2a). Mmbshanism may be
applicable to diene isomerization, though recent work has highligiaiédional complexity of
catalyzed diene isomerization due to persistent questions regardingetegiivity, catalyst

association strength, and energy barriers, among other f&ttors.

I.+/=\~——‘ ""'=H= ]'+\=\

I

b) —_ l_\r= \=\

Figure 3.2: Alkene isomerization a) with radical iodine, andrwatalyzed.

Currently, there is a dearth of mechanistic information forahemistry, which, if addressed,
could advance strategies to improve both the isomerization yidlaéfficiency333° To address
this knowledge gap, we employ an integrated computational and experiragptalach to
investigate the mechanistic aspects of the iodine-catalyzed igatier of ccDMM to ctDMM
andttDMM. Computationally, isomer stabilities and free energy barriere wvaluated for the
major species involved in the isomerization mechanism. Experinedfaels were then conducted
to compare the apparent activation energy for catalyzed isomenizabrroborate calculated
isomer stability values, and provide insight into process considerator®iiogeneous iodine

catalysis unique to this reaction system.
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3.3Results
3.3.1 Computational analyses

The ability for catalytic iodine to associate to any of the foafimc carbons in the diene
backbone ofDMM introduces regioselectivity considerations not present in single alkene
isomerization mechanisms, wherein iodine association can only occureoafdwo olefinic
carbons. Previously reported computational investigations have proposed mm@shdar
isomerization of single alkene bonds, while investigations into diengeiszations are sparde®
In the case of single alkene isomerization, the uncatalyzedomesgiroceed via rotation about a
cis olefinic bond through a high-energy diradical transition state (0S),dingletrans product
(Figure 3.2b¥° In contrast, catalysis with an atomic halogen allows mainterrecdoublet state
throughout the isomerization process and involves the transfer of theashp&ctron to the
alkene (Figure 3.2&).In the case of a diene, suchld¥dM , iodine can associate to any of the four
sp-hybridized olefinic carbons in the backbone of the molecule, as depictdufsymmetrié -
trans $-cis,cisisomer in Figure 3.3 (see guide to bond conformation nomenclature ire Bigor
Association to arf-carbon (C2 or C5) enables rotation about eifhbond, and association to a
*-carbon (C3 or C4) can facilitate rotation about the adja&émind or the centrdl-bond. The
multiple modes of interaction available to iodine WiXNMM can elicit large changes in reaction
energetics, a consideration that is unique to the isomerizataiereds compared to single alkene
species.
3.3.2 Isomer energetics and reaction network

The unique structure ddMM makes for an expansive conformational space; thus, initial
thermodynamic assessments were performed to reduce the isotoarrdg energetically distinct

species. The three isomers relevant to this reacdaecDMM, $-ctDMM, and$-ttDMM, may
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each exist in one of twb conformations! -cis or ! -trans which refers to the orientation of the
central! -bond (Figure 3.1). This expands the set to six relevant isomers€Rglr Specifying
the dihedral of each methyl ester moiety increases the dueessimer space to a total of 18
(Figure B.1 in Appendix A). The potential energy surface of &dM isomer was characterized
with density functional theory (DFT) calculations as detaileth@Materials and Methods; three
sets of torsion angles were considered in this initial evaluatisufticiently span the ground state
conformational space, including (i) the two olefin bonds, (ii) céhttzond, and (iii) the dihedral
of each methyl ester moiety. Potential stabilizing effecte@ftethyl ester group orientation were
also probed, given possible stabilization of the digsgstem upon interactions of the ester
bonds, which may differ between diene isomers. This broader assgssinthe conformational
space therefore included all combinations of local-minima for tlikkedrals. After the
optimization of each structure, the relative enthalpies wereatea with frequency calculations.
As detailed in the Materials and Methods, all calculationgwenducted at the unrestricted M0O6-
2X/Def2-TZVPP level of theory, including the Def2-TZVPP effeetcore potentials for iodine.
Geometries for th®©MM species including TSs found for the isomerizations are available i
Tables S1 and S2.

The relative thermodynamic stabilities reveal that the methgt gsoup dihedrals exhibit only
minimal impact on the isomer thermodynamics. The orientation ohétkyl ester influenced the
conformer enthalpy differences by less than 2 kcatimas presented in Figure B.1, which is
within the error of the theory level employed. Given this negkg#ergetic influence of the
methyl ester group conformation, the isomerization space was redudkd base set of six
isomers, as illustrated in Figure 3.1. Five proposed pathways ttmrdlescribe the conversion

from!-cis"-ccDMM to! -cis"-ttDMM, as depicted in Figure 3.4.
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The calculated relative enthalpies of the six isomers of Figdrén the gas phase are presented
in Table 3.1. Values are relative ltecis, "-ccDMM, which was set to 0 kcal mbl! -trans, " -
ttDMM s globally the lowest energy species (-9.20 kcalthatith ! -trans," -ctDMM and! -cis,
"-ttDMM as the next most stable isomers (-6.74 and -6.27 kcdl, mespectively). Strain in the
"-ccDMM conformers is visually apparent by the non-planarity of the backbotiee aholecule,

as shown in Figure B.2, and is especially pronouncéetis, " -ccDMM, in which the inter-olefin

dihedral is highly unfavorable (51.20).
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Figure 3.3: Example of iodine regioselectivity through sihigtene association with a) C2 or C3
and a stepwise shift in halogen association position intidM to reachttDMM. Alternatively,
b) doubléiodine association with C2/C3 or C4/C5 in a heroductive mode, or ¢) with C2/C4 or
C3/C5 in a productive mode for concerted rotations.
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Table3.1: Computed enthalpy of DMM isomers relative to ccDMM in thepdese, THF, ethanol,
and methanol.

Computed enthalpy [kcal mot]
Phase Die'(i;:”ic ccDMM CDMM {DMM
l-cis |!-trans| !-cis |!-trans| !-cis |!-trans
gas NA 0 -5.82 -2.10 -6.74 -6.27 -9.20
THF 7.4 0 -5.03 -1.71 -6.65 -5.06 -7.99
ethanol 24.8 0 -4.63 -1.59 -6.55 -4.94 -7.87
methanol 32.7 0 -4.58 -1.57 -6.53 -4.92 -7.85

Following the uncatalyzed thermodynamic assessments, the relabugiss of each isomer
when interacting with iodine were evaluated. As in the case afrtbatalyzed isomers;trans,
ttDMM remained the most stable (-18.75 kcal Bplas shown in Table C.1. All enthalpy
calculations were carried out across a range of dielectridasuago implicitly model varying

solvent systems. It was observed that the dielectric constant dadfect the calculated relative
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enthalpy trends of the isomers, uncatalyzed or catalyzed, usingtritet@nstants to reflect gas
phase, tetrahydrofuran (THF= 7.4), ethanol (EtOHt+ = 24.8), or methanol (MeOH,= 32.7)
(Table 3.1 and Table C.1). Very nonpolar solvents, such as hexarieq) or benzenetE 2.3),
were not evaluated because of their limited DMM isomer solul{#itp mg mL! at 23 |C).
Likewise, although water is exceedingly polar=(80.1), it was not investigated due to the poor
solubility of iodine (0.29 mg mt at 23;C).
3.3.3 Free energy barrier analysis

Transition-state theory (TST) calculations were employed to catpuoally evaluate the free
energy barriers for each isomerization step (reactions 1-Qgurd=B.4) in paths A-E. For each
pathway, the TS geometries were optimized and confirmed withtiaibahanalyses to correspond
to a single vibrational mode depicting the specific bond rotatiorhaf isomerization step.
Inclusion of varied solvent dielectrics resulted in only negligibletshifthe GibbOs free energy
barrier ¢4G) of each reactant in the TST calculations performed here.

The semiempirical PM6 functional was used to scan the dihedtais Wie diene; free energy
barriers between isome&a) were found for the uncatalyzed isomerizations using the calculated
free energy of each isomer relative to the calculated fregyenéthe TS, as shown in Figure 3.5.

This approach involved the energy evaluation at 100 intervals around badnaklithus
providing an approximate overview of the barrier heights for the bond rotaétiahsorrelate to
the six most stable isomers. Using the insight from the coaréeagwa of the potential energy
surface as guidance, TS searches were performed again at th XNI@62-TZVPP level to
more accurately evaluate the free energy barriers for eachrigatios step within paths A,

both uncatalyzed and iodine-catalyzed. For comparisons between DOiftilatad Gibbs free
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energy barriers and experimentally-determined activation energesssumed that the entropic
contributions to the Gibbs free energy barrier are minffhal.

For uncatalyzed reactions 2, 4, and 6, calculé#@d values in the gas phase were 55.6 kcal
mol?, 50.0 kcal mot, and 42.1 kcal md| respectively. These are similar to previously reported
cistotransisomerization barriers of 2-butene at 62.4 kcathidBimilar barrier magnitudes were
calculated in the few diene isomerization evaluations in peezwed literature to date, including
the Z to E isomerization of dideuteriobutadiene (52.5 kcatYjramhd muconaldehyde ZZ to EZ
isomerization (62.6 kcal md).3840

The calculated4G* values bridging the -cis to ! -trans isomers (reactions 1, 5, and 9) are
sufficiently low that facile, uncatalyzed isomerization of thbond is expected, particularly
towards thed -trans conformers. Most notably,-cc isomerization from thé -cis to the! -trans
conformer is predicted to be barrierless even under uncatalyzediaosdiikely due to strain
within ! -cis," -ccDMM, resulting in thé&-bonding network being significantly twisted out of plane
(see dihedrals representative of steric strain in Figure B.2)

No TS structure for the uncatalyzed reaction 6 was found, desmtapast to resolve this
structure by constraining dihedrals or providing improved TS guess strudigeanticipate that
this uncatalyzed process encounters a TS of at least the samaehmght as reaction 4 (50 kcal
mol?), depicted in Figure 3.5B as a hypothesized dotted line. Gherhigh barriers to the
uncatalyzed stepwise mechanisms, a concerted double-isomerigatiomay was determined
implausible without a catalyst, and thus no TS was sought for uncadakyactions 3 and 7.
Computationally, the introduction of atomic iodine was found to effdgtilmver the energy
barriers between isomers. Given the lolond rotational barriers when uncatalyzed, reactions 1,

5, and 9 in the paths B, C, D, and E in Figure 3.4 are incorparateese reaction pathways as
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uncatalyzed steps. Of particular note, iodine is predicted toeedadarrier to reaction 4-frans,
"-ccDMM to! -trans," -ctDMM) from 40-50 kcal mot when uncatalyzed to 4.5 kcal makhen
catalyzed. Similarly, the barrier to reaction !8tans, "-ctDMM to ! -trans, "-ttDMM) was

reduced to 15.1 kcal mbfrom >50 kcal mot (Table 3.2).

a) 60
50
40
30

20

AG (kcal mol™)

10-

O -

-10
60

b)
50

40
30

20

AG (kcal mol™)

10

[0 |

-101

60

O
~

50

40

30

20

AG (kcal mol™)

10

o 1

-10

Figure 3.5:Calculated Gibb's free energy reaction barriers in'tkedii* along the uncatalyzed
paths ofccDMM isomerization using the uMO0BX/Def2TZVPP level of theory. Reaction
numbers shown correspond to those defined in Figure 3.4.
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Table 3.2DFT!calculated free energy barriers and experimentally determinedtamt energies
for the iodinécatalyzed isomerization acDMM to ctDMM and ctDMM to ttDMM. [a] Free
energy barrier. [b] Experimentally-determined activation energy.

_ lodine-catalyzed energy barriers [kcal mof}
Reaction
gas phasg! methanol’! acetonitrile®
ccDMM $ ctDMM 4.5 5.5 9.5
ctDMM$ ttDMM 15.1 11.1 12.3

As discussed previously, double-isomerization of a diene (i.e. arsysteshich both olefin
bonds of a conjugated diene undergo isomerization) elicits unique catagtaselectivity
considerations (Figure 3.3). The DFT-calculated free energy lsaraported in Table 3.2B for
reactions 4!(-trans,"-ccDMM to ! -trans,"-ctDMM) and 8 [ -trans, "-ctDMM to ! -trans, " -
ttDMM) were determined using single-iodine association pathways in whicho&ipdine atom
is interacting with the DMM molecule at a given time and, tieash alkene bond is isomerized
sequentially. However, iodine catalysis of a diene could involve sinadtes association to any
of the four sp-hybridized carbons, as depicted for the symmeétdis" -ccDMM isomer in Figure
3.2. Association to a 8§ carbon (C2 or C5 in DMM) enablesiontabout eithe®$-bond, and
association to &carbon (C3 or C4) could either facilitate rotation about the adj&kand or
the central -bond. Therefore, interesting mechanistic questions arise spdyific the case of
isomerizing muconate, regarding the association preferences amoagrtharbon positions, and
whether these associations lead to distinct mechanisms for cagvestn”-ccDMM to " -ttDMM,
such as the feasibility of a direct pathway frorocDMM to " -ttDMM, eliminating the"-ctDbMM
intermediate (Figure 3.4, paths D and E). In this work, the pililyaof both the sequential
isomerization from'-ccDMM to "-ttDMM through"-ctDMM, as well as the concerted, direct

isomerization of' -ccDMM to "-ttDMM are explored computationally.

86



Calculations of the binding energy of a single iodine atom to DMM fege&ansistently weak
interactions among all six relevant DMM isomers, and among alladenmesl carbon positions on
the diene, as shown in Table&3n several cases, no stable association with given diene carbons
could be computationally resolved, presumably reflective of weakasttens. Nevertheless, in
the systems where a local minimum structure was locateahtée rehybridization of the carbon
with which the iodine interacted could be observed, producing a tetralgedmaetry at that
carbon center. The interaction with iodine was found to be exothésmall associations with the
exception of iodine association witkcis, "-ccDMM, likely due to increased steric strain on the
already sterically-hindered isomer.

Taken together, the DFT calculations indicate a subtle regitiselpceference for interaction
with a §-carbon in the case of single iodine association to cattigzgbond isomerization.
Furthermore, the minor association energies imply that a singleeicghtalyzed mechanism
would be characterized by advantageously low energetic costs asingléhe catalyst from the
trans product.

To consider the association of two iodine atoms to DMM simultaneoostymization and
vibrational analysis calculations were both performed for a migityplof 1 and 3. These
possibilities correspond to the two unpaired electrons introduced by thee iathms either
recombining via molecular orbitals on the muconate species or regdacalized in a diradical
state, respectively. In addition to this variable, the unique modessotiating two iodine atoms
are more numerous (Figure 3.3). Each of these generate uniquelstenecal conformations for
the asymmetrit-ctDMM isomer. The recombined singlet state was found to be signify more
stable than triplet energies by nearly 30 kcal-‘inahplying a strong thermodynamic stability

gained by the recombination of the unpaired electron densities with¢hidke-DMM complex,
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though also indicating that the release pffrom the diiodo-complex would be much more
energetically costly than the release of a single iodine atbenlost thermodynamically stable
double-iodine association pattern was C2/C3 association, followed bgaies association
(Table 3.3). Stable interactions of both iodine atoms with &algrbons were not located, nor for
C2/C4 or C3/C5 dual-association patterns. While the most thermodyainsiable, the C2/C3
interaction pattern is not an arrangement that would facilitetmeerted rotation froth-ccDMM

to "-ttDMM. For both$-bonds to simultaneously rotate, one iodine must be associated to each
bond, and as such, the C2/C5 association was determined the most prabdiolate for the direct

"-ccDMM to "-ttDMM isomerization pathway.

Table 3.3: Association enthalpies for the interaction of one ordgine atoms to the four carbon
positions on each DMM isomer. Values calculated as the enthalpgela the iodddMM
species relative to the unbound DMM speciesjs,”-ccDMM set at 0 kcal mol!

Association enthalpies [kcal mol]
gj‘;tt’i‘(’)rr‘] ccDMM CtDMM tDMM

I-cis | !-trans I-cis | !-trans I-cis | !-trans

Single iodine association
C2 6.94 -1.02 -3.21 -0.94 -2.85 -0.55
C3 6.77 - - - -2.66 -2.61
C4 6.77 - -5.23 - -2.66 -2.61
C5 6.94 -1.02 - -0.46 -2.85 -0.55

Double iodine association
C2/C3 -41.2 -37.3 -36.2 -35.2 -35.3 -35.7
C2/C5 -33.9 -32.6 -35.0 -32.6 -32.9 -32.9

Overall, the association of a singular iodine atom to DMM ttalgze the stepwise

isomerization of'-ccDMM to "-ttDMM through "-ctDMM results in low rotational barriers.
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Simultaneous association of two iodine molecules for direct isoatenzfrom"-ccDMM to " -
ttDMM reduces this barrier even further. However, the release obtiuzei atoms is much more
energetically costly than the facile release of one iodine atmrgby maintaining both routes as
feasible contributors to the overall reaction.
3.3.4 Experimental investigations
3.3.5 Baseline reactivity

To experimentally investigate iodine-catalyzdaMM isomerization, three baseline
isomerizations were performed: (1) uncatalyzed, (2) iodine cathlyrel (3) 1 wt% Pd/ADs
catalyzed, based on previous reports of catalyzed DMM isomeriZéfidrese experiments were
performed in the presence of ambient light. Results of theseimegoms revealed negligible
isomerization activity in the absence of a catalyst asagdlh the presence of 1 wt% Pdi@d at
room temperature and at 75 jC, while iodine promoted rapid isomenzaten at 10 jC (Figure
3.6). To investigate the impact of light exposure on the activity afytat iodine, experiments
with and without ambient light exposure were also performed; theaeathat were not exposed
to ambient light demonstrated negligible conversioh-ofDMM after over two hours of reaction
(Figure 3.6).

The iodine-catalyzed isomerization proceeded rapidly upon ambient light egpesulting
in complete conversion df-ccDMM after 1 hour at 10 jC (Figure 3.6). Photodissociation,
therefore, appears to be a key factor in the activationtofdatalytically active iodine species. It
is well known that molecular iodine readily photodissociates to fadine radicalg®*?
Additionally, it has previously been hypothesized that radical atomic ioglthe active catalytic
species for alkene isomerizatiéit@234354¢hus, we similarly hypothesize that radical iodine is an

active catalytic species f@MM isomerization. To probe radical iodineOs presence and catalytic
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activity, L-ascorbic acid, a known radiemediating compound, was added to the isomerization
reaction after six minutes (Figure 3%?)Jpon ascorbic acid addition, the reaction ceased with no
further isomerization of anpMM species, supporting the hypothesis that radical iodine is the
catalytically active species for this reaction.
3.3.6 lodine aging and recyclability

To elucidate other iodine species formed upon dissolution in methanaliti@salf iodine in
methanol was prepared and analyzed by UV/Visible (UV/Vis) specipyson the day fo
preparation (day one), day three, and day eight (Figure 3.8A). Théosols also used to
catalyzeDMM isomerization reactions on the corresponding days (i.e. days one atimlesight).
The UV/Vis spectra revealed drastic changes, with the most adialrlg the appearance of large
absorption bands at 290 nm and 360 nm, which corresponrdctmtentration increasing with
solution agindg!*2The primary absorption band observed on day one at approximately 460 nm is
attributed to moleculag.f° The presence of atomic iodine species, including radical atomieiodi
cannot be confirmed using traditional UV/Vis spectroscopy becausesiimses absorb in the far
UV region, typically ascribed to Ocharge transfer to solvemsitienO absorption bands which
absorb at 195 nm and 226 A

The reactions catalyzed by the aged iodine-methanol solution showed aigrdgcline in the
rate of$-ccDMM conversion (Figure 3.8B), though the final equilibrium yieldtBMM remained
constant. On day one, 48HlccDMM was consumed in less than 30 minutes (>0.060coiIM
mol lzinisar® hY). In comparison, it took nearly 60 minutes for compleDMM consumption
on day three, and over 120 minutes on day eight. Based on the observed chdhgégis

spectrum and decline in catalytic activity, it can be infktleat recombination of active iodine
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species into less active or inactive species, such, a&turs in solution over time, which is to be

expected due to the propensity of iodine radicals to Oself-qu€nch.O
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Figure 3.6: Isomerization @icDMM thermally catalyzed at 78 in light, in the absence of light
at 75jC with I, in light at 75C with 1 wt'% Pd/AbOs, and in light at 1QC with I..
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Figure 3.7: Reaction profile of ccDMM isomerization wherein leasic acid was added at t=6
min.
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Because of low solubility in methand!;ttDMM was readily separated from the reaction
mixture via room temperature crystallization and filtration (FegBir4). The filtrate, consisting of
trace"-ctDMM, "-ttDMM, and iodine in methanol, was then used for successive is@nhenz
reactions to investigate the recyclability and equilibrium activatgmtion of iodine in solution.
After each reaction, crystallizédttDMM was recovered and the filtrate was reloaded with the
same initial concentration 8fccDMM (20 mg mL?Y) and allowed to react for at least 12 hours.
This process was repeated for five successive reactions on saljeydi Across all five reactions,
high yields of crystallized-ttDMM were consistently observed, even though the initial reaction
rate decreased due to aging of the iodine in solution, as discusgediglse Due to saturation of
the solvent with DMM species after the first reaction rde®vered yield of crystallizédttDMM
increased across the reaction series, with the cumulative rgcofecrystallized”-ttDMM
surpassing 96% by mass (Figure 3.8C).

To evaluate iodine recyclability while maintaining a high initedation rate, a solution of
iodine in methanol was prepared and allowed to age for five days.filtedays, it was used to
catalyze"-ccDMM isomerization. As expected, the reaction displayed a reducial m@action
rate similar to that observed after eight days of aging (Figure).3B&# methanol was then
evaporated from the iodine solution and solid molecular iodine was redawighe88.3 wt% mass
closure. Losses in mass closure are attributed to iodine sublimaine recovered iodine was
dissolved in methanol and immediately used to catalygeDMM isomerization. Using the
solution prepared with the recovered iodine, the initial rate-adDMM conversion was only
minimally slower than that observed on day one of the previous agstg (feigure 3.8B),

supporting that the decline in activity of iodine in solution over tingeresult of the formation of
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catalytically-inactive species. Recovery of molecular iodinggtbes, permits reuse with nominal

initial activity for ccDMM isomerization.
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Figure 3.8:(A) Changes in the UV/Visible absorption spectrum of iodine in solution ogét ei
days of aging; (B) initial rate of ccDMM consumption, normalizethiital iodine loading, over

eight days of iodine solution aging and after regeneration; (C) ttDMi yitom iodine reused
for five successive isomerization reactions performed on consedatyge

3.3.7 Catalyzed isomerization equilibrium

Based on the initial experiments described above, reaction conditioassereened using
catalytic iodine with constant ambient light exposure. At room teatpe in methanol; -
ccDMM was rapidly consumed in less than 30 minutes (>0.06@eBdMM mol lzjniia™ h1), and
a final product distribution of 95+2%ttDMM and 5+2%" -ctDMM was achieved in less than 60
minutes (Figure 3.9A, Figure B.3A). The same final experimenalibrium was observed at 4
iC and 50;C (Figure B.3B-C), although the time to reach equilibriumhegasily dependent on
temperature. At 4 jC equilibrium was not achieved until over 3 haunde at 50;C, it took
approximately 40 minutes to reach equilibrium. In all casé€)MM precipitated from solution
as the reaction progressed due to low solubility in methanol (41%.gBecause of the
crystallization of"-ttDMM from solution, it could be recovered by simple vacuum filtragbn

room temperature after the reaction. The recoveér¢tDMM crystals were analyzed by
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differential scanning calorimetry (DSC) and determined to be ovéf®Pure after single-pass
recovery.'H NMR analysis of the recovered product confirmed the impudtesprised residual
ctDMM (Figure B.5A) and UV/visible spectroscopy indicated the presencesafual iodine
(Figure B.5B).

To confirm the back reaction fromtttDMM to "-ctDMM at equilibrium as opposed to an
incomplete forward reaction, isomerization reactions wergiechrout starting with either
"-ttDMM or "-ctDMM, keeping all other reaction parameters constant. Under timesbtions,
the final distributions were again within the observed equilibriumyeaof 95+2% -ttDMM and
5+2%" -ctDMM (Figure B.6). Attaining the same equilibrium when starting with 1068MM
supports the existence of a minor back reaction ffettbMM to "-ctDMM rather than an
incomplete forward reaction cgEDMM.

3.3.8 Solvent effects

To evaluate the effect of solvent choice on the reaction network, siheents were
experimentally screened. Under identical reaction conditions, ispamien reactions were
repeated across solvents with a range of dielectric constarusofohin += 4.8), THF = 7.4),
ethanol ¢ = 24.8), methanolH{= 32.7), and acetonitriler(= 37.5). For all solvent systems, the
starting concentration afcDMM (5 mg mit) was sufficiently low to ensure all DMM remained
solvent throughout the course of the reaction. Regardless of solveiimath@oduct distribution
was constant at 95+2%ttDMM and 5+2%' -ctDMM (Figure B.7), consistent with computational
predictions using dielectric constants to implicitly model the solggstiems. Under no reaction

conditions was -ccDMM observed in the final product distribution.
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Figure 3.9: Initial reaction profiles e@cDMM isomerization in methanol (A) and THF (B).

Further experiments illustrated the impact of solvent selectidheoreaction rate, likely due
to varying interactions of iodine with the solvent, which would not be captoyethe implicit
salvation model applied in the DFT calculations. Two solvents witly déferent dielectric
constants (THF and methanek 7.4 and 32.7, respectively) were down-selected for moreetktail
study to evaluate the effects of solvent on the reaction rateg tssNMR, the isomer distributions
in each solvent were quantified at designated time intervalssatr@$irst 60 minutes of reaction.
While the final product distribution observed in THF and methanol wasahee within one
standard deviation, the rate of reaction was significantly diftédsetween these solvent systems
(Figure 3.9). In methanotl,-ccDMM was completely converted in less than 30 minutes (>0.060
mol ccDMM mol I2niiar? bY), while it took over 70 minutes for compléteecDMM conversion
in THF (<0.026 molccDMM mol I2iniia* hY). This rate difference is likely due to increased
interactions of iodine with THF compared to methanol, reducing the arobcatialytically active
iodine available in the system. However, a detailed computationatigagon into solvent-iodine

interactions was beyond the scope of this stédy.
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3.3.9 Apparent activation energy

The experimentally measured activation energies of BetkDMM to "-ctDMM and
"-ctDMM to "-ttDMM were evaluated and compared to the DFT-calculated fregyebarrier
values of 4.5 kcal mdland 15.1 kcal mdi, respectively. A series of isomerization reactions were
carried out in methanol and acetonitrile across three temperaturgC, 23 iC, and 50 C.
Acetonitrile was selected in place of THF, as shown previoustguse the rate of isomerization
in THF at 4 {C was too slow to permit reasonable energy bamegdysis. To ensure the observed
equilibrium was not influenced by precipitation, dilute loadings-etDMM were used so all
species were fully soluble across the duration of the reactioshdtild be noted that the
temperature may affect the reaction equilibrium by altering timeas solubility and back reaction
from tDMM to ctDMM, although a detailed investigation was beyond the scope of this study.

Assuming pseudo-first order kinetics, calculated rate constanthé consumption of-
ccDMM and "-ctDMM were used to determine the experimentally observed activatiagyene
barriers (details of this calculation can be found in Mateaal$ Methods). The experimental
apparent activation energy 'oiccDMM to " -ctDMM isomerization was found to be 5.5 kcal mol
L'in methanol and 9.5 kcal mbin acetonitrile (Figure 3.10A), which are in agreement whith
calculated energy barrier in this work (4.5 kcal MqTable 3.2). Likewise, the experimental
apparent activation energy forccDMM to " -ctDMM was found to be 11.1 kcal mbin methanol
and 12.3 kcal mdlin acetonitrile (Figure 3.10B), again in line with the comparetily calculated
of 15.1 kcal mol (Table 3.2). The experimentally determined values are sitoildre predicted
activation barriers in both solvents, though it should be noted that ih@tasxperimentally

feasible to determink-bond conformations of the products using analytical methods employed
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here. Therefore, they are assumed to be itnans species due to calculated stability advantages

(Table3.1 and Table C)1

5 B Acetonitrile A Methanol
|
[ ]
6 - A
u A 4°C
23°C

50°C

In[Kk] (sec-")

ccDMM to ctDMM:

Eaacn 9.5 kcal mol!

E. meon 5-5 kcal mol!
0 :
0.0028 0.0033

1T (K1)

0.0038

In[k] (sec-")

12

0

0.0

B Acetonitrile A Methanol

m
A
0
4°C
] A
A 23°C

50°C

| ctDMM to ttDMM:
Eaacn 12.3 keal mol!
E.meon 11.1 keal mol!

0.0633
1T (K1)

028

0.0038

Figure 3.10: Apparent activation energy barriers in methanol and adétofur ccOMM to
ctDMM (left) andctDMM to ttDMM (right).

3.4 Discussion

3.4.1 lodine-catalyzed isomerization

As shown in this work, homogeneous iodine catalysis effectively redueesnergy barriers

toward the isomerization §fccDMM to"-ctDMM and" -ttDMM when exposed to ambient light

The requirement for ambient light exposure indicates that the ceadllyactive species of iodine

is formed upon photodissociation of molecular iodine (Figure “3%)Similarly, previously

reported iodine-catalyzed isomerization studies have reported thesitygder light exposure to

stimulate catalytic activity, such as for the iodine-catalyzisdrans isomerization of stilbene

(1,2-diphenylethylene) and the R/S isomerization of several repregentarotenoid$®4°

Furthermore, it has beeillustrated that light-promoted iodine catalysis extends beyond
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isomerization reactiom®. For an alkyne activation for cyclization reactions, almost ndytata
activity was observed by iodine in the absence of ambient light. Upbreat light exposure, the
product yields increased from less than 5% to over 90%. Likewiseptmeutationally determined
free energy barriers and experimentally determined apparent &ctigaergies in this work were
comparable to those reported for similar iodine-catalyzed ispatien reactions. Here, the
apparent activation energies were reduced to 4.5-9.5 kcalforalcDMM to ctDMM conversion
and 11.1-15.1 kcal mdlfor ctDMM to ttDMM conversion (Table 2). In an analogous reaction,
an activation energy of 7.6 kcal rmalas reported for the iodine-catalyzssitransisomerization
of stilbene©

Computationally, it was predicted thatrans,"-ctDMM and! -trans, " -ttDMM are notably
more energetically stable than either conformerabfMM. However, the difference in stability
between -trans,"-ctDMM and! -trans," -ttDMM is minimal (Table3.1) and within the error of
DFT calculations. The similar stability éftrans,"-ctDMM and "-ttDMM may contribute to
enabling the minor back reaction frorttDMM and" -ctDMM, though further investigations are
warranted to evaluate other plausible factors.

In the comprehensive reaction space "efcDMM to "-ttDMM isomerization, several
isomerization pathways are feasible, including both direct isaateyn of'-ccDMM to " -ttDMM
or one of several stepwise pathways (Figure 3.3). The currentegatiation is insufficient to
differentiate between reaction schemes using kinetic model gtgpafrimental data and, therefore,
the data were fit to a stepwise pathway (Figure 3.3, readliaared 8) for the kinetic analyses
discussed here. Further work is planned usimgitu reaction monitoringt to increase data

resolution for kinetic analysis and evaluate the potential dominatttaeg@athways.
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3.4.2 Competing pathways for homogeneous iodine catalysis

In agreement with calculated thermodynamic stability values, tiaé¢ éxperimental isomer
distribution at equilibrium (95+£2%-ttDMM, 5+2% "-ctDMM) remained constant across five
solvents with a range of dielectric constants (Figure B.7).hEBuréxamination revealed that
solvent choice has a substantial effect on the observed rate tidmg&agure 3.9), underscoring
the complexity of homogeneous iodine catalysis. DFT calculations indichtg dielectric
environment was not a significant factor in reaction energétsever, the DFT calculations do
not take into account the interactions of solvent molecules with offeeies in the reaction
solution. This includes the potential for formation of iodine-solventsolvent-muconate
interactions, which may or may not affect catalytic acti®%A8# Modeling of solvent molecules
within the reaction system was beyond the scope of the current work.

It is well known that the photodissociation of iodine in solution can prodwyeed iodine
species, includingsi, I2, 1, and ¥, amongst other$:5%%6 ikewise, previous reports indicate that
iodine has a propensity for forming complexes with some solvents, inclodm@n ketones,
alcohols, aromatics, and furat¥$#% Such iodine-iodine, iodine-solvent, or even iodDiéM
complexes may be reversible or irreversible and exhibit reducednarished catalytic activity
for DMM isomerization. Similar experimental and computationadlists have noted a significant
dependence on solvent choice for reactions using homogeneous catalysis duatitd pobeent
impacts on solubility, interactions with the starting mateti,product, or the catalyst, as well as
TS stabilizatior?’ Further DFT-based studies are needed to evaluate the refakilligysof iodine-
iodine, iodine-solvent, and iodine-DMM interactions, which may serve Xplam the

experimentally observed solvent-dependent rate variability.
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The inability to fully regenerate catalytic activity of iodine inugmn by additional ambient
light exposure underscores the complexity of photodissociation for homogendoasetdlysis.
Ambient light exposure was necessary to promote initial catalgtiMtst, as shown in Figure 8.
Yet, over time, the catalytic activity declined when using ammdplution that has been aged for
several days under either light-free conditions or exposed to amlgbhhifigure 3.9AC). It
would be expected that exposure to ambient light after light-femagst would OregenerateO
catalytic activity equivalent to the activity observed before solagng due to photodissociation
of recombined molecular iodine back into catalytically active spetiewever, iodine may be
entrapped in complexes that cannot readily undergo photodissociation te@ red¢alytically
active iodine species upon exposure to ambient light and, thereforebenne cause of the
observed activity reduction. This was observed in the isomerizatiditbehe by iodine, in which
iodine formed complexes withis-stilbene andrans-stilbene that not only absorbed light at
different wavelengths from one another, but also absorbed differentengties than molecular
iodine?® Similarly, UV/Visible spectroscopy of the iodine solutions revea@eastic changes in
the absorption patterns of iodine solutions over time, corroborating thenpeeof multiple iodine
species and changes therein with time (Figure 3.9A). Solvent readteasolution aging permits
recovery of crystalliney) indicating that the formation of catalytically-inactive iodowmplexes
is reversible.

3.4.3 Solvent selection and process relevance

Based on the work presented here, several factors promote thienasthanol as the solvent
of choice for this chemistry. Broadly, methanol is consideredyrae@O solvent based on
substance-specific hazards, emissions, and resource use over $parh and, accordingly, has

seen extensive application for industrial proces%gsin the context of this work, the rate of
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"-ccDMM to "-ttDMM isomerization was the most rapid in methanol. Based ontliteraeports
of iodine-solvent complexation favorability with classes on solvents sui¢trans, we believe
that the rapid rate in methanol is due to decreased iodine-saivergctions relative to oén
solvents screened here, thus increasing the amount of catalyactlly iodine available at any
one time?%¢1 Furthermore, the reduced solubility ‘bfttDMM in methanol when compared to
several of the other solvents screened here facilitates easeowkry of'-ttDMM via simple
vacuum filtration, which also permits solvent and catalyst resssh@wvn in Figure 3.8. One of
the most influential factors promoting selection of methanol for Distiherization is its efficacy
as a solvent over the course of the entire reaction pathway froedebied"-ccMA to DMT.
Beginning with the esterification 6fccMA to "-ccDMM, all necessary reactions (isomerization,
cycloaddition with ethylene, and dehydrogenation) can effectively take phaceethanol.
Moreover, use of any other alcohol for reactions performed at eleeat@erature and/or pressure,
such as the Diels-Alder cycloaddition and dehydrogenation, will rescltoss-esterification of
"-ccDMM.

Beyond solvent selection, reactor compatibility must be considerabdgrocess relevance
of homogeneous iodine catalysis. lodine is viewed as a green chtdgsise it is environmentally
friendly, inexpensive, and can exist in seven different oxidation staigsng it relevant for
catalysis of a wide number and class of reacttdhdowever, iodine is known to be corrosive to
common reactor materials, such as stainless®ter.o0 address this concern, photoreactors made
of corrosion-resistant materials are a suitable alternaivé,have been gaining traction on the
industrial scalé®%8 Parabolic trough reactors (PTR), for example, have been utilizdaegilot
plant scale since the mid-1970s and on near-industrial scale Raithieolic Trough Facility for

Organic Photochemical Synthesis (PROPHIS) at the German AeecSpater in 2005”1 These
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reactors utilize borosilicate glass tubes and Teflon hoseshwahécboth corrosion resistant and
the borosilicate reactors are translucent, permitting light expoBurthermore, reactors made of
materials including ceramics, Hastelloy C-22", and Viton" have heshown to resist corrosion
by iodine in alcohols and may be applicable for this chemistry witlplsifiber optic cable
integration to facilitate light exposuté As such, new reactor designs that incorporate desired
aspects of existing systems offer promise for enabling halogen phbtesatsn the industrial
scale.
3.5 Conclusions

In this work, computational and experimental approaches were applieddstigate the
mechanistic aspects and conversion parameters influencing iodinezedtasomerization of
"-ccDMM to "-ttDMM, a conversion of considerable importance for the upgradingsatis
muconic acid to both drop-in commodity and novel biobased chemicals. 8asad findings,
we can infer the following: (1) viable reaction pathways include sangatline coordination with
sequential isomerization of each olefinic bond, as well as cod¢eiteultaneous isomerization
pathways facilitated by dual iodine coordination. Based on computatiodaids, the most likely
reaction pathways are those that involve sequential isomerization, thbegpotential for
concerted pathways cannot be ruled out. (2) lodine catalysis rethecegperimental apparent
activation energy to as low as 5.5 kcal rhfgr " -ccDMM to " -ctDMM isomerization in methanol,
facilitating rapid isomerization and achieving a final equitibriof 95.0 £ 2.0%-ttDMM and 5.0
+ 2.0%" -ctDMM in less than one hour at room temperature’ {8)PMM can easily be recovered
from MeOH by crystallization at room temperature with over 98065%0 purity and iodine can

then be successfully reused for subsequent isomerization. Colhkecthvete results help inform
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the mechanistic aspects influencing the rate and yield of iodingzmadeDMM isomerization and
provide a framework for further developing biobased chemicals derivedhitgronic acid.
3.6 Materials and Methods
3.6.1 Computational methods

All calculations were performed in Gaussiari®3yith the density functional U-M06-2X
paired to the triple-basis set Def2-TZVPP, and the Def2-TZVPP effective potential for the
iodine atoms. This level of theory has been demonstrated to prokadde@redictions of ground
state enthalpies and TSs of organic aéidAlso, a basis set study for halogen-substituted
polyacetylenes found that geometries and frontier orbital energieseas@nably converged by
well-polarized double-and triple; basis set$! Use of this effective core potential was found
acceptable in other works for the treatment of spin-orbit coupffegts anticipated for iodin®,
and was determined sufficient for the relative energetic ev@hsacalculated in this work.
Previous modeling of iodine-organic systems was demonstrated todessful with triple; basis
sets which incorporate polarization functions to accommodate ioditexfrergc structuré®
Optimizations were performed with a superfine grid and tight cgewee criteria, with
vibrational analyses to confirm that all reactant and product stesciuere minima. All TS
structures were also confirmed with vibrational analyses tegsssa single negative vibrational
mode, which corresponded primarily to the rotation about! tte® omega bond undergoing
isomerization in the modeled reaction. Different solvation dieteetrvironments were modeled
with a continuum solvation model, SCRF-PCM, comparing isomerizatiorlsrogtimized and
evaluated in gas phase, THT.4), ethanol 24.8), and methanoh£32.7). Enthalpies of
halogen catalyst association, i.e. the strengths of the I-DMMaittiens, were calculated as the

change in enthalpy of the bound and free species in gas phase or eactriciebndition.
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Vibrations and free energies were also calculated at 57 jC K eppoR5 iC, and found that the
relative barriers were reasonably consistent, (i.e. thevyelacrease in energy of the R, P and TS
were fairly proportional).

lodine atom association could result in either R or S stereochhgm@ixiut that carbon. The
cases in which a difference here is important to considettli® gis,cis isomers which &
twisted out of plane (Figure B.2), resulting in different stenvironments if associating to
either side of the carbon. In these cases, both association max@desonsidered, and the lowest-
energy form used for analyses.

A conformer search was performed to determine the most rellevesinergy confomers
for thermodynamic and kinetic evaluations. Structures in this studyopémized in C2 or their
highest symmetry group, though the energies evaluated at C1 werdlgdaeral slightly
lower than those in C2v or C2 symmetry.

Reaction equilibrium constants were evaluated as:

K — kforwards

eq kr
everse

Given at 298 K and the rate expression as:

kg T
K(T)=—8_ g!CRT
(M==

3.6.2 Chemicals

"-ccMA, at a typical purity of >99.5%, was produced biologically using@agineered strain
of Pseudomonas putid&T2440 (CJ-103), crystallized, and purified using methods described
previously!?"-ctMA was prepared by reacting 1 g"eEdMA in 60 mL of water that was adjusted
to pH 2 by addition of concentrated sulfuric acid and heated to & &hours. After cooling to
room temperature, the precipitated sdlidtMA was collected by filtration and washed with small

amount of cold watef'.-ctMA was then dried under high vacuum to obtain 97.3 wt% recovery and
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95.2% purity by differential scanning calorimetry (DSCGJjtMA was obtained commercially from
Sigma Aldrich.

DMM isomers were prepared following methods described in pateratlite and the purity
of each isomer was measured with a TA Instruments Q-5000 Digi#aining Calorimeter (DSC)
via the use of modulated DSC with sealed aluminum pans at arempf 3 jC/min with a
modulation period of 40 seconds and a modulation amplitude of 0.2 T&€.summarize,
"-ccDMM was prepared by reacting 10 g'e€cMA in 200 mL methanol and 300 pL concentrated
sulfuric acid at 65 {C for 16 hours. THecdDMM was collected by filtration and rotary
evaporation and purified via recrystallization in methanol. ColletteddMM was then dried
under high vacuum to achieve over 90 mol% recovery and 99.1% purity by'BEHFOMM was
prepared by reacting 0.2 g dMA with 30 mL methanol and 3 puL concentrated sulfuric acid at
65 jC for 16 hours. CrystallizettctDMM was dried under high vacuum to achieve 96.8 mol%
recovery and 99.1% purity by DSC. LastlyitDMM was prepared by reacting 4.6 g"oftMA
with 125 mL of methanol and 300 pL of sulfuric acid. The reactioxture was at 65 jC for 16
hours. Upon cooling to room temperaturefDMM precipitated as a while solid. These solids
were recovered by decanting the liquid, and trace acid was rerbgwethtroducing 100 mL of
fresh methanol and heating the mixture to reflux. After cooling down to reenperature, the
mother liguor was transferred again and the solid was washeftegthMeOH. WashetttDMM
was dried under high vacuum to achieve 97.6 mol% recovery and 98.6%olyuiSC.

3.6.3 Isomerization time-series experiments

Isomerization time-series experiments reactions were conducteegabiing 200 mg of the

desired DMM isomer with 10 mg of iodine in 10 mL of methanol, untglerwise specified.

Experiments were conducted in a ®il-threeneck round-bottom flask outfitted with a chilled-
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water cooling condenser to prevent solvent loss during elevated tem@eeaittions and septum-
covered sampling port. The DMM isomer solution was first heatede target temperature and
allowed to equilibrate for 10020 minutes. lodine was then added througantpéng port. Light-
free conditions were achieved by covering the reflux apparatug,iaridibelow room temperature
conditions were achieved by submersing the round bottom flask in araieedvath. To monitor
the progress of the reaction, 100-uL aliquots were collected througt®ugaction. Powdered
copper was immediately added to the sample aliquots to quench mnliderevent further
isomerizatior’® Quantitative'H NMR spectra of the time course samples were obtained via the
use of a Bruker Avance Il HD 400 MHz NMR Spectrometer wittimm BBO probe with a 90;j
pulse of 14.5 us and a 30 s recycle delay at room temperature. piddiRaswere collected within
one hour of sampling and were stored at 4 jC in light-free conditions farianalysis (see
representativéH NMR spectrum and peak assignments in Figure B.8).
3.6.4 Isomer analysis

DMM isomers were analyzed Bl NMR analysis to determine the relative molar ratios. Each
sample (100 pl) was dissolved into 0.4 ml of MeQDed Acetonitrile-d with ~5mg copper
powder to quench the iodine and ensure no further reaction prof#edVR spectra were
acquired at 25 {C using a Bruker AVANCE 400-MHz spectrometer equippgbda 5mm BBO
probe and a sweep width of 15 ppm%£®B0 s, ds = 4, and ns=16). Tetramethylsilane was used for
reference. TargeteédbccDMM peaks were assigned at= 3.7 ppm (6 s), 5.9 ppm (2H, dd) and
7.7 ppm (2H, dd); -ctDMM were assigned at:= 3.7 ppm (6H, s), 5.9 ppm (1H, d), 6.1 ppm (1H,
d), 6.7 ppm (1H, dd), and 8.35 ppm (1H, dd); lasthitDMM muconate peaks were assigned at

= 3.7 ppm (6H, s), 6.2 ppm (2H, dd), 7.3 ppm (2H, dd). The targetds pé"-ccDMM at - =
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7.7 ppm (2H, dd);-ctDMM muconate at = 8.35 ppm (1H, dd), addttDMM at- =7.3 ppm (2H,
dd) were used to quantify the relative molar yields of the isamers
3.6.5 Apparent activation energy

Reaction data used to determine apparent activation energiesowasefictions performed
with 50 mg"-ccDMM, 2.5 mg iodine and 20 mL acetonitrile or methanol in a stirred rbottdm
flask. Reactions were performed at 4 (C, 25 C, and 50 jC. Rednieeehtrations (5 mg )
were used for kinetic analysis when compared to the concentratidrfarsall other reactions
reported here (20 mg mi). to ensure complete solubility of all DMM isomers over the aoffs
the reaction. A simplistic first order kinetic model was usedvaluate the rate constant values
for the conversion ofcDMM to ctDMM and the conversion atDMM to ttDMM. Based on the
experimental isomerization data, the conversionigtisto cis,transDMM was assumed to be
irreversible, while conversion afs,transto thetrans,transDMM was assumed to be reversible.
The following reaction scheme was assumed:
cis, cis ™ cis, trans @ trans, trans

This resulted in the following rate laws:

dEftc] = - ki[cc}
%:kl[cc]- ko[ctl K. .[tf]
A~ koot kg

For the apparent activation energy calculation using the Arrheniusxapgation, these steps
were modeled as a system of ordinary differential equationsctuacfor the time dependent
formation of each isomer. The forward reaction between ctDdi ttDMM was used for

activation energy calculations. Thus, activation energy estimategorate only the forward
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reaction constant, -k The equations were numerically integrated in Mathematica ubieg t
ParametricNDSolveValue tool.
3.7 Associated content

The Supporting Information for this work can be found in Appendix Aisuiadiailable free of
charge on the ChemSusChem website at DOI: 10.1002/CSSC.201800606.
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CHAPTER 4

LOW-CYCLE ATOMIC LAYER DEPOSITION FOR ENHANCED Pd/TiBTABILITY

This work has been submitted to the jouffaiceedings of the National Academy of Scierees,
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4.1 Abstract

Harsh reaction environments challenge the stability of conventiondystatand limit the
development of new chemical processes. Atomic layer deposition )(ABB the potential to
improve catalyst durability through the application of protectiveahwetide coatings that permit
access to active metal sites. However, efforts have yatget ALD coatings for catalyst durability
in acidic media or validate their deposition within morphologically comglgports of industrial
relevance. In this report, we demonstrate that low-cycl@8ALD coatings, defined asl0 ALD

cycles, stabilize Pd/Tigagainst deactivation for condensed-phase hydrogenation of muconic acid,
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an emerging renewable platform chemical, to bio-based adipic deamhated Pd/Ti@rapidly
achieves near quantitative yields of adipic acid; however, iisseptible to rapid, irreversible
deactivation by Pd leaching and thermal restructuring. We shov thatles of AdOz ALD on
Pd/TiG allows retention of >50% of hydrogenation activity with no loss lecseity, while Pd
leaching decreases by >3x. Furthermore, 5-cycle ALD-coatelgstateesist Pd sintering and O
support restructuring when thermally treated at 700jC. Charactenizdly atom-probe
tomography and electron microscopy confirms that Pd sites and ke ALD coating are
distributed throughout the complex pore structure of a commercial da@lyst support, with
minimal reductions in surface area or pore volume. Lastly, teebanemic analysis indicates that
increased ALD material costs and lower productivity can be jedtlfly a two-fold extension of
catalyst lifetime for an adipic acid biorefinery, illustratithg potential impact of ALD to enable
new chemical processes in harsh environments.
4.2 Significance

Emerging biomass conversion processes often require harsh, condensedeaitisa
environments that incite premature catalyst deactivation and sholifatimdes. Economically
viable catalyst lifetimes are critical for advancing bionwss/ersion towards the industrial scale,
yet remain relatively under-investigated. Here, we demonstnateldw-cycle ALD coatings
improve catalyst leaching stability in acidic media and enhanca#hstability of both the active
metal sites and heterogeneous support. Techno-economic analysis highégiggential of low-
cycle ALD coatings to reduce biobased chemical production costs i€ientfcatalyst lifetime
and performance are achieved. The application of low-cycle ALDingsahas implications
beyond biobased chemical production that can impact other emerging bénexargy and

chemical applications faced with stability challenges.
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Figure 4.1: Modes of irreversible catalyst deactivation during condetsese processing of bio-

based acids and subsequent catalyst regeneration. a, Irreversidesae leaching. b, Thermal
sintering of active sites. ¢, Thermal support restructuring.

4.3 Introduction

Robust heterogeneous catalysts are essential to major chemicalssaocincluding
petrochemical refining and biomass conversibiowever, harsh reaction environments introduce
stability challenges to many conventional catalyst materials. f8adlgi, supported platinum-
group metal (PGM) catalysts can undergo active metal leaching wimsesl to acidic
environments and experience restructuring upon high temperature exposure 48igii* When
considering process economics, irreversible deactivation can beompithiie to reduced catalyst
lifetime.>® The development of next-generation PGM catalysts that retairitgtabi harsh
environments can enable new chemical processes for renewable g@icptians.

Atomic layer deposition (ALD) has emerged as a technique to iz&alslpported metal
catalysts’®?Using ALD, metal oxide coatings are deposited one atomic layatiate through
selflimiting surface reactions, offering unmatched control at thie-rsonolayer level when
compared to other coating methdfd-ormative investigations of ALD for catalyst stability

against harsh environments have focused on high cycle numbers to produce tings ¢bat
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require thermal cracking to introduce porosity for accessibilityctif'a sites’:2 While effective
for stabilizing metal sites against sintering, high-cycle AhBy be economically prohibitive due
to ALD precursor costs (Table C.1, Figure C.1). Alternativedyw-cycle ALD coatings .(10
cycles) are theorized to initially cover high-energy PGM taseisceptible to degradation while
still maintaining sufficient active site accessibility withdhie need for thermal crackingYet,
application of low-cycle coatings for catalyst stability under harshgensed-phase environments
remains an underdeveloped area of research.

The stability of supported PGMs under such conditions is criticalh®ratlvancement of
biomass conversion processes as the majority of the biomass-daatfedn chemicals defined
by the U.S. Department of Energy are carboxylic acids that tyypicaduire condensed-phase
reaction condition$? An illustrative reaction is the hydrogenation of muconic acid, aergimg
biobased chemical, to adipic acid. Muconic acid is a heavily-imgagsti biobased platform
chemical because of its ability to be converted to an arragrgéimarket commodity chemicals
that are currently produced petrochemically as well as a siiteovel, ObiopriviledgedO
molecules:® PGM catalysts are exceptionally effective for muconic acid hydatgm, with Pd
the most active to daté However, the catalytic hydrogenation of muconic acid to adipicveithd
Pd is challenged by an acidic liquid environment and propensity for foulingssitating high
temperature catalyst regeneratié¥® Pd readily leaches under reaction conditions and sinters
during thermal regeneratiari. Similarly, common supports such as activated carbon (AC) and
TiO are susceptible to degradation or restructuring during high teraperageneratiot?:°

To stabilize catalysts using ALD, &bz coatings have been shown to retard active site sintering
and metal leaching}:?? Yet, questions remain regarding the (i) influence of ALD coatimys

catalytic activity and selectivity for muconic acid hydrogenatiahs@atial distribution of low-
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cycle AbOs ALD coatings within high surface area TBi®upports, and (iii) techno-economic
tradeoffs with ALD-coated catalyst cost, performance, andnfifet

To address these knowledge gaps, this study examines low-cy€e ALD coatings to
stabilize Pd/TiQ against deactivation during muconic acid hydrogenation and regenerative
treatment. A suite of ADs ALD -coated Pd/Ti@catalysts was synthesized to examine the impact
of increasing ALD cycle number on activity and durability. Basedcoeesing results, extended
evaluation of ALD catalysts was performed during continuous muconic hgeicbgenation.
Characterization of the ALD-coated catalyst examined coatingramitfy within the support pore
structure and interaction with Pd. Lastly, experimental resulbsmed techno-economic analysis
(TEA) models for ALD catalysts within arrgeneration adipic acid biorefinery.
4.4 Results
4.4.1 Low-cycle ALD for leaching stability in acidic media

Initially, a series of supported Pd catalysts were evaluatedinfate muconic acid
hydrogenation activity and leaching stability in batch reactiongu(gi C.2, Table C.2). In this
work, batch reactions were performed in duplicate with average cweralues reported and
variability between duplicates 0f5%. Pd leaching values are based on independent duplicate
reactions. Based on these results, Pd/Ti@s down-selected due to high activity and comparable
leaching stability to other metal oxide-supported catalysts. RGtiiC, adipic acid was rapidly
produced (initial productivity >4 mol muconate converted hietl sed) in near quantitative
yields, although Pd leached at levels of 53829 ppm with the as-prepared catalyst (reported as
parts per weight of Pd in product). Hot filtration tests confirmeat feached Pd was not

responsible for activity (Figure C.3). The extent of Pd leachinuslates to a projected catalyst
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lifetime of <1 year based on TEA models used in this study (detaibppendix C), which is

unacceptably short for industrial processes.
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Figure 4.2: Low-cycle AlOs ALD to improve leaching stability of Pd/TiCfor muconic acid
hydrogenation to adipic acid. a, Reaction pathway for muconic acid hydrayet@adipic acid.
b, uncoated Pd/Tifcatalyst activity as-prepared. ¢, 5-cycle ALD-coatedlgsttanuconic acid
hydrogenation activity as-prepared.

To evaluate AOs ALD for improving the stability of 0.5 wt% Pd/TtQvhile still retaining
activity, a series of coatings was prepared with increasirg é&lcle number (Figure C.4ALD
coatings were prepared using TMA angOHprecursors operating under stop-flow ALD (Table
C.3). Characterization of catalyst material properties (Tablg d2termined that increasing ALD
cycle numbers lead to slight reductions in surface area, potgmlis|to coating within the pore
structure and masking of topological variations. The average pore volaohediameter
experienced reductions ofL2% and. 5%, respectively, suggesting that the ALD coatings likely
penetrate within the pores, though possibly coat unevenly as compdneciadrnal surface. CO
uptake during chemisorption experiments was inversely correlatedngreasing ALD cycles,
indicating reduced accessibility to CO binding sites. These tremids worroborated by H
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chemisorption in select cases. The relative activity and leadtatmlity of the ALD-coated
catalysts were then assessed in batch muconic acid hydrogenatioms (FayuWith increasing
ALD cycle number, catalysts displayed decreasing initial adigid productivity (Table C.5),
likely due to reduced accessibility of surface Pd sites. Deptaninor reduction in overall
activity, all ALD-coated catalysts retained final selecyita adipic acid (Figure 4.2, Figure C.5).
With regards to stability, Pd leaching decreased by 3x with 5 é&ydles. Beyond 5 cycles, no
further leaching resistance was imparted for this reaction. @dasts confirmed that Pd is more
susceptible to leaching with muconic acid than adipic acid (Tablee@tries 1,2), potentially due
to chelation with the conjugated backbone of muconic &cBhsedon retained activity and
imparted leaching stability, the 5-cycle ALD catalyst wasdeld for further study.

To assess catalyst performance under continuous reaction conditions, hytivagectavity
and leaching stability of the uncoated and 5-cycle ALD catalysts exaluated in a trickle bed
reactor. Continuous testing was initially performed under padm@tersion conditions (500 psig
H, 23iC, WHSV 19.5 #) to track any decline in activity over time. Under these condititwes,
uncoated Pd/Ti@catalyst exhibited a muconic acid conversion rate of 1.8 gua geai* h't based
on the variability of measurements in duplicate reactions (FigureVaBgbility was attributed
to the low catalyst loading (6 mg) and diluent sand utilized forréastion. Pd leaching was
measured at levels of 1.360.66 ppm between 20D76 h TOS. Prior to 20 h TOS, a Owash outO
effect was observed (Pd leaching 24830.98 ppm), attributed to attrition of loosely bound Pd.
Under identical conditions, the 5-cycle ALD catalyst exhibité” decrease in Pd leaching (0.29
+ 0.12 ppm after 20 h TOS), although the muconic acid conversion ratalselower at 3.%
0.9 gua Geai® Wt (Figure 4.3). Pd leaching during the first 20 h experienced a siraifaction

(0.75+ 0.25 ppm), demonstrating that ALD coating improves both the initial aradlysstate
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leaching stability of Pd. The minor decline in activity was lattted to organic fouling of the
catalysts, which was confirmed after complete conversion reacti@ne performed using

increased catalyst loading, sufficient to recover and analyze grxdien.
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Figure 4.3: Partial conversion activity and leaching stabilityhef uncoated and 5-cycle ALD
Pd/TiO, catalysts during continuous muconate hydrogenation. Shaded areasviaikauote in
conversion rate measurements from duplicate reactions.

The 5-cycle ALD catalyst was tested under complete conversion ansd{fi50 mg catalyst,
500 psi H, 70;C) with a biologically-derived muconic acid feed to demonstelvance for
industrial biomass-conversion processes. The ALD catalyst displayedgnantitative yields
(>99%) of high-purity adipic acid (Figure C.6) at WHSVs up to 1.05with Pd leaching
averaging 0.06 ppm (Table C.6). Under identical conditions using the unastdgst, Pd
leaching averaged 0.45 ppm (Table C.7), highlighting the stability gainAth The lower Pd
leaching for both the ALD-coated and uncoated catalysts during continuoussprgaeay be
attributed toin situ catalyst reduction before the reaction and reduced exposure to macihic

(Table C.5). Post-reaction analysis of the 5-cycle ALD catatietermined that 8 wt%
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carbonaceous residues had accumulated during the reaction, supporting the isypettied
observed activity decline under partial conversion conditions and motivaahgéon of thermal
stability during oxidative regeneration (Table .8
4.4.2 Thermal stability of 5-cycle ALD catalyst

TiO2 supports can be sensitive to thermal restructuring above 50®@ditionally, Pd
nanoparticles can sinter, reducing active surface’&rBeevious reports have observed enhanced
thermal stability of AlOs-stabilized TiQ by interference of the nanocrystalline expanse o6, TiO
thereby disrupting nucleation sites for the anatagetile phase transitioff. Yet, to our
knowledge, the ability of ADs coatings applied by ALD to address this deactivation mode for
Pd/TiO: has not been reported. Therefore, the uncoated and 5-cycle Adlipstatvere subjected
to 700;C thermal treatment in air followed by 200;C reduction to evalliferences in the impact
of thermal treatment on catalyst morphology.

N2 physisorption revealed that the thermally aged uncoated catalystezxeeli>80% loss of
surface area, nearly 60% decline in pore volume, and ~200% ieengasre diameter (Table 4.1).
X-ray diffraction (XRD) showed more defined, narrow anatase> p€aks (Figure @), which
were attributed to the increased crystallinity of the anatase @maklikely caused the observed
pore restructuring? Scanning transmission electron microscopy (STEM) with energy dispers
x-ray spectroscopy (EDS) revealed agglomeration of Pd nanopartidesh@rmal aging, with
diameters of 100-500+ nm (Figure 4.4a-b, Figure C.8g,h). Likewise, 0fRBe thermally-aged
catalyst revealed the appearance of Pd peaks, reflective adsadrerystallite size (Figure ¢.7
In comparison, the fresh catalyst displayed Pd nanoparticles <2 dismmeter by STEM and no

peaks from Pd by XRD. Thermally-induced morphological changes in the adamsalyst were

123



consistent with the >80% decline in CO uptake and low muconic acid hydtmgenativity

(Figure C.9.

Figure 4.4.STEM-EDS elemental maps of the Pd/Ri€atalysts after thermal aging at 700iC. a-
b, Uncoated Pd/Tigdisplays sintering of Pd nanopatrticles. c-e, The 5-cycle AL&\dtdisplays
retention of highly dispersed Pd and uniform Al.

Table 4.1:Material properties of thermally aged uncoated and 5-cycle ALD Pd/Gatalysts.
Aging conditions: 700;C under 200 sccm air for 4h followed by 200;C under 200 scton 4.

Parameter Fresh Aged | Fresh| Aged
UncoatedUncoated5-cycle5-cycle
Surfacearea (Mg?)| 130 22 126 | 96
Pore volume (mLd)| 0.57 0.24 | 0.50 | 0.47
Pore diameter (nm] 5.9 16.4 5.6 7.2
CO uptake (umoldg)| 25 5 14 25

In comparison, the 5-cycle ALD catalyst displayed enhanced $gabpon thermal aging.
Following thermal treatment, the ALD-coated catalyst experieangd24% loss of surface area,
6% reduction in pore volume, and 29% increase in pore diameter (Tapléndaddition, highly

dispersed ~2 nm Pd nanopatrticles were retained with no indicatiorterirsg bySTEM-EDS or
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XRD (Figure 4.4c-e, Figure C.8akj). The thermally aged 5-cycle ALD catalyst exhibited an
apparent increase in CO binding site density as compared to siheS¥eycle ALD catalyst,
attributed to structural changes in the coating which increased COhisitié accessibility*
XRD showed no indication of morphological changes to the, TG were peaks associated with
Pd crystallites appareffigure C.7). High hydrogenation activity was retained (Figure Clagiw
underscores the potential of low-cyclex®¢ ALD coatings to improve the thermal stability of
Pd/TiC..
4.4.3 Characterization of 5-cycle ALD catalyst

The 5-cycle ALD catalyst was characterized in detailétermine the extent of coating
penetration and its conformity throughout the F8Dpport, as this remains a major hurdle when
transitioning from model to complex catalyst supports. Elemental magpin&EMEDS
confirmed Al coating uniformity on the exterior particle suefaat the micron scale (Figure
C.10a,b). Cross-sectional analysis using focused ion beam (FIB) Iftamat STEM imaging
(Figure C.10c) revealed high density of Pd active sites within tlle pores. Atom-probe
tomography (APT) provided three-dimensional, element-specific congaitmapping of the
pore structuré® Needle specimens were prepared by FIB lift-out and annular miloked by
electron beam-assisted Pt deposition to fill the,TpOres, allowing increased spatial accuracy
during elemental reconstructiéhlso-composition surfaces revealed the 3D distribution of Pt, Pd,
and Al in the pore network of the TiGupport (Figurel.5a-c). 2D compositional maps of Ti, Pt,
Pd, and Al extracted using &25%4.00-nm slice of the 3D volume of APT data (Figure 4.5d-g
further highlight the presence of Pd and Al within the pores.

STEM imaging and STEM-EDS mapping were used to provide strudtfi@mation

regarding the Pd nanoparticles and to visualize th@sARLD coating. On the 5-cycle ALD
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catalyst, highly dispersed Pd nanoparticles were observed witleeaga measured diameter of
1.14+ 0.2 nm, consistent with Pd nanoparticles on the uncoated catalyste(Bidiw, Figure
C.8a-c). This suggests that Pd active site dimensions were nadalteder the ALD coating
conditions and that the decline in hydrogenation activity is likely dysatal Pd coverage by
Al>03. BFSTEM imaging illustrated the amorphous nature of thgdAtoating visible on the
catalyst exterior, which was approximately 1+1G.2 nm thick on select regions analyzed (Figure

4.5i, Figure C.8d)t
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Figure 4.5: Characterization of 5-cycle-® ALD on Pd/TiQ. ag, APT analysis of the AD3
ALD coating pore penetration. T¥pores were back-filled with Pt prior to sample lift-outDi-
STEM image showing highly dispersed Pd nanoparticles. i, BF-STadfjje showing the
amorphous AlOs ALD coating.
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CO diffuse reflectance Fourier transform infrared spectroscBRIKTS) of the uncoated
catalyst indicated CO coordination with the support to form carboikatspecies at 1350-1650
cmt (Figure C.11). Upon ALD coating, support-bound peaks decreased in intendifyeaks
associated with Pd-bound CO were observed at 1924acmh 2081 cm.?” The reduction in
support-bound CO is attributed to coverage of,Twith thin layers of irreducible ADs. In this
case, CO may preferentially adsorb on Pd sites, which is camtsigith the growth of peaks at

1924 cmt and 2081 cm. A comparison of the peak areas associated with Pd-bound CO as
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compared to support-bound CO indicates that the change is correlatéd_ittycle number at
. 5 cycles (Figure C.12), with minimal changes beyond 5 cycles. Thassdggests that ALD
coatings may transition from a sub-monolayer coating to uniform layeragven TiQ near the
5 cycle level for the conditions in this study.
4.4.4Techno-economic analysis for biobased adipic acid

To illustrate the potential of low-cycle ALD coatings to enald&alytic processes in harsh
reaction environments, TEA was performed for dhganeration biorefinery producing 70
kilotonnes of adipic acid per year. In this hybrid process, microorgansmused to convert
biomass-derived sugars into muconic acid, which is crystallizedatatytically hydrogenated to
adipic acid (Figure 4.6a, Tables G29t0). A baseline scenario was modeled with the following
parameters: WHSV of 1.0'hmuconic acid in ethanol over 0.5% Pd/Ti@acked in a trickle bed
reactor, bio-adipic yield of 99%, and catalyst cost of $13bdeged on the spot price of Pd, bulk
TiO2, and material preparation costs. The catalyst lifetime assumed to be 0.5 years,
representative of harsh process conditions. Under these conditions glittpae feedstock, the
adipic acid minimum selling price (MSP) was $2.47*k§able C.11), which is near the upper
limit of the 10-year petrochemical price range projectf§riche impact of the catalyst lifetime on
the hydrogenation process cost was modeled for lifetimes up to 5 Fearse(4.6b), as catalyst
lifetime is difficult to estimate from bench-scale data.

Since catalyst lifetime impacts both capital and operatioosts, a nonlinear cost dependence
was observed. For a lifetime of 0.5 years, the costs due to thegley@tion unit operation equate
to $0.32 kg of adipic acid, which is 12.9% of the MSP. For commodity petrocrasyicatalytic
unit operation costs are typically <10% of the MSH.the catalyst lifetime is extended to one

year, the hydrogenation unit operation contribution drops to $0.22kgdipic acid, which is
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9.2% of the MSP ($2.35 Kg. As such, sensitivity analysis was used to evaluate the iropact
adipic acid selectivity (90.0-99.9%), WHSV (0.25-4:9 hcatalyst cost ($33-260 Ky and
reactor capital (0.25-4.0x) for the one-year lifetime scenAsshown in Figurd.6¢, selectivity
is increasingly impactful at low values due to the strong dependenc&Bfdvl product yield.
WHSV is also a key driver until a WHSV of 2 hwith further gains providing diminishing MSP
improvements. Varying catalyst costs and reactor capital Hadsar impact due to the high

baseline WHSV of 1.0-hand 30-year chemical plant amortization.
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Figure 4.6: Process impacts of ALD catalysts for &generation adipic acid biorefinery. a,
Simplified block flow diagram for the biobased adipic acid precasdel. b, Impact of catalyst
lifetime on bio-adipic acid MSP. c, Process sensitivity amalieg a one-year catalyst lifetime
baseline scenario.
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Lastly, the impact of ALD-coated catalyst price ($163D78%) keas compared to the harsh
0.5-year lifetime scenario for an uncoated catalyst to deterthie necessary improvements in
catalyst stability and retained activity, as highlighted in TablE2CA modest 25% increase in
catalyst cost can readily be justified through lifetime extensi@méoyear, so long as 75% of the
initial catalyst activity is retained. However, even a 50% @®edn catalyst cost can be justified
through a catalyst lifetime extension to 2 years with 50% activignten. Although projected
cost estimates for ALD coating at the scale of catalyst naatwing can vary greatly based on
the type of ALD precursor, scale of precursor production, ancha&std precursor utilization
efficiency (Table C.1, Figur€.l), this analysis highlights that ALD catalyst coatings for harsh
environments have the potential to favorably impact process econonsafficient lifetimes
improvements and retained activity can be achieved for supportedaBstsat
4.5 Discussion

As shown in this work, 5-cycle ADs ALD can retard Pd leaching from Pd/%i®y 5-fold
during muconic acid hydrogenation, while retaining over 50% of the catalgtivity and near
guantitative selectivity to adipic acid (Figure 4.2 and Figure &Bjilar to past studies, we
hypothesize that ADs ALD only partially covers Pd nanoparticle sites at low cyalenbers to
still allow for hydrogenation chemistry. Previous efforts have propdsedhe AbOs precursor,
TMA, selectively decorates high-energy facets on Pd that bwymost susceptible to
dissolutiont%! While this provides insight into Pd-ALD precursor interactionsTigiA, further
efforts are needed to examine how ALD coatings impact moleculdinaton and chelation in
the condensed phase. Beyond stability, TMA-base®ARALD on Pd has also been shown to
favorably enhance catalyst selectivity for structure-sensitigactions, such as ethane

dehydrogenatiod® The questions of catalyst stability and selectivity apply to othied

129



precursor-metal systems as well, affording opportunities to ieeatme impact on catalyst
performance in the condensed phase.

Beyond leaching reduction, 5-cycle-®s ALD dramatically hinders structural collapse of the
TiO2 support under harsh thermal treatment and mitigates Pd sin@€ignire4.4 and Table 4)1
The incorporation of Az into TiO; has been shown to disrupt nucleation sites for the gh@se
change?* we propose that low-cycle ADs ALD provides the same effect while allowing for
coating conformity in morphologically complex catalyst supports. The eeahermal stability
of TiO2 with Al,O3 ALD is not only relevant for catalyst regeneration, as emphasiees] but
also has potential to expand the application of metal-dopeglchialysts under high temperature
environments that may benefit from the reducibility of ZiBor Pd sintering, although the exact
mitigation mechanism is unclear from this work, previous studies pray®sed that AO; ALD
coatings physically disrupt the mobility of Pd across the support, hasnahchor Pd at the metal-
support interfacé?2! Similar to leaching, further efforts are needed to examinendedurability
of various ALD precursor-metal systems and decouple the role of sugmbrnetal-support
modifications.

With regards to economically transitioning ALD coatings towards comiaiir relevant
catalysts, further optimization of ALD process conditions, usewifcost ALD precursors, and
catalyst surface pretreatments may allow for even lower &ydle numbers to impart stability at
a reduced cost (Table C.1). The advanced characterization techamgpés/ed in this work
(Figure 4.5) will be critical to understanding the degree of coatinfpemity within commercially
relevant catalyst supports to provide a physical basis for stadilltgncement®. Lastly, TEA
results for an f-generation adipic acid biorefinery (Figu#é) illustrate key cost drivers when

developing low-cycle ALD coatings for catalyst durability. Theseltestress the importance of
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sufficient catalyst lifetime for biobased chemical production setcperformance targets to guide
further development of ALD-coated catalysts for harsh reactionemaents.
4.6 Conclusion

Here, we demonstrate that low-cycle.®@d ALD coatings on Pd/Ti® enhance catalyst
durability against Pd leaching and thermal restructuring of both Pd afdQhsupport without
altering selectivity for muconic acid hydrogenation to adipic acid. €Bt&blishes that increased
material costs and reduced activity of ALD-coated catalystspcdentially be offset through
catalyst lifetime extension. These findings offer new insighttimoability of low-cycle ALD to
impart catalyst stability, while also providing a baseline towatalthe economic viability of ALD-
coated catalysts for biobased chemical applications. Such step#ieatfor advancing biomass-
conversion processes, with broad implications for utilizing ALDtinoga to address catalysts
stability in harsh reaction environments for other emerging rablewenergy and chemical
applications.
4.7 Materials and Methods

Catalyst synthesi$?d/TiCG; catalysts were prepared usiAtfa AesarTiOz pellets that were
crushed and sieved prior to loading Pd by strong electrostatic adso#dti@s.coatings were
deposited by ALD using TMA andZ precursors in an ALD fixed bed configuration operated in
stop-flow mode ALD at 200iC. Thermal aging was performed in afiumace by exposing the
catalyst to flowing air at 700;C for 4 h, followed by flowing & 200;C for 4 h.

Catalyst characterization ICP-MS was performed on an Agilent model 7700x. H
chemisorption measurements were conducted using a Micromeriticshaatold 2920 pulse
analyzer. CO chemisorption measurements were conducted usingaanirdlAMI-390 micro-

flow reactor system. Nitrogen physisorption was measured witlceoMeritics ASAP 2020. CO

131



DRIFTS measurements were collectedaofihermo Nicolet iS50 FT-IR spectrometer equipped
with a Harrick Praying Mantis chamber.

SEM-EDS imaging and elemental of mapping was conducted on an FEI Quant&&00 F
SEM at 520 kV under high vacuum equipped with an Everhart Thornley detector and an EDAX
X-ray detector. STEM imaging and EDS elemental mappiace performed on a Talos F200X
TEM at 200 kV under high vacuum equipped with a high-angle annular dadk(HH&ADF)
detector. Alternately, imaging was performed on an aberrationetedrdEOL 2200FS STEM,
equipped with a CEOS GmbH corrector on the probe-forming lenses antedpera00kV with
simutaneous BF- and HAADF-STEM imaging and equipped with Bruker XFlash36Tilicon
drift detector XFlash™ 6T/30 for EDS analysis. High resolution STEiging was performed on
an aberration-corrected Nion UltraSTEM 100, operating at 100kV. PodRIBrwas performed
on a Rigaku Ultima 1V diffractometer operated at 40 kV and 40 mé focused, Bragg-Bretano
configuration over a range of 20-80; with a 0.04; step and a fixed aind® s per step. TGA
measurements were collected using a TA Instruments Q-500 withupfapans under 60 sccm
flowing air. DSC purity analysis was done using a TA Instruments Q-£&ds Digital Scanning
Calorimeter.

Testing and product analysiBatch reactor testing was performed in duplicate with a Parr
multi-batch reactor system using ethanol containimng% cis,cismuconic acid. Reactor contents
were filtered prior to product analysis and leaching quantificdiyofCP-MS. Continuous flow
reactor testing was performed usingParr tubular reactor system operated in a trickle bed
configuration. The catalyst bed was packed in the reactor tube mtidpeint, surrounded with
inert quartz sand and quartz beads held in place with quartz woolatEiestwas pre-reduceéal

situ and mobile phase (1 wt% muconic acid and 0.1 wt% succinic acichahtg&tandard) was
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delivered the desired WHSV. Liquid effluent samples were delteitom an in-line knockout pot
and syringefltered prior to analysis. Organic products were analyzed offline by pegfermance

liquid chromatography (HPLC) using an Agilent 1100 series HPLC systéimPhenomenex
Rezex RFQ-Fast Fruit H+ column and Bio-Rad Laboratories catiomuérd cartridge using
refractive index and diode array detectors.

Techno-economic analysiBhe TEA model determined biobased adipic acid production costs
using a process model and an economic model. The process model solgednchanergy
balances for each unit operation and the economic model estinsgtiéal @nd operating costs
from the process model using assumptions in Table C.6, whichbaseg on a maturé'plant
and consistent with prior published wat2 The process model inputs included experimental
data on the feedstock composition and intermediate product yieldsfoued The material and
energy flows in the process, the overall variable and fixed operatitg) ensl the capital costs
were estimated for the integrated design and the calculated dlew. rAdipic acidMSP was
calculated using a discounted cash flow rate of return analysis.

4.8 Associated content

The Supporting Information for this work can be found in Appendix C.
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CHAPTER 5
SUMMARY, CONCLUSIONSAND FUTURE WORK

5.1 Summaryand Conclusions

This thesis investigated the catalytic upgrading of muconic acidefaewable chemical
applications including the production of drop-in commodity monomers (e.gphtbidates and
adipic acid) as well as structurally-differentiated, fuoc#él alternative monomers. The work
presented herein was intended to address the following objectivesvigwy and provide insight
on heterogeneous catalysis of Diels-Alder cycloadditions with biobasediadie, such as
muconates, for the production of commodity cyclic monomers, (2) investiga homogeneous
iodine-catalyzed isomerization of muconate, thereby expanding a fundahkm@owdédge base
which may be applied to other relevant chemical systems, and r(®)nd&ate the use of low-
cycle ALD coatings as a means to enhance supported platinum grougatelgstsO resistance
to deactivation during processing conditions relevant to biomass convefsidhat end, the
conclusions drawn from the research efforts are as follows:
5.1.1 Diels-Alder cycloadditions for cyclic monomer producbn

In recent years, investigations into Diels-Alder cycloadditionspi@duction of drop-in
commodity aromatic monomers (e.g. benzene, toluene, xylene, betidoiteeephthalic acid, and
phthalic anhydride) have seen rapid growth. The robust ability of-Blder cycloadditions to
permit synthesis of cyclic products in a 100% atom-economic marale¥snthis upgrading route
especially attractive for both the production of direct replacémsonomers and functional
alternatives. The design of multifunctional catalysts to enable tanderoadgltion and
aromatization reactions will be essential for the continued ssaifeDiels-Alder cycloadditions

as a means to produce valuable commodity chemical products fromédliighagic biomass
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through decreased process steps and increased conversion efficienty, thimgroduction of
functional alternative monomers via Diels-Alder chemistry mayilit@e new end-use
applications for biomass derived products and will work to advance Bom@sversion
technologies as a whole.
5.1.2 Homogeneous iodine catalysis of muconate isomerization

A joint experimental and computational approach to investigating tbkanistic aspects of
iodine-catalyzed isomerization o€is,cisdimethyl muconate revealed that the catalyzed
isomerization of a diene species has inherent complexities wheracearto the isomerization of
a singular alkene due to increased regio- and stereochemical catisigerfforded by the
conjugated diene backbone. Viable reaction pathways for the isonwrizdta diene include
singular iodine coordination, which facilitates sequential isoragoz of each olefinic bond, or
dual iodine coordination, which permits simultaneous isomerization dmbltolefinic bonds.
Based on the computational findings of the work presented here, sequsnti@rization
pathways are likely dominant in the iodine-catalyzed isomerizafidimeethyl muconate due to
inhibitory dissociation energies accompanying dual iodine association. lodiag/sts of
dimethyl muconate isomerization effectively reduced the energy tswigard reaction to permit
isomerization that resulted in an equilibrium consisting of 95.2.0% trans,transdimethyl
muconate an8.0+ 2.0%cis,transdimethyl muconate in less than 1 h at room temperature. While
the final equilibrium was not dependent on solvent or temperaturejoreaetes toward
equilibrium were heavily influenced by both parameters. The effestileént on reaction rate was
hypothesized to be a result of molecular interactions of the aotiuge species and the solvent
molecules themselves. When using methanol as the reaction sobesitransmuconic acid was

recovered in high yield and purity. Collectively, these findings prowidght into mechanistic
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aspects of this isomerization that are applicable to sirodtalytic isomerization systems and
provide a foundation to develop similar chemistries using biomass-darteeshediate chemicals.
5.1.3 Atomic layer deposition for enhanced catalyst durability

Low-cycle ALD Al,Os coatings on supported Pd catalysts (i.e. Pd/AC, PQAPd/SIQ,
and Pd/TiQ) were shown to enhance the durability of the catalyst againgt ade leaching while
maintaining activity for condensed phase hydrogenation of biologically-derivednmuacidto
adipic acid. Based on leaching resistance and muconic acid hydrogeaectioty, 0.5 wt%
Pd/TiG: was utilized for expanded investigations into ALD for catalyst dutgbiJsing a coating
prepared with 5 ALD cycles of ADs on the Pd/Ti@ catalyst, over 45-60% of catalyst activity
and complete selectivity to adipic acid were retained during batchflewdhydrogenation
reactions. Using the 5-cycle ALD catalyst under complete comvecsinditions in a continuous
flow reaction, bio-adipic acid was produced with purity surpassiagndustry minimum for use
in commercial polymers applications. Beyond activity retentione&ching was reduced between
3-7.5x in batch and flow reactions, dependent on reaction conditions. Using@ath@dmal aging
as a model regenerative process, the 5-cycle ALD catd$esdisplayed significantly increased
resistance to thermal restructuring of the Pd active sig3 &, support. The resistance of8k-
coated Pd/Ti@to thermal restructuring is hypothesized to be a result of #@@; Abating causing
a disruption in the nanocrystalline expanse ofzJifcreasing the stability of the material against
temperature-induced restructuring and phase change. The mitigatiéd afjglomeration is
believed to be the result of the physical barrier imparted by ti@; &bating.

Advanced characterization of the 5-cycle ALD catalyst revahl@dALD coatings between
1-5 cycles cause a shift from dominance of accessible CO bindiagssithe support to those

on Pd, as determined by CO DRIFTS. This indicates that thengaaty preferentially depst
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on the support prior to depositing on the Pd nanoparticles. After 5 cyoldsrther significant
change in the ratio of support bound CO to Pd-bound CO could be observeddIy@)&gnifying
that monolayer coverage of the surface byQAlmay occur around the 5-cycle range under the
ALD conditions employed for this work. Advanced microscopy techniques (EBBI- STEM,
APT) revealed that the coating appears to be extremely uniform cextimmal surface of the
catalyst, appearing by STEM imaging as an amorphous external pgyexenately 1.2 nm thick
at 5 ALD cycles. APT indicated that Al is present within he poreis/ork of the TiQ support,
though could not be used to determine if the coating within the paragasm. Moving forward,
investigation into the use of additional characterization to evatoateng conformality within the
support morphology would help to justify observed activity and stalmfityoated catalysts and
would serve to inform modifications to the ALD coating procesarpaters.

Finally, preliminary techno-economic modeling of the catalytic bgednation reactor within
an adipic acid biorefinery was used to assess the tradeoffs hetwesased catalyst cost by ALD
coating and extended catalyst lifetime. Under different baselieeasos, it was shown that
increased materials cost and reduced catalytic activity coylasbed by sufficient increase in
catalyst lifetime. Under conditions of moderate severity in whidlaseline catalyst lifetime of
one year was assumed, 150% materials cost could be justified troatadyst lifetime extension
to 3 years assuming 75% retained catalytic activity. Under moreesewaditions in which a
baseline catalyst lifetime of 0.5 years was assumed, even 3@0% materials cost could be
justified through lifetime extension to 3 years and 75% retainetytatactivity.

5.2 Future Work
In this work, three discrete aspects of catalytic upgrading abdpaally-derived muconate

were investigated. The first, which reviewed heterogeneous catédydbiomass-derived cyclic

141



monomers, has been developed further through preliminary experimenta$ éffwards the
production of novel, functionally differentiated cyclic monomers from thelsBAlder
cycloaddition of muconic esters with ethylene. Moving forward, effarésneeded to identify
product property benefits that may results from the unique structutée @iroducts of Diels-
Alder cycloaddition of muconate esters and the numerous potentiaptikes. This could be
approached in a Obottom-upO manner or in a Otop-downO approach. Ustogtae bpproach,
Diels-Alder reactions of muconate esters with varying dienophiles caorbened to determine
the most efficacious, high-yielding cycloaddition. The cyclic product shbeldbe evaluated for
polymer applicability and resultant material properties. In thp-@ownO approach, the known
structural features of monomers that provide desirable polymer pespedn be utilized to
logically select a Diels-Alder reaction to target. A bdta reaction system, possibly combined
with computational investigations to serve as a feedback loop, cabdtdaveloped accordingly
to yield the targeted product.

The second study presented in this thesis focused on the homogeneousatadyzed
isomerization of dimethyl muconate. The findings of this study couldxipaneled through
additional computational and experimental evaluations to resolve thacitmas of iodine with
different solvent molecules in order to provide an explanation fodridmic, solvent-dependent
rate differences observed. Additionally,situ reaction monitoring could be incorporated in order
to increase the data resolution, ideally allowing the dominant datpigthway (sequential vs.
concerted isomerization) to be elucidated with more certdiimglly, the findings here could be
evaluated for applicability to similar reaction systems througéesing for efficacy on other diene

molecules, or perhaps even trienes and beyond.
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The final investigation presented within this thesis evaluatedusieeof low-cycle ALD
coatings as a means to enhance the durabilitPpdiTiC, catalysts during condensed phase
muconic acid hydrogenation. The use of 5 ALD cycles eDAlwas shown to be effective at
reducing Pd leaching and thermal restructuring of both the Pd atseand the Ti©Osupport.
TEA indicated that the increased cost associated with the Alaed catalyst could be justified
through catalyst lifetime extension. Moving forward, the broader apydiiyaof ALD as a
technique for enhanced catalyst durability could be probed on differengstatadtal/support
combinations, for different reactions (e.g. oxidative chemistvgesreductions), in different
reaction phases (e.g. gas phase vs. condensed phase), or againataiftstideactivation modes.
Additionally, more rigorous techno-economic analyses coupled with expealimdasign
advancements can potentially improve cost estimates based onelwd stahnology and identify
critical areas in which future research could allow meaningfudess cost reductions. Finally, the
inclusion of computational evaluations that are closely tied to expetahdata, especially
material characterization, is a key area for further inyason as it may serve to explain how
ALD coatings physically interact with the support material ant/@atatalyst sties in order to

impart the observed durability enhancements.
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APPENDIX B:
SUPPLEMENTAL INFORMATION FORODINE-CATALYZED ISOMERIZATION OF

DIMETHYL MUCONATE

This supplementary information has been adapted from that originallsipediby

ChemSusChemssociated with DOI: DOI: 10.1002/CSSC.201800606.
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Table B.1: Relative iodine-bound isomer stabilities (kcatthinl gas phase and solvent dielectric
constants for tetrahydrofuran (THF) and ethanol (EtOH).

cis,cis cis,trans trans,trans
I -trans I -cis I -trans I -cis I -trans
— | Gasphase| -16.86 -14.27 -14.14 | -15.87 | -18.75
g THF -15.45 -13.88 -14.36 | -15.98 | -18.89
— EtOH -15.68 -12.71 -14.36 | -16.08 | -19.00
- ccDMM 8- ctDMM A~ ttDMM
A 4°C B 23°C C 50 °C
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‘ 2
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